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Preface

This volume was designed as a text for medical students, house officers, and
even clinicians. It deals with the most common problems in nephrology,
providing new insight into how to improve clinical skills. A comprehensive
overview of renal physiology and electrolyte disorders lays the groundwork
for a clear presentation of the pathophysiological principles that underlie
these disorders and a step-by-step presentation of the mechanisms behind
the signs and symptoms of kidney failure.

The origins of this book can be traced to the teaching of a Renal
Pathophysiology course at the Washington University School of Medicine,
beginning in the mid-1960s. When changes in the medical school curriculum
took place in the early 1970s, an effort was made to synthesize the minimum
core curriculum for sophomore medical students, and the distillation of
“essential material” to be covered in the area of renal pathophysiology led to
the development of the first edition of a renal syllabus. This syllabus has
been used in our department since 1974, and, following some of the
recommendations and critiques of students and faculty, it has been entirely
reworked many times to improve its effectiveness and value.

This book is a direct extension of that syllabus, integrated with contri-
butions from faculty members in our Renal Division, and expanded to
include a section on therapy in most chapters. It is our hope that this format
will serve the needs of not only sophomore and senior medical students, but
also house officers, nephrology fellows, and clinicians.

The book is divided into seven sections. Section I describes the basic
concepts of fluid, electrolyte, and renal physiology and comprises three
chapters entitled “Introduction to the Physiology of Body Fluids,” “Hom-
eostatic and Excretory Functions of the Kidney,” and “Nonexcretory Func-
tions of the Kidney.” The second section discusses the pathophysiology of
fluid and electrolyte disorders, including the regulation of volume sodium
metabolis_m, the development of edema and edema-forming states, the
pathophysiological basis for alterations in water balance, the pathophysiology
of potassium metabolism, the pathophysiology of acid—base metabolism, and
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X Preface

the pathophysiology of calcium, magnesium, and phosphorus metabolism.
Section III comprises a single chapter devoted to the pathophysiology of
hypertension. Section IV, “Pathophysiology of Proteinuric Renal Disease,” is
divided into two chapters, “Proteinuria and the Nephrotic Syndrome” and
“Pathology and Pathophysiology of Proteinuric Glomerular Disease.” Section
V, “Renal Failure,” contains chapters on the pathophysiology of acute renal
failure, the pathophysiology of chronic renal failure, and the pathophysio-
logical principles underlying the treatment of patients with renal failure.
Section VI contains a single chapter, “Pathophysiology of Nephrolithiasis,”
and Section VII discusses renal pharmacology.

Every attempt has been made to make the chapters uniform. No attempt
has been made to be comprehensive and exhaustive, but we believe that most
of the fundamental developments in each field have been included. All the
authors of this book are or have been affiliated with the Washington
University School of Medicine; most of them have been long-standing
members of the Division of Pediatric or Renal Medicine at Washington
University, a fact that greatly facilitated the writing and editing of this book.
We hope that our readers will find this volume useful, and look forward to
their constructive criticism for use in future editions.

Saulo Klahr, M.D.
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Basic Concepts of Fluid, Electrolyte,
and Renal Physiology

In multicellular higher organisms the cells are bathed by an extracellular fluid (ECF)
or internal medium whose volume and composition are finely regulated within a narrow
range. Normal cell function and life itself depend on the maintenance of the volume
and composition of the ECF.

The ECF s distributed in two compartments: intravascular (plasma) and inter-
stitial. These compartments and the intracellular fluid (ICF) are in dynamic equilib-
rium, but are also independent of one another because of the different properties of the
membranes (barriers) between them. Plasma volume is important for circulation and
therefore for assuring adequate rates of both supply of nutrients to all cells and removal
of potentially toxic products of cell function. The composition of the extracellular fluid
influences directly the function of some cells. For instance, changes of extracellular
potassium concentration have important effects on cell membrane potentials, and there-
fore alter the function of excitable cells, and can also exert effects on the composition
of the intracellular fluid. For example, if the osmolality of the extracellular fluid falls,
because of a reduction of total concentration of solute particles, a net water flux ensues
toward the cell interior, with the end result of dilution of the intracellular fluid and
alteration of a number of cell functions.

Homeostasis of water and electrolytes results from a number of complicated negative
feedback mechanisms which include the participation of the central nervous system, the
endocrine system, and the kidney.

This section is divided into three chapters: Chapter 1 deals with the physiology of
body fluids (distribution, composition and general mechanisms of regulation of both),
Chapter 2 discusses the homeostatic and excretory functions of the kidney, and Chapter
3 the nonexcretory functions of the kidney.



Introduction to the Physiology of
Body Fluids

LUIS REUSS and ELSA BELLO-REUSS

I. HOMEOSTASIS OF WATER AND ELECTROLYTES: AN
OVERVIEW

Life of complicated pluricellular organisms depends upon the preservation
of a very narrow range of volume and composition of body fluids. Water,
inorganic substances, and organic molecules are taken up from the external
medium and distributed in one or more body fluid compartments. Some of
them are eventually utilized for energy production, growth, and repair.
Others, such as water and electrolytes, provide the environment in which the
physical and chemical processes characteristic of cell, tissue, and organ
function take place.

Epithelial tissues, such as the lining of the gastrointestinal tract and the
renal tubule, function as both limiting barriers and pathways for transport
between body and external world. Their function is oriented to maintain
constant the volume and composition of body fluids by adjusting the rates
of uptake and excretion of a number of substances and by preventing
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accumulation of materials produced by cell metabolism which can eventually
be toxic. The concept of homeostasis, introduced by Claude Bernard, refers
to this condition, or dynamic equilibrium between inflow and outflow, in
which volume and composition of body fluids remain constant. This equilib-
rium is attained by negative feedback mechanisms which include the partic-
ipation of the central nervous system, the endocrine system, and transport
organs such as the intestine and the kidney.

As a first approximation, body fluids are distributed in two major
compartments: intracellular and extracellular. The barrier separating them is
the cell membrane or plasmalemma. The extracellular fluid is distributed in
two subcompartments: intravascular (plasma) and extravascular (interstitial
fluid and lymph), anatomically separated by the capillary endothelium. These
two subcompartments are in dynamic equilibrium, similar to the equilibrium
between ECF and ICF. The properties and function of the barriers—cell
membranes and capillary endothelium—are essential in the maintenance of
normal exchanges between these compartments.

In the first two chapters of this book water and electrolyte metabolism
will be reviewed from a physiologic point of view.

Chapter 1 deals with the problems of volume, distribution, and com-
position of body fluids. The specific mechanisms of regulation of water and
electrolyte balance are treated later in the text. An Appendix has been added
at the end of the chapter in which membrane transport processes relevant
to the subject matter of Chapter 1 are treated in some detail. The material
covered in this Appendix includes the different mechanisms of transport
and the effects of concentration differences across biological membranes,
i.e., Gibbs—Donnan equilibrium and membrane electrical potentials. The
treatment is elementary, with a minimum of equations. The reader is advised
to review this section and decide whether its detailed study is necessary.

Chapters 2 and 3 are reviews of renal physiology, from the point of view
of homeostatic and excretory functions (Chapter 2) and from the point of
view of metabolic and endocrine functions (Chapter 3). Again, these chapters
are introductory to the study of renal pathophysiology and are intended to
refresh and stress essential notions to be used in the later chapters, devoted
to abnormal processes.

II. BODY WATER: VOLUME AND DISTRIBUTION

Water, the most abundant molecular component of living matter, is a
very appropriate solvent for many ions and nonelectrolytes present both
inside and outside cells. Water allows fast diffusion of most solutes and,
because of its high dielectric constant, reduces the field between ions of
opposite charge, thereby increasing their mobility. The high heat capacity,
heat conductivity, and heat of evaporation of water make it very important
for body temperature regulation.
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Water makes up 40%—80% of total body weight in humans. The main
variable affecting this percentage is the amount of fat (adipose tissue contains
little water), which varies with age, sex, and nutritional status. Typical total
body water values for males are 75% at birth, 60% from one year of age to
middle age, and about 50% after middle age. Values for females are about
5% lower from puberty to old age, because of a relatively higher fat content.
Obesity reduces and leanness increases these percentages at any age, in either
sex.

Water is distributed in several compartments. The measurement of the
volume of these compartments is accomplished by the use of the indicator-
dilution technique. A substance known or presumed to distribute in one or
several compartments is administered and its concentration in serum is
measured until equilibrium is reached. At this time, the volume of distribution
of the substance can be determined from the following equation:

Vd — CaVa - CeVe

Ca
where V, is the volume of distribution, C,V, is the administered amount
(concentration X volume), C,V, is the excreted amount (usually by the
kidneys), and C, is the final, steady state serum concentration.

Examples of indicators are deuterium oxide (total body water), inulin
(extracellular fluid), and red cells tagged with *'Cr (intravascular volume).
Compartments not directly measurable can be calculated from substraction
of the above ones.

On the basis of both anatomic and kinetic considerations, Edelman and
Leibman proposed the distribution scheme shown in Figure 1A.

The main compartments are as follows:

1. Intracellular fluid (ICF), bounded by the cell membranes, contained
in cells of soft tissues, equivalent to 55% of body water.

2. Extracellular fluid (ECF), separated from the external medium by
epithelia, and from the ICF by the cell membranes. Its volume is
about 27.5% of body water. The ECF is subdivided into an intra-
vascular compartment (plasma, contained inside the endothelial
membranes) and an interstitial-lymph compartment in contact with
most cells. They represent 7.5% and 20% of total body water,
respectively.

Although also extracellular, the following two compartments are better
considered separately.

8. Slowly exchanging water compartments, which include dense connective
tissue, cartilage, and bone. Their sum corresponds to about 15% of
total body water.

4. Transcellular fluids, whose composition is influenced by transepithelial
transport, and in most cases are not really inside the body. They can
be, however, a reservoir for the extracellular space, and are, ob-
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Figure 1. Body fluid compartments. Diagram (A) shows the distribution described by Edelman
and Leibman. Diagram (B) is a simplified scheme applicable to clinical situations. Volumes of the
main compartments are given as percents of lean body weight.

viously, a part of body weight. Under normal conditions, the only
two transcellular fluids of quantitative importance are the gastro-
intestinal contents and the intratubular fluid and urine present in
the kidneys and lower urinary tract. Transcellular fluids, which also
include cerebrospinal and ocular fluids, normally amount to 2.5%
of total body water.

Edelman’s distribution can be simplified, for practical purposes (mainly
clinical considerations), to the diagram shown in Figure 1B, where the ICF
is two thirds and the ECF is one third of total body water. One fourth of the
ECF is plasma and three fourths are interstitial fluid and lymph. The barriers
are the cell membranes (between ICF and ECF) and the vascular endothelium
(between plasma and interstitial fluid). Skin and other epithelia provide the
barrier between the body and the external medium, with or without an
interposed transcellular fluid.

III. IONIC COMPOSITION OF BODY FLUIDS

Concentrations of ions in body fluids are best expressed in millimoles or
milliequivalents per kilogram H,O (molal concentration) because these units
indicate real concentrations in the solvent, and therefore reflect the chemical
activity of the solute. Because of practical considerations, however, concen-
trations are usually measured per liter of solution (molar concentration).
Under normal conditions the difference between molal and molar concen-
tration is negligible, but if a large fraction of the solution is made up by
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solids (e.g., proteins, lipids) ion concentrations can be significantly underes-
timated. In such a case, the molal concentration of Na (mEq/kg H,O) will be
far larger than its molar concentration (mEq/liter plasma).

A. Ionic Composition of the Main Two Subcompartments of the
Extracellular Fluid

The average normal electrolyte concentrations in the ECF are shown in
Table I. The main common characteristics of plasma and interstitial fluid are
as follows: (1) The main cation is Na™*, which, together with the accompanying
anions, accounts for most of the osmolality of both fluids. (2) The concen-
trations of K*, Ca?*, and Mg®* are small, although extremely important:
consider the influence of [K* ],,, on the electrical potential of most cells, and
the effect of [Ca®* ], on neuromuscular excitability. (3) CI~ and HCO;3 are
the principal anions. Besides its osmotic role, HCOj is the anion of the main
extracellular buffer. Among anions present at lower concentrations, phos-
phate plays an important role in renal excretion of acid.

The most important composition differences between plasma and inter-
stitial fluid are the following: (1) the higher protein concentration in plasma
(proteins permeate slowly the vascular endothelium); (2) ionic asymmetries
resulting from the Gibbs—Donnan equilibrium (see Appendix) caused by the
protein concentration difference across the vascular wall, reflected in Na, Cl,
and HCOj3 concentration differences between the two compartments; and
(3) lower interstitial concentrations of divalent cations, because of partial
binding to plasma proteins.

Table I. Average Normal Electrolyte
Concentrations in Extracellular Fluid

Concentration (mEq/liter)

Electrolyte Plasma“ Interstitial fluid®
Cations
Na* 142 145
K* 4 4
Ca?* 5
Mg?* 2
Anions
o 103 114
HCOs3™ 26 31
Phosphate 1
Sulfate 1
Proteins 16
Organic acids 6

 Plasma osmolality, 289 mOsm/kg; plasma pH, 7.40.
¢ Values of divalent and polyvalent ions in interstitial fluid are
uncertain.
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Table II. Electrolyte Concentrations in
Intracellular Fluid

Concentration
Electrolyte (mEq/liter)

Cations

K" 155

Mg®* 26

Na* 10

Ca?* 3
Anions

Cl™ 3

HCO3~ 10

Organic phosphate 95

Sulfate 20

Proteins 55

B. Ionic Composition of the Intracellular Fluid

Electrolyte concentrations in the ICF are difficult to measure accurately
because of the problems involved in obtaining large samples uncontaminated
by ECF. In any event, rather large differences exist among different cells
types, e.g., the high Cl concentration of red cells, which is an exception to
the rule of low Cl concentration in the ICF. In addition, the ICF is not a
homogeneous fluid, as is the ECF. Different subcellular compartments have
diverse ionic compositions. An average representative analysis of human
ICF, with emphasis on skeletal muscle, is shown in Table II.

The prominent features, as compared to the composition of the ECF,
are that K™ is the principal cation, having an osmotic role similar to the one
of Na™ in the ECF, that Mg** is far more concentrated than in the ECF,
that CI~ and HCOs3 concentrations are very low (the main intracellular
anions are proteins and organic phosphate ions), and that large fractions of
intracellular divalent cations are bound. The large differences in ionic
composition of ECF and ICF, combined with the selective permeability of
the cell membranes to some ions, result in an electrical potential difference
across the cell membrane. In most cases, the cell is 50—90 millivolts (mV)
negative to the ECF.

C. Osmolality of Body Fluids

Osmolality and osmolarity are expressions of the total concentration of
solute per kilogram of water (osmolality) or per liter of solution (osmolarity).
The osmotic effect of a solute is independent of its charge and only related
to the concentration of particles. Osmole is a unit of amount of solute,
equivalent to 1 mole if the solute is not dissociated. The common unit is the
milliosmole (mOsm). It follows that 1 mmole of urea is equivalent to 1 mOsm,
whereas 1 mmole of NaCl is equivalent to 2 mOsm.
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The largest portions of both ECF and ICF osmolality are contributed by
the electrolytes present in these compartments: sodium salts in the ECF and
potassium salts in the ICF. Since the membranes of most cells are highly
permeable to water, the osmolality of the ICF is equal to that of the ECF.
Addition of solute or water, or removal of solute or water from either side
of a water-permeable membrane, results in rapid water flow through the
membrane, until a new osmotic equilibrium is reached.

IV. BALANCE OF WATER AND ELECTROLYTES

A. Concept of Balance

Normally, the volume and composition of body fluids remain essentially
constant, i.e., the gains of ions and water are equal to the losses and hence
the net balance is zero. Under normal conditions water or ion balance can
be different from zero only transiently. Physiological feedback mechanisms
tend to bring back the two parameters to the steady state condition.
Disregarding the positive water and electrolyte balance which is part of the
growth process, persistent deviations from zero balance are abnormal.

B. Pathways of Gains and Losses

There are two normal sources of water gain: (1) water intake (as such,
in fluids, or as a constituent of solid food) and (2) metabolic water production
(water being produced by catabolism of carbohydrates, proteins, and lipids).
Per unit weight, lipids yield more water than carbohydrates and proteins.

Water losses can be classified as (1) insensible (evaporation through
respiratory tract and skin) or (2) sensible (urine, feces).

Rough estimates of the magnitude of water gains and losses in a healthy
adult, in a balanced diet and in moderate weather, are presented in Figure
2.

The electrolytes and other solutes present in body fluids are, as water,
normally maintained in a zero-balance condition.

The gains of electrolytes are usually dependent only on the intake.
Normally, virtually all of the losses are by means of urinary and fecal
excretion. Approximate gains and losses of cations in normal adults, in an
average diet, are shown in Figure 3. Urinary excretion of both Na and K is
more than 90% of the total losses, whereas in the case of Ca and Mg fecal
losses, which are due in part to incomplete gastrointestinal absorption of
these cations, constitute the largest fraction of total excretion.

In general, monovalent anion balances are closely related to monovalent
cation balances. Under physiologic conditions, Cl~ balance follows Na™
balance. However, in certain pathologic situations in which HCOg balance
is perturbed, the close relationship between Na™ and Cl~ can be lost.
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Figure 2. Water balance under nor-
mal conditions, in a benign climate.
Water gains consist of intake (fluids
and water contained in solid foods)
and metabolic (oxidative) produc-
tion. Water losses are sensible (urine
and feces) and insensible (cutaneous
and respiratory evaporation). Water
evaporation depends on ambient
temperature and humidity.
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Figure 3. Cation balance under normal conditions in an average Western World diet. The main
pathway for losses of Na and K is the urine, whereas the main pathway for losses of Ca and Mg

is the feces.
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It must be stressed that this description of balances of water and
electrolytes is a simplified view that holds only under strictly physiologic
conditions in a benign environment. The relative importances of different
pathways for gains or losses can be drastically altered by changes in the
environmental conditions or by disease. In pathologic and therapeutic
conditions, other pathways of gains and losses of water and electrolytes have
to be considered in addition to those illustrated in Figures 2 and 3. Abnormal
pathways for gains include tube feeding, intravenous administration, and
dialysis; abnormal pathways for losses include sweating, vomiting, diarrhea,
drainage, fistulas, fluid suction from gastrointestinal tract, and dialysis.

C. Overview of the Mechanisms of Regulation of Salt and Water
Balance

Although detailed discussions of the control mechanisms of water and
electrolyte balance are presented in several other chapters of this book, an
introduction to these mechanisms is appropriate here.

1. Control of Salt Balance

Sodium salts are the principal osmotic component of the extracellular
fluid. The amount of sodium in the extracellular fluid determines not only
the ECF volume but total body water as well. The cell membranes are in
general highly permeable to water. Therefore, changes of osmotic pressure
secondary to alterations in the extracellular amount of sodium salts cause
changes not only in water intake but also in net water fluxes between
extracellular and intracellular compartments, and the osmolalities of the two
spaces are kept equal. The end result of these processes is a direct relationship
between ECF volume and total ECF sodium mass: the volume of the ECF
depends on the amount of ECF sodium salts. Quite correctly, the mechanisms
of regulation of sodium balance are usually referred to as the mechanisms of
ECF volume regulation.

The end point of the physiologic control of sodium balance is to keep
the amount in the ECF constant. In principle, this can be achieved by
regulation of the intake, the excretion, or both.

It is uncertain whether sodium intake is regulated in man under normal
conditions. It is known, however, that in pathophysiologic states, such as
adrenal insufficiency, a preference for high salt foods develops.

The main mechanism of regulation of Na balance is the control of Na
excretion. Although sodium is excreted also in feces, the principal pathway
for excretion is the urine. This fraction is regulated physiologically by
feedback mechanisms signaled by ECF volume changes. Primary changes in
Na balance result in alterations of ECF volume in the same direction. These,
in turn, are sensed by specific receptors, which change their activity and
hence modify renal Na excretion. Several kinds of receptors are thought to
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participate in these responses: intra- and extravascular baroreceptors, dis-
tension or flow receptors, and chemoreceptors.

Sodium excretion by the kidneys is regulated by changes in the filtered
load and the rate of tubular reabsorption. The filtered load of sodium is
equal to the product of plasma Na concentration and the rate of glomerular
filtration (GFR). GFR is physiologically regulated by sympathetic activity,
which controls the degree of renal vasoconstriction. With negative salt
balance, the fall in arterial pressure results in an increase of sympathetic
activity and in a reduction of both GFR and filtered load of Na. GFR is
referred to as the first factor in the control of Na balance. The second factor
is the adrenocortical hormone aldosterone, whose secretion is controlled
principally by the renin—angiotensin system. Negative sodium balance causes
increases of plasma renin and angiotensin, stimulation of aldosterone secre-
tion, and increased Na reabsorption by the distal and collecting segments of
the renal tubule.

A number of factors other than GFR and aldosterone are known or
presumed to modify renal sodium excretion. They are collectively referred
to as the third factor, and include (1) hydrostatic and colloid-osmotic pressure
differences across the tubule wall, (2) a possible natriuretic hormone, (3)
changes in the distribution of renal blood flow, and (4) direct effects of
catecholamines on tubule transport. The importance of these mechanisms is
uncertain at present.

2. Control of Water Balance

As ECF volume is ultimately the parameter regulated by the mechanisms
of control of sodium balance, ECF osmolality is the parameter regulated by
the mechanisms of control of water balance. In contrast with the regulation
of sodium balance, water balance is controlled by both changes of intake and
excretion. Intake depends on the sensation of thirst, and water excretion in
the urine depends on the action of antidiuretic hormone (ADH) on the
collecting segments of the renal tubule. The principal stimulus of both thirst
and ADH secretion is an increase in ECF osmolality, sensed by osmoreceptors
in the hypothalamus. Secondary stimuli include decreases of extracellular
fluid volume (sensed by baroreceptors), pain and stress, and pharmacologic
agents.

3. Interrelations between the Control Mechanisms of Salt and Water
Balance

Although for didactic reasons the control mechanisms of salt and water
balance are separated, they are frequently interrelated.

(1) Alterations of water balance secondary to primary alterations of salt
balance: Isoosmotic losses of salt and water do not change ECF osmolality,
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but the volume reduction stimulates thirst and ADH secretion, resulting in
a tendency to positive water balance and a reduction in body fluid osmolality.
Angiotensin II, which increases in plasma in response to decreases of ECF
volume, may be the stimulus of thirst and ADH secretion in this condition.

(2) Alterations in sodium balance secondary to primary alterations of
water balance: Large positive or negative water balances can alter significantly
ECF volume, and hence cause secondary alterations of sodium balance even
if ECF sodium content is initially normal. These alterations are mediated by
changes in GFR, aldosterone secretion, and other factors.

V. BARRIERS FOR WATER AND ION DISTRIBUTION

To understand the bases of the mechanisms by which water and/or
electrolyte balance or distribution can be altered we need to identify and
characterize the barriers separating the compartments shown in Figure 1B.

Exchanges of water and solute can take place at three barriers: the cell
membranes (exchanges between ECF and ICF), the capillary walls (exchanges
between plasma and interstitial-lymph compartment), and transporting epi-
thelia (exchanges between ECF and external medium). We will now study
these barriers and the mechanisms of transport across them. Some general
principles of transport across membranes are presented in the Appendix.

A. Properties of the Cell Membrane as Related to Water and
Electrolyte Metabolism

1. Water

With the exception of some epithelial cells, the cell membrane has a
relatively high water permeability. In the absence of osmotic or hydrostatic
pressure differences, water molecules move in both directions by simple
diffusion, with no net flux. If there are osmotic or hydrostatic pressure
differences, net fluxes of water take place. This flux appears to occur, at
least in part, through small pores in the membrane. In practice, net
movements of water through the cell membrane occur because of osmotic
pressure differences, or, in other words, because there is a difference in total
solute concentration between ICF and ECF. Significant hydrostatic pressure
differences across the cell membrane are unlikely. However, it is known that
cells swollen by exposure to a hypoosmotic medium extrude some fluid after
an initial gain of volume. Some investigators think that the mechanism of
this volume regulation could be an increase of hydrostatic pressure in a
restricted intracellular compartment, which results in fluid filtration across
the cell membrane.
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Addition of different solutes to the ECF will not result necessarily in
identical changes in the effective osmotic pressure of this fluid, even if the
final concentrations of added substances, in number of particles, are the
same. As explained in the Appendix, the effective osmotic pressure depends
on the reflection coefficient of the solute. Therefore, solutes that penetrate
the cell membrane (low reflection coefficient) will have a smaller osmotic
effect than less permeant solutes (high reflection coefficient). For example,
in the presence of insulin glucose is taken up by the cells. Therefore, the
administration of isoosmotic glucose solutions is eventually equivalent to the
administration of water. Obviously, this is not the case if an isoosmotic NaCl
solution is administered, since NaCl will be effectively excluded from the
intracellular compartment.

Because of the high water permeability of the cell membrane, changes
in osmolality in the ECF (or ICF) result in swift net fluxes of water in the
direction of the osmotic pressure difference, and a new steady state situation
is achieved at which the osmotic pressures of the two compartments are equal
again. The osmotic gradient is very short lived.

2. Electrolytes

Although permeable to most physiologically significant ions (K*, Na*,
CI7), the cell membrane maintains steep concentration gradients because of
the operation of ionic pumps, particularly the Na* pump (Na—K-activated
ATPase) which extrudes actively Na* and takes up K*. Cl~ in most cells is
distributed passively according to the membrane potential. Cell membranes
also transport other ions in an uphill fashion. Two examples are H* and
Ca®*. H” extrusion is well known to occur in epithelia such as the gastric
mucosa and the renal tubule, but it has been demonstrated also in other
tissues, such as muscle and nerve cells. Ca®"* is kept at a very low concentration
in the cytoplasm by two mechanisms: “sequestration,” which appears to take
place mostly in mitochondria, and extrusion, which seems to be of two kinds:
secondary active transport linked to Na entry (downhill) and a Ca?* pump
(Ca®*-activated ATPase). These mechanisms result in a low intracellular
ionized calcium concentration. Increases in this concentration trigger specific
cell functions such as muscle contraction and secretion.

The energy metabolism of the cells and the proper operation of the
ionic pumps are essential to maintain the ion concentration gradients across
the cell membranes, and these, in turn, are essential for life. A good example
is the distribution of K™ across the cell membrane, and the ominous results
of a net K efflux to the ECF. To maintain the K* distribution it is necessary
to have a normal operation of the Na™ pump, a normal supply of metabolic
energy, and a normal acid—base status, because H* fluxes through the cells
membrane influence K* distribution. Defects in any of these can result in a
net K* efflux from the cells, which can exert profound effects on cell
function (see Chapter 7).
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B. Properties of the Capillary Endothelium as Related to Water
and Electrolyte Metabolism

The barrier separating plasma from interstitial fluid is the capillary
endothelium. This membrane is highly permeable to water and crystalloids
(i.e., solutes of lower molecular weight), but has a low permeability for
colloids (proteins, lipoproteins). The difference in concentration of nondif-
fusible anions across the capillary wall results in changes in the concentration
of diffusible ions, a condition known as Gibbs—Donnan equilibrium. The steady
state situation is characterized by a lower concentration of diffusible anions
and a higher concentration of diffusible cations in the side containing the
impermeant anion, as compared to the other side. A more detailed analysis
of Gibbs—Donnan equilibrium can be found in the Appendix. In addition,
since divalent cations such as calcium are partly bound to plasma proteins,
their total concentration in the interstitial fluid is lower than in plasma.

Exchanges between plasma and interstitial fluid occur by diffusion and
by bulk flow." For definitions and descriptions of these processes, see the
Appendix. Diffusion is favored by the high permeability of the capillary for
most low-molecular-weight substances. Bulk flow, in which water and solutes
move together, greatly increases the turnover rate of the intercellular fluid
required to provide oxygen and remove catabolic products. Bulk flow can
occur in both directions (plasma toward interstitium, or vice versa) according
to the differences of hydrostatic and colloid-osmotic (oncotic) pressure
(Landis and Pappenheimer; Starling):

]v = Li) (AP - A"n'onc)

where ], is the net fluid flow through the wall, L, is the hydraulic permeability
coefficient, and AP and Am,,. are the transmural hydrostatic and colloid
osmotic pressure differences, respectively. A positive J, indicates flow toward
the interstitial fluid.

At the arteriolar end of the capillary (where AP > Am) filtration will occur,
while at the venous end (where AP has dropped and Am has increased,
because of the filtration of protein-free fluid) the gradient reverses and
reabsorption takes place. Alternatively, it is possible that, according to the
degree of contraction of precapillary sphincters, a whole capillary vessel can
function as a filtration element (high AP) or as a reabsorption element (low
AP). Interstitial fluid filtered at the capillaries returns to the intravascular
compartment not only by reabsorption across the capillary wall, but also
through the lymphatic system.

Alterations in AP or Amg, across the capillary wall can result in large
changes of the distribution of fluid between the two subcompartments of the
ECF. Two illustrative examples are the increase of AP secondary to cardiac
failure, which tends to increase filtration, and the reduction of A,y (e.g.,
protein malnutrition, or abnormal protein losses), which also causes an
increase of net filtration. In both conditions, edema (fluid accumulation in
the interstitium) will result.
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C. Properties of Epithelia as Related to Water and Electrolyte
Metabolism

1. General Considerations

Transporting epithelia are differentiated tissues in which cells are closely
apposed to each other, as flat sheets or tubules. Epithelia exhibit morphologic
and functional polarity: the membrane facing the lumen (or external side)
is different in its transport properties from the membrane facing the ECF.
This polarity allows transepithelial net transport to take place even when the
fluids bathing both sides of the tissue have identical composition.

Net transepithelial transport is ultimately accounted for by active mech-
anisms, i.e., by utilization of metabolic energy in translocating substances
through the cell membranes. In many cases only a few substances are
transported actively. Coupling mechanisms allow downhill or secondary
active transport of other species (see Appendix).

The epithelial cells are held together at their apical ends by specialized
discrete contacts of the cell membranes that form the limiting junctions or
tight junctions (a misnomer—sometimes they are leaky). In the remainder
of their height, the cells are separated by usually convoluted lateral intercel-
lular spaces. Since it has been observed that the width of these spaces varies
directly with the rate of transepithelial transport, it is thought that fluid is
transported from the cell into the spaces across the lateral portion of the
basolateral membrane, in addition to transport across its basal portion.
Additional circumstantial evidence for this interpretation is provided by the
demonstration that the sodium pump, believed to be responsible for salt
transport by epithelia, is located in the basolateral membrane of several
absorbing epithelial tissues.

The capillary bed toward which transport occurs is usually very rich and
close to the epithelial cells. In the case of the kidney, blood flow is about 25%
of cardiac output, i.e., one of the highest of the body per unit tissue weight.
This enormous flow rate makes plasma a practically infinite sink or source
of water or solutes transported in either direction.

2. Mechanisms of Transepithelial NaCl Transport

Salt and fluid transport across epithelia are widely believed to involve
Na transport as a primary event. A coherent mechanism of epithelial sodium
transport was proposed by Ussing and co-workers, and is usually referred to
as the two-membrane hypothesis. This hypothesis, originally stated to explain
Na™* transport by the frog skin in vitro, was later extended to other epithelia.
It is thought that Na™ is transported passively across the outer membrane
of the cell, into a cytoplasmic pool, and then from this pool, across the inner
membrane, to the extracellular fluid of the animal. The mechanism of
transport across the inner barrier is presumed to be active, by the operation
of the Na* pump. The net effects of the pump are to decrease Na™ and to
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increase K* concentration in the cells. The reduction in intracellular Na™*
concentration results, in turn, in a favorable gradient for downhill Na™ entry
across the outer membrane, which has a high Na permeability and a low K
permeability. The inner membrane is, on the contrary, selectively permeable
to K*. Under steady state conditions, then, Na* transport occurs in the
following way: entry at the apical membrane (downhill, because of the low
Na™ intracellular concentration), mixing in the intracellular pool, and active
extrusion at the basolateral membrane. Na® extrusion at this barrier is
coupled to K™ uptake, by the operation of the Na pump. The coupling ratio
(Na flux:K flux) can be, in principle, one (neutral pump) or greater
(electrogenic pump). K™ leaves the cells by diffusion through the basolateral
membrane, and therefore the intracellular K* concentration is maintained
constant (Figure 4).

This model, with suitable modifications, accounts for most of the features
of sodium transport in tight epithelia (frog skin, urinary bladder of most
vertebrates, distal and collecting segments of the nephron, large intestine).
All of these epithelia develop a relatively high transepithelial electrical
potential difference when incubated with the same physiologic salt solution
on both sides and have relatively low overall permeability to ions. In many
tight epithelia sodium is thought to be the sole ion actively transported.
Chloride transport is believed to be passive, driven by the lumen-negative
electrical potential difference generated by active Na* transport.

The two-membrane hypothesis does not account for the mechanism of
Na™ transport in all epithelia, as shown initially by Diamond in the gallblad-
der. Gallbladder epithelium transports Na® but does not develop a sizable
transepithelial electrical potential difference (V,). A similar situation (i.e., a
low or negligible V,) is observed under transporting conditions in all leaky



18 Chapter 1

LUMEN CELL PERITUBULAR

I | SPACE

Na
Na

Figure 5. Mechanisms of Na transport in
leaky epithelia. This figure summarizes re-
sults obtained in renal proximal tubule,

H Na “small intestine, and gallbladder. Na entry

Na I } is not only by diffusion (uniport), but also

K coupled to transport with other species;

glucose exchange (antiport) with H*, or cotrans-

Na port (symport) with a number of solutes:

amino Cl, glucose, amino acids, and (not shown)
acids

Na Z } ? lactate and phosphate. Na extrusion from

Na cl the cells has also been proposed to follow
cl parallel pathways: in addition to a “classical”
Na,K pump, a neutral mechanism of NaCl

SOLVENT W\,/__/ transport is postulated. The high permea-

DRAG | bility of the limiting junctions suggests that
salt transport is partly by solvent drag,
bypassing the cells.

epithelia, i.e., tissues such as the renal proximal tubule, the small intestine,
and the choroid plexus. The differences between tight and leaky epithelia
have not been completely explained. However, two features seem to be
present in leaky and not in tight Na™-transporting epithelia: a high overall
permeability to water, ions, and small nonelectrolytes, which appears to be
due to a high permeability of the limiting junctions, and a mechanism of
Na* transport at the luminal membrane that includes carrier-mediated
cotransport with other solutes and is not by simple electrodiffusion, as in
tight epithelia.

As it will be described in detail in the next chapter, Na* transport at the
luminal membrane of the proximal tubule, for example, is only in part by
diffusion; sizable fractions of Na* entry occur by coupling to glucose, amino
acids, and probably Cl~. NaCl-coupled entry, which has been demonstrated
in several leaky epithelia, is an electrically neutral process. It has also been
proposed that transport of Na* across the basolateral membrane in leaky
epithelia is not entirely through the Na®,K* pump, but can in part be
through a neutral NaCl transport mechanism.

In summary, in tight epithelia Na™ is thought to be transported in two
steps: passive entry at the luminal membrane and active extrusion across the
basolateral membrane. Transepithelial C1~ transport is downhill in most
cases, and results from the establishment of a large electrical potential
difference which makes the mucosal (or luminal) solution negative. The
pathway of Cl~ transport (transcellular, intercellular) has not been clarified.
In leaky epithelia, Na™ enters the cell mostly by carrier-mediated downbhill
mechanisms (coupled to Cl and/or glucose and amino acids). Na* exit at the
basolateral membrane is, at least in part, through the Na*,K* pump, but
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there is also the possibility of a parallel NaCl extrusion mechanism. These
features are summarized in Figure 5.

The presence, in the limiting junctions and lateral intercellular spaces
of leaky epithelia, of a pathway of high ionic permeability suggests that this
intercellular (or shunt) pathway plays a role in the general function of these
tissues. For instance, even small electrical potential differences across the
tissue can result in large passive fluxes across the shunt pathway: in the case
of lumen-negative leaky epithelia, a fraction of Cl~ transport could be
passive, driven electrically through the shunt. The trade-off of this advantage
is that a backleak of Na™ transported by the cells would occur through the
shunt for the same reason (lumen-negative potential). Another important
physiological role of the shunt pathway can be to permit solvent drag (see
Appendix). If NaCl transport into the lateral intercellular spaces raises locally
the osmotic pressure, and if the limiting junctions are water permeable,
transcellular salt transport would result in intercellular water transport. The
water flow through the limiting junctions would be expected to carry, by
solvent drag, small solutes which are highly permeant through the junctions.

In conclusion, transepithelial salt transport appears to occur by basically
different mechanisms in different epithelia. The two-membrane hypothesis
is consistent with most observations in tight epithelia, while in leaky epithelia
other processes have to be considered such as neutral salt uptake and solvent
drag. These tend to increase the rate of transport and to make the transported
fluid similar to the luminal fluid, and therefore limit the possibility of the
establishment of large concentration differences across the epithelium.

Leaky and tight absorbing epithelia have clearly different overall func-
tions: leaky epithelia absorb rather nonselectively large quantities of fluid
and cannot generate or maintain large osmotic or ion concentration differ-
ences across the wall; tight epithelia absorb very selectively some of the
molecular species present in the lumen and are capable of establishing or
maintaining large concentration gradients between luminal and extracellular
fluid.

3. Mechanisms of Transepithelial Water Transport

Leaky and tight epithelia differ radically in terms of their water perme-
ability. Tight epithelia, under control conditions, are water impermeable.
Under the action of antidiuretic hormone (ADH), some of them increase
their water permeability (cortical and medullary collecting duct, amphibian
skin and urinary bladder). The site of increase of water permeability appears
to be the luminal membrane of the cells, which is the main barrier for water
permeation in the absence of ADH. Other water-tight epithelia, e.g., the
thick ascending segment of the loop of Henle and the mammalian lower
urinary tract, do not increase their water permeability in response to ADH.
Net water transport across ADH-sensitive tight epithelia is a function of ADH
activity and occurs down an osmotic gradient. In the renal medulla, this
osmolality gradient is built up by solute accumulation in the interstitial fluid.
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In leaky epithelia, water is transported in isoosmotic proportions with
solute transport. About 1 liter of H5O is transported for every 300 mOsm of
solute in the absence of a measurable osmotic gradient (i.e., when luminal
and ECF osmolalities do not differ). Since a favorable osmotic gradient is not
present in the bulk solutions, it was thought that water transport could result
from the presence of a restricted intraepithelial compartment, made hyper-
osmotic by salt transport, into which water would be dragged, building up
hydrostatic pressure and therefore resulting in bulk flow to the ECF. The
right location for such a compartment is just beneath the basolateral cell
membrane, including the lateral intercellular space. To account for the
maintenance of a permanent hyperosmolality, the compartment has to be
effectively unstirred, i.e., not mixed with the bulk extracellular solution.

Detailed models along these lines have been proposed by Curran and
McIntosh (three-compartment model) and by Diamond and Bossert (standing
osmotic gradient hypothesis). The standing osmotic gradient hypothesis is
illustrated in Figure 6.

An alternative explanation of isoosmotic fluid transport across the
proximal renal tubule has been recently proposed. This is based on the
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experimental observation of preferential bicarbonate reabsorption (over Cl~) as
the anion accompanying Na. The result of this process is an increase of
luminal Cl~ concentration and a decrease of HCOj3; concentration, as
compared to the concentrations in plasma (and interstitial fluid). Because
the tubule is more permeable to Cl™ than to HCOs , the net effect is an
increased effective osmolality of the peritubular fluid, even though the total
concentrations on both sides are identical. This effective osmotic pressure
difference drives water from lumen to blood. Additional effects to the one
of HCOs, in the same direction, are provided by the complete reabsorption
of glucose and amino acids (Figure 7).

4. Mechanisms of Transepithelial Transport of Other Substances

In addition to NaCl and water, epithelia transport a variety of other
substances, including ions such as H™, HCOjs , phosphate, divalent cations,
organic acids and bases, and nonelectrolytes, e.g., sugars, amino acids, lipids,
and urea. A detailed discussion of these processes is beyond the scope of this
chapter. However, we should stress that transport of some of these substrates
is coupled in one of several ways to active transport of other substances. The
most obvious example of coupling through a pump is the extrusion of Na™
and uptake of K* by the Na® pump. Other coupling mechanisms are the
following: electrical (Cl~ transport in tight epithelia), osmotic (passive water
transport secondary to salt transport), and carrier-mediated cotransport
(Na* and Cl7, or Na™ and glucose or amino acids in some epithelia). The
essential notion involved is that the energy that the cell provides for transport
of one species is indirectly used to transport other substances. The obvious
convenience of this design, in terms of utilization of metabolic energy, is
offset, in part. by the loss of flexibility of the system: if the primary step (Na
transport) fails, transport of a large number of substances is compromised.

APPENDIX: MEMBRANE TRANSPORT PROCESSES

Luis Reuss

A. Introduction

Transport through a biological membrane can be of two general types,
defined by a comparison of the direction of the net flux of the substance and
the direction of the net force present across the membrane: (1) Uphill
transport, where the net flow of the substance takes place against or in the
absence of an external net force. An example is Na transport from the cells
to the extracellular fluid, which occurs even though the membrane potential
is cell negative and the Na concentration is higher in the ECF than in the
ICF. (2) Downhill transport, where the net flow of the substance takes place by
the presence of an external force or concentration difference. An example
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is water reabsorption by the collecting duct of the nephron, which occurs
from a compartment with high water concentration, the tubule lumen, to a
compartment with low water concentration, the medullary interstitium.

Transport through biological membranes has been ascribed to various
mechanistic models. The main ones are the following:

1. Diffusion. The substance present in the aqueous phase on one side
“dissolves” in the membrane, migrates to the other side, and finally moves
to the aqueous phase on the opposite side of the membrane. It is better to
refer to this mechanism as solubility diffusion. An essential idea here is that
the diffusional flows obey the independence principle: the flux of one species
is not “coupled” to movements of other species.

2. Permeation through Pores. 1t is postulated that there are water-filled
pores in the membrane that communicate the two external phases. Water
and some solutes cross the membrane through these preferential pathways.

3. Carrier-Mediated Transport. Molecules in the membrane have sites that
bind on one side the transported particle and move it to the other side by
migration through the membrane, rotation, or a change in conformation.

4. Transport by Pumps. Specific molecules in the membrane translocate
the substrate uphill; the energy necessary for the translocation is supplied by
cell metabolism.

5. Transport by Membrane Vesicles. Membrane material surrounds a small
portion of solvent and solute on one side, forming a vesicle. The vesicle
separates from the membrane and eventually releases its contents on the
opposite side.

There are arguments which indicate that all of these mechanisms may
operate in biological membranes. Solubility diffusion is the preferred mode
of transport of liposoluble substances. Pores appear to be the main pathway
for passive permeation of water and small hydrophilic solutes. Carriers are
invoked to explain transport of a variety of substrates such as sugars and
amino acids. Finally, vesicle formation accounts for uptake (endocytosis) or
release (exocytosis) of large molecules.

We will now turn our attention to the mechanisms of downhill and uphill
transport.

B. Downbhill Transport

As stated above, downhill transport occurs in the presence of a favorable
driving force across the membrane. Three modes of downhill transport can
be recognized: diffusion, bulk flow, and facilitated diffusion.

1. Diffusion

Diffusion is the effect of the random thermal movement of particles in
solution. If a membrane separates two identical solutions, with no net force
acting across the membrane, and if the only mechanism by which a substance
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(e.g., « solute) can move through the membrane is by diffusion, the
unidirectional fluxes (i.e., the amounts of solute that cross the membrane in
one direction per unit time and per unit area) will be equal. Therefore, no
net flux will take place. The reason is that, since the two solutions are
identical, the number of random collisions of the solute per unit time and
per unit area are equal on both surfaces of the membrane.

Diffusion can result in a net flux through a membrane if the number of
collisions is greater on one side than on the other. There are three ways in
which this can occur: (1) The concentration of solute is higher on one side
(and therefore the number of collisions is greater on that side of the
membrane). (2) The solute has an electric charge (i.e., it is an ion) and there
is an electric field across the membrane. The effect of this superimposed
force will be to increase one of the unidirectional fluxes and to decrease the
other one, according to the charge of the solute and the orientation of the
electric field. For example, if a cell interior is electrically negative to the ECF
and a cation is originally present in ICF and ECF at the same concentration,
its flux inward will be greater than the flux outward. (3) There is a pressure
difference across the membrane which results in a larger flow of both solvent
and solute in one direction. The hydrostatic and/or osmotic pressure differ-
ence provides the energy required for the net flux. These mechanisms are
illustrated in Figure 8. Note that the operation of all of them requires that
the structure of the membrane be such that the solute can move through it;
the membrane must be permeable to the solute.
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Diffusion is a transport mechanism in which the permeating particles
(solvent, solute, or both) do not interact between themselves during the
translocation; in other words, they obey the independence principle. This
can occur, for water and hydrophilic small solutes (ions, urea, other none-
lectrolytes), either by a so-called solubility-diffusion mechanism or by per-
meation through pores. A solubility-diffusion mechanism will result in a net
flux through the membrane only if a concentration difference exists between
the two aqueous phases or a driving force (electric or mechanic, i.e., pressure)
is present across the membrane. The pore hypothesis proposes that water
and hydrophilic solutes do not dissolve in the membrane lipids, but move
from one side to the other through these water-filled channels. In the absence
of a net force that results in a flux of water through the membrane, solute
and water fluxes through pores can be treated by the laws of diffusion; one
must only consider that the effective area of the membrane available for
diffusion is only a fraction of the total membrane surface area. When a
pressure gradient is present and water flows through pores, however, both
the water and the accompanying solute flow do not obey the simple laws of
diffusion.

2. Bulk Flow

When a hydrostatic or an osmotic pressure difference exists across a
porous membrane, the resulting flow of fluid through the pores is not
diffusional in character: because of frictional intermolecular forces, water
molecules “drag” other water molecules and solute molecules. This form of
flux is called viscous flow or bulk flow. The fact that the solute moves with the
water is referred to as solvent drag.

Bulk flow, if the solute is impermeant, is described by the following
equation:

Jv =Ly (Ap — Am)

where [, is the volume flow, L, is a permeability coefficient, the hydraulic
conductivity of the membrane, Ap is the hydrostatic pressure difference, and
Am is the osmotic pressure difference across the membrane.

The osmotic pressure of an aqueous solution results from the presence of
solute particles, which reduces the concentration (or, better, the chemical
activity) of water. If a membrane permeable to water but not to the solute is
exposed to aqueous solutions of different concentrations, with no initial
hydrostatic pressure difference, water will flow to the high-concentration
side until a hydrostatic pressure difference equivalent to the osmotic pressure
difference is established (Figure 9).

The net flow from right to left at time = 0 occurs because the activity
of water is greater on the right-hand side. At the steady state the water
activity on the right is still greater, but a force (dependent on Ap) acts in the
opposite direction, increasing the motion of the water particles from left to
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right. Equilibrium occurs when Aw = Ap and J, ceases. The osmotic pressure
is related to the concentration of the solute (C;) by van’t Hoff’s law:

w = RTC,

where R is the gas constant and T the absolute temperature. Note that C; is
concentration of particles. The osmotic pressure of a sodium chloride solution
(in which the salt is completely dissociated in Na™ and Cl™) is approximately
twice the osmotic pressure of a glucose solution of the same molar concen-
tration. For the calculation of osmotic pressures the number of solute particles
is expressed in osmoles (abbreviated Osm). One osmole is the equivalent of
1 mole of undissociated solute. Concentrations can be expressed as osmolality
(Osm/kg solvent) or osmolarity (Osm/liter solution). The osmolality of body
fluids in man is close to 300 mOsm/kg. The hydrostatic pressure equivalent
to this osmolality is 25.5 atm (19,300 mm Hg).

If an experiment similar to the one shown in Figure 9 is performed with
a membrane permeable to both the solute and the solvent, a net flux of the
latter can take place. Let us analyze the situation if the membrane is exposed
to identical solutions and a hydrostatic pressure difference is imposed (Figure
10). The pressure difference will result in water flow from left to right.
Because of frictional interaction of water and solute molecules in the pores,
a net solute flow from left to right will also take place. This flux of both
solute and solvent is referred to as bulk flow. The process described is
analogous to the common experience of filtration of a solution by gravity: if
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the filter is permeable to the solute, the solute will move through the filter
with the water. The magnitude of the solute flux depends on the magnitude
of the volume flux, the solute concentration, and the relative permeabilities
of the membrane for water and solute. A simple way of expressing the latter
is by the use of Staverman’s reflection coefficient of the solute (o,). The
reflection coefficient of a solute, for a given membrane, is unity when the
solute is impermeant (i.e., all the solute particles are “reflected” by the
membrane) and zero when the solute is as permeant as water (no solute
particles are reflected).

An osmotic pressure difference across a porous membrane will result
(as in the case of a hydrostatic pressure difference) in bulk flow, i.e., in net
flow of water and permeant solutes. As stated before, the solute net flux
which results from bulk flow is referred to as solvent drag.

The magnitude of the solute flow (/) is given by

Js =JwC (1 = o)(Ap — Am)

where [, is the volume flow, C, is the average concentration of the solute in
the pores, o, is the reflection coefficient, and Ap — Am is the net driving
pressure. Note that if o, = 0 (solute as permeant as water) the solute flow is
a maximum for given values of J,, C,, and driving pressure; if o, = 1, 1 —
o, = 0, and J; is zero.
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The notion of reflection coefficient is also useful in understanding the
concept of effective osmotic pressure. Consider a membrane exposed to pure
water on one side and to a solution on the other. If the reflection coefficient
of the solute is zero, no net flow will occur, even though there is an absolute
osmotic pressure difference between the two solutions. The reason is that
since the solute is as permeable as water (o, = 0) the net water flux toward
the side containing solution will be equal to the net solute flux toward the
side originally containing water. Even though net fluxes of water and solute
take place, no net volume flow occurs across the membrane. Therefore, the
effective osmotic pressure of the solution is zero. If o, = 1, the effective
osmotic pressure of the solution equals the total osmotic pressure. Obviously,
the effective osmotic pressure depends on oy, and thus on the properties of
both the solute and the membrane. In general,

Tetf = Os Miotal — T RT C,

This indicates that net flow of water and solute can take place through
a membrane exposed to two solutions of identical total osmotic pressure if
the reflection coefficients of the solutes differ. This mechanism has been
proposed to account for a fraction of fluid reabsorption in the late proximal
tubule, as explained on pages 20-21 of this chapter and also in Chapter 2,
pages 50-52.

3. Facilitated Diffusion

Some solutes are transported through cell membranes much faster than
one would expect from their permeability in lipids, their molecular size, or
both. To account for these observations, the hypothesis of membrane carriers
has been proposed. It is thought that the binding of the substrate (transported
molecule) to the carrier (which is a membrane component) results in a better
penetration into the membrane than possible for the substrate alone. By
migration, rotation, or change in conformation, the carrier—substrate complex
changes its position, and the substrate is released on the other side of the
membrane. Carrier-mediated transport shows the following features: (1)
some degree of specificity with respect to the substrate, (2) saturation kinetics
(the number of molecules of the carrier is limited), (3) competitive and
noncompetitive inhibition, (4) activation by ions, cofactors, and cosubstrates,
(5) genetic and feedback regulation (inducers, hormones, metabolic inter-
mediates of the substrate), and (6) trans-effects (dependence of the transport
in one direction on the nature and concentrations of substances present on
the other side of the membrane). These properties allow the design of very
specific tests to demonstrate and characterize carrier-mediated transport.
Among other substances, sugar and amino acids appear to be transported
across cell membranes by this mechanism.
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C. Uphill Transport

Uphill transport is demonstrated by the observation of net transport of
a substance in the absence of or against a net driving force present in the
system. In the case of ions, this force is proportional to the electrochemical
potential difference across the membrane. In the case of nonelectrolytes, the
force is proportional to the chemical potential difference. At constant
temperature, the chemical potential difference of a substance across a
membrane depends on the concentration difference and the net driving
pressure (Ap — Am) across the membrane. The electrochemical potential
difference has as a third term the difference in electrical potential. When
establishing if a substance is transported uphill, all of these terms have to be
considered.

Uphill transport can occur only if there is a force that opposes the one
given by the electrochemical potential difference. This force derives from .
metabolic energy sources (e.g., the hydrolysis of ATP). According to whether
this force acts directly or indirectly on the substrate translocation, we
distinguish two mechanisms of uphill transport: primary active transport and
secondary active transport.

1. Primary Active Transport

Cellular metabolic energy is directly invested in the translocation of the
substrate; the biological unit responsible for the process is a pump. A typical
example is the Na,K-activated ATPase, i.e., the sodium pump. Uphill
movement of Na and K is directly driven by the energy produced by
hydrolysis of ATP.

2. Secondary Active Transport

Net movement of substrate is uphill (i.e., it occurs in the absence of or
against an electrochemical potential gradient); however, energy is not invested
directly in its translocation. A typical example is the absorption of glucose by
intestine and renal tubule cells. It has been shown that glucose concentration
in the cells, in both cases, becomes greater than that in the lumen (uphill
transport) and depends on the luminal presence of Na. Several lines of
evidence indicate that the luminal cell membrane contains a carrier that
binds both Na and glucose, thereby causing uptake of both. This overall
process is downhill, because the electrochemical potential difference which
favors Na entry (cell negative, lower [Na] in the cell) is greater than the
chemical potential difference that opposes glucose entry. In this case,
therefore, the Na pump, responsible for the Na electrochemical gradient in
the first place, provides indirectly the energy necessary for uphill glucose
transport.
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D. Effects of Concentration Differences across Biological
Membranes: Gibbs—Donnan Equilibrium and Membrane Potentials

It should be apparent from the preceding discussion that transport
across biological membranes can and does result in differences in the
compositions of the fluid compartments separated by these membranes. The
sodium pump, for instance, is responsible for the maintenance of large
differences in Na and K concentrations between ICF and ECF.

1. Gibbs—Donnan Equilibrium

Another mechanism of generation of concentration differences is the
impermeability or low permeability of the membrane to solutes originally
present on one side only. This situation arises both at the cell membranes,
because of. the presence of large intracellular anions (proteins, organic
phosphates) and across the capillary wall, because of the high plasma protein
concentration as compared to the low protein concentration in the interstitial
fluid.

Consider a membrane permeable only to K* and Cl~, impermeable to
water, separating two compartments which contain solutions of KCI and KP,
respectively, at the same concentration. P is a large impermeant anion (Figure
11).

At first, the chemical activity gradients will result in a C1~ flux from left

Figure 11. Gibbs—Donnan equilibrium. The membrane sepa-
rating compartments 1 and 2 is permeable to K* and Cl~, and
impermeable to water and the large anion P~. At time = 0,
diagram (A), the salt concentrations (KCl and KP) are equal.
The CI concentration difference results in a net flux from 1 to

2 (P~ cannot cross the membrane). As shown in diagram (B), K+ L, K+
the Cl~ flux causes a potential difference across the membrane |

which drive K in the same direction (1 to 2). The net result cr /,‘/ p-
is, therefore, a KCl flux from 1 to 2. The equilibrium condition :<

is described in the text. 1
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to right. Although the gradient is the same for P, no P~ flux will take place
because this ion is impermeant. K™ initially will not tend to move, because
its concentrations are equal on both sides. Once CI~ moves across the
membrane, separation of electrical charge takes place (anions are lost from
the left-hand side and added to the right-hand side) and therefore an
electrical potential difference develops across the membrane. Because of this
potential difference, K™ will now move from left to right. The end result is
salt (KCl) net flux in that direction. It should be mentioned that only a
minute net flow of charge through biological membranes is required to
produce potential differences of the magnitude measured in cells. For all
practical purposes, the principle of electroneutrality is obeyed in both
compartments.

The KCI flux from left to right will continue until equilibrium is
achieved, at which time

(K], x [Cl], = [K], x [Cl],

i.e., the products of the concentrations of diffusible anion and cation are
equal on both sides.

At equilibrium, by definition, net fluxes of each ion through the
membrane are zero. The electrical potential difference, which favors a K*
flux to the right and a Cl~ flux to the left, is exactly compensated by the
concentration differences, which favor fluxes in the opposite directions. Both
permeant ions (K™ and CI7) are distributed at equilibrium.

This analysis, albeit didactic, is unrealistic in biological situations (cell
membrane, capillary endothelium), because these membranes, in general,
have high water permeability, and we have assumed the membrane to be
impermeable to water. Since in the situation described the initial total
concentrations were the same on both sides, and a net flux of KCI resulted,
the total concentration at equilibrium (and therefore the osmotic pressure at
this time) is greater on the side containing the impermeant ion. Therefore,
to prevent water flow from left to right it would be necessary to exert a
hydrostatic pressure Ap on the right-hand side, such that Ap = Am (i.e, the
osmotic pressure difference). This particular osmotic pressure, exerted by
large, impermeant molecules, is referred to as colloid-osmotic pressure or
oncotic pressure.

There are two ways in which the presence of a colloid-osmotic pressure
difference (Amonc) across a biological membrane will not result in a net flow
of water through such membrane. First, the side with the high m,,. has also
a higher hydrostatic pressure. This is the situation across the capillary
endothelium, where filtration driven by the intracapillary pressure is balanced
by reabsorption driven by the higher protein concentration in the blood
compartment. Second, an osmotically active substance is present in the
compartment opposite to the one containing the oncotic agent and balances
the effect of the latter. This substance has to be effectively excluded by the
membrane. This mechanism appears to operate in most cells. It was thought
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for a long time that the cell membrane was impermeable to sodium ions, and
that, in consequence, the presence of a higher Na™ concentration in the ECF
would result in an osmotic pressure difference which exactly balanced the
oncotic pressure difference across the cell membrane. With the use of
radioactive tracers, however, it has been shown that the cell membranes are
permeable to Na™. From this observation, the existence of a mechanism that
actively extrudes Na* from the cell (ie., the Na* pump) was proposed.
Sodium, therefore, is excluded from the cells by active transport, not by
impermeability of the membrane for this cation. Consistent with this notion,
cells swell when the pump is inhibited directly or indirectly (cardiotonic
steroids and anoxia, or metabolic poisons, respectively).

The steady state condition described is Donnan and osmotic equilibrium.
Its main characteristics, if we look at the side containing the large anion, are
lower total concentration of diffusible anions and higher total concentration
of diffusible cations.

2. Membrane Potentials

An electrical potential difference across a biological membrane implies
separation of charge by the membrane. This can occur by two general
mechanisms: electrodiffusion and the presence of electrogenic pumps. The
electrodiffusion mechanism (diffusion potentials) is explained by the existence
of differences in ionic concentrations on both sides of the membranes,
associated with different permeabilities of the membrane for the different
ions. Consider, for example, a membrane permeable to K* but not to Na*
or C1~ which separates solutions of NaCl and KCl at identical concentrations.
The chemical potential difference will cause a K* net flux across the
membrane (no other ion can move through it) and therefore an electrical
potential difference. Electrogenic pumps are ion pumps that transfer charge
through the membrane, contributing directly to the membrane potential, and
not only because they establish and maintain ion concentration differences.
An example is the Na pump, which in most cells appears to transport three
Na™ and two K* for each ATP molecule hydrolyzed.

a. Electrodiffusion and Membrane Potentials

In the simplest case of only one permeant ion (for instance, K*) The
potential is given by the Nernst equation

where Ay is the potential difference, R is the gas constant, T is the absolute
temperature, z is the valence (+1 in the case of K), F is the Faraday (~96,500
coulombs/equivalent), and C; and C, are the K* concentrations inside and
outside, respectively. In practice, this equation can be simplified by inserting
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the value of (RT/zF) and changing the natural logarithm to decimal logarithm.
For a monovalent cation, at 37°C, A{ (in mV) is

C;
Ay = —61.8 log C.

This is the maximum potential that can result from an ionic concentration
difference across a permselective membrane. Note that if C; = 10 X C, the
decimal logarithm of the ratio is 1 and Ay = —61.8 mV.

If the membrane is permeable to more than one ion, the electrodiffu-
sional component of the membrane potential is given by the
Goldman—Hodgkin—Katz equation (written below for the prevalent mono-
valent ions, at 37°C):

PK [K]l + PNa [Na],- + Pcl [Cl]o
Px [K]o + Pna [Na), + P [Cl);

Ay = —61.8 log

Note that now the potentials depend not only on the concentration
ratios, but also on the permeabilities of the ions. If Py, and P are zero, the
Na and ClI terms in numerator and denominator disappear, Px cancels, and
the equation becomes the Nernst equation. In other words, if only one ion
is permeant the diffusion potential is the same regardless of the absolute
permeability of the membrane for the ion.

The generation of electrodiffusional potentials across membranes is
related to both the presence of nondiffusible ions on one side (proteins and
large organic phosphates in the cells) and also to the maintenance of large
gradients of concentrations across the membranes by the operation of pumps.
Most cells have a high K* concentration and a low Na* concentration,
maintained by the Na* pump. Excluding the case of excitable tissues during
the action potential and some cell membranes of transporting epithelia, cell
membranes are far more permeable to K* than to Na*. Therefore, the
main determinant of the membrane potential is the K concentration ratio.
Cl is usually quite permeant and distributes secondarily to this K diffusion
potential; hence the intracellular Cl concentration is low.

b. Electrogenic Pumps and Membrane Potentials

This general picture is somewhat complicated by the existence, in some
membranes at least, of electrogenic pumps. As stated before, ion transport
through an electrogenic pump results in net tranfer of charge through the
membrane. The Na* pump is presumably electrogenic, with “coupling ratio”
(Na flux:K flux) of 1.5, in most systems so far studied. The contribution of
this “pump current” to Ay depends on the total ionic permeability of the
membrane (i.e., on its total conductance), since according to Ohm’s law

V =14G
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where V is potential, i current, and G conductance (G = 1/R, where R is the
electrical resistance).

For a given pump current, V is inversely proportional to G: in high-
conductance (low-resistance) membranes, the contribution of an electrogenic
pump to the potential is small. It has been estimated that the contribution of
the Na pump to the membrane potential in cells under steady state conditions
ranges from a fraction of 1 mV to about 12 mV.
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Homeostatic and Excretory Functions
of the Kidney

ELSA BELLO-REUSS and LUIS REUSS

I. INTRODUCTION

A. Renal Homeostatic Function

The kidneys have a central role in the homeostasis of water and electrolytes,
ie., in the maintenance of volume and ionic composition of bedy fluids. This
function is accomplished by appropriate changes in the rate of renal excretion
of water and electrolytes, controlled by feedback mechanisms which involve
participation of the nervous system, the endocrine system, or both. The
homeostatic functions of the kidney include the control of the balance of
water, sodium, chloride, potassium, calcium, magnesium, hydrogen ions, and
phosphate. The adaptability of the kidney to the requirements of homeostasis
is demonstrated by the large changes in urine volume and composition which
occur in response to alterations in the diet. There is no fixed normal
composition of the urine. Normal homeostatic renal function is defined by
the capacity of the organ to vary the volume and composition of the urine
over a wide range, according to requirements imposed by intake, extrarenal
losses, and other factors.
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B. Renal Excretory Function

The urine is the main pathway for elimination from the body of fixed
(nonvolatile) metabolic products. Many of these substances serve no biological
function and are potentially toxic. Examples are urea (end product of protein
metabolism), uric acid (end product of nucleic acid catabolism), creatinine
(end product of creatine metabolism), metabolites of hormones, and foreign
chemicals and their derivatives.

C. Overview of Glomerular Filtration and Tubular Transport

The kidneys receive 20%—25% of the cardiac output, a fraction dispro-
portionately high when one considers their weight. The renal circulation is
characterized by two capillary beds in series: the glomerular capillaries and
the peritubular capillaries. This arrangement is intimately related to the
functional properties of the organ. The first capillary segment (glomerulus)
has a high luminal hydrostatic pressure, as compared to other capillary
systems, because it is interposed between two arterioles, i.e., resistive vessels.
Therefore, filtration is favored at this level. The second capillary system
(peritubular capillaries in the cortex, vasa recta in the medulla) is a high-
flow, low-pressure system which acts as sink or reservoir for tubular reab-
sorption and secretion, respectively.

Renal handling of substances, excluding those produced or utilized by
the renal tissue, takes place by glomerular filtration and/or tubular transport.
The latter can occur from lumen to blood (reabsorption) or in the opposite
direction (secretion). Some substances are both absorbed and secreted by the
renal tubule. This results in quite flexible mechanisms of regulation of their
excretion.

The fact that the renal tubule consists of several segments in series with
widely different transport properties allows for additional functional flexi-
bility. As a first approximation, the tubule can be divided in three functionally
distinct segments: (1) The proximal tubule is a typical leaky epithelium (see
Chapter 1) that transports fluid isoosmotically at a very high rate, modifying
only moderately the composition of the filtrate. (2) The loop of Henle consists
of several segments with different active and passive transport properties.
Because of both these transport properties and the hairpin arrangement of
the ascending and descending limbs, the loop functions as a countercurrent
multiplier, and is responsible for the hyperosmolality of the interstitial fluid
in the renal medulla, which eventually drives water reabsorption. (3) The
distal nephron, consisting of distal and collecting segments, is a tight epithelium.
Transport is slower than in the proximal tubule, but the low permeability of
the wall permits these segments to establish or maintain large osmotic,
electric, and chemical concentration differences. Final regulation of the
volume and composition of the urine takes place in the distal nephron.

The function of any segment of the renal tubule depends, in general,
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on three factors: (1) its intrinsic transport properties, (2) the action of
modulating factors, such as physical forces acting across the wall and
hormones, and (3) the rate of delivery and composition of the luminal fluid
entering the segment. The latter factor is particularly important in the case
of the loop of Henle and the distal nephron, which have a much lower
reabsorptive capacity than the proximal tubule. Reduction of proximal tubule
fluid transport can result in overloading of these segments and large changes
in urine volume and composition even if they are structurally and functionally
intact.

II. QUANTITATIVE ANALYSIS OF RENAL FUNCTION

A. Clearance

The rate of excretion of a substance (e.g., in mmoles/min), although an
important piece of information to evaluate renal function, does not provide
insight into the renal mechanism of handling of the substance because
filtration, reabsorption, and secretion can occur in a wide variety of combi-
nations to satisfy practically every excretion rate.

The notion of clearance treats the kidney as a black box, and is valid
only if the substance under study is not produced, accumulated, or consumed
by the organ. In the following discussion, plasma concentrations (Ps) refer
to the concentration of ultrafilterable solute.

From the law of conservation of matter, the rate of extraction of substance
x from the blood equals the rate of excretion in the urine. The amount excreted per
unit time can be expressed as U, V, that is, the product of the urinary
concentration (U,) and the urine flow rate (V), and, analogously, the amount
extracted can be expressed as P,-C,, where P, is the plasma concentration of
substance x, and C, is the volume of plasma which contains the amount of
substance excreted per unit time. Since excretion equals extraction,

P-C.=U,V
and
U,V
C. =
P,

where C, is the clearance of the substance x and can be defined as the virtual
volume of plasma that has been cleared of the substance per unit time. U,
and P, have the dimensions of concentrations (in the same units) and C, and
V have the dimensions of volume per unit time, usually ml/min.

Two particular clearances have important physiologic and clinical
significance.
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Several substances (e.g., the polysaccharide inulin) filter freely and are
not transported by the tubule. Therefore, the rate of filtration equals the
rate of excretion, or, according to the above equations,

Pinulin.cinulin = Uinulin'V

Since the amount filtered per unit time is equal to Pi,uin X GFR (glomerular
filtration rate) it can be seen that Ci,uin equals GFR:
Uinulin'

Vv
Cinulin = —— = GFR [ml/mln]
Pinulin

Therefore, the measurement of the clearance of inulin, or substances with
the same properties, allows one to estimate the rate of glomerular filtration.

Other substances (e.g., para-amino hippurate, or PAH) are freely filtered
and are also secreted by the tubule. If the plasma concentration is not too
high, and transport by the tubule is not saturated, the rate of extraction can
be high enough to eliminate essentially all the substance from the blood in
a single renal passage. Since the amount of PAH that reaches the kidneys
per unit time is almost totally excreted, it is obvious that is was contained in
a plasma volume that approximates the total volume of plasma flowing
through the kidneys per unit time. Therefore, the clearance of PAH
approximates the renal plasma flow (RPF):

A small portion of RPF does not perfuse functional renal tissue, but is
directly shunted through nonfunctional tissue (renal capsule, renal pelvis,
etc). Therefore, it is better to refer to Cpap as an estimation of effective RPF
(ERPF), meaning plasma flow of functional renal tissue. As stated above,
PAH is secreted by a saturable transport system. If the PAH plasma
concentration is high enough, saturation of the transport mechanism will
occur, a large portion of PAH will not be secreted, and Cpayx will be
significantly lower than ERPF. In this case, Ppapy would have to be determined
in arterial blood and in renal venous blood, applying Fick’s principle to
calculate effective renal plasma flow.

Renal blood flow (RBF) can be computed from RPF and the hematocrit
(Hct):

RPF

RBF = ——
1 — Hct

Renal clearances can range from zero (filtration and 100% reabsorption,

e.g., glucose) to about 600 ml/min, i.e., ERPF (essentially complete excretion

by a combination of filtration and secretion). Inulin clearance (C;, = GFR)
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is about 120 ml/min. If a freely filterable substance has a clearance C, such
that 0 < C, < Cj,, the net effect of tubular transport must be reabsorption.
If C, = Ci,, the substance is not subject to net tubular transport (but
reabsorption could take place, if secretion occurs at the same rate). If C;, <
C. < Cpan, the substance must be secreted (or secretion > reabsorption). If
C. = Cpan, the substance is excreted, as PAH, by a combination of filtration
and secretion.

B. U/P Concentration Ratio

In the clearance equation, the U,/P, ratio indicates the degree to which
x has been concentrated from the filtrate to the final urine. In order to
compare the rate of reabsorption of x with the rate of water reabsorption,
one can estimate the latter from the U/P inulin ratio. Since inulin is not
transported by the tubules, U differs from P only because water (“inulin
free”) is reabsorbed. Rewriting the clearance equation for inulin,

Un _ GFR
P V

Or, in other words, the value of (U/P);, is equal to the reciprocal of the
fraction of filtered water not reabsorbed by the tubule. Therefore, fractional
water reabsorption is

GFR -V ) Pi,
GFR Us
For instance, if (U/P);, = 2, fractional water reabsorption is 0.5 (or 50%); if
(U/P)in = 10, fractional water reabsorption is 0.9 (or 90%).
In many situations the value of U/P for other substances is of importance.
For example, in patients with oliguria it is necessary to distinguish between
the possibilities of (1) a homeostatic response to severe reduction of ECF
volume, with normal function, and (2) abnormal tubular function because of
ischemic renal damage. In the first case, the mechanisms of sodium retention
will operate at a maximum and thus (U/P)n, will be low. If there is renal
damage, the capacity of the renal tubules to respond to stimuli for Na
reabsorption will be diminished and (U/P)n, will be high.

C. Osmolar Clearance

From urine flow rate and osmolalities of urine and plasma, the renal
clearance of total solute can be calculated:

Uosm'V

Cosm =
P()Sm
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According to the definition of clearance, Cosm represents the virtual
volume of plasma cleared of all solutes per unit time. Comparison of the
values of Cor, and V can be very useful in understanding the physiology and
pathophysiology of concentration and dilution of the urine. If Cosmy, = V,
according to the equation above Uosm = Posm. In other words, the net effect
of tubular transport has been reabsorption of a fluid isoosmotic to plasma.
If the values of C., and V differ, one must conclude that, in addition to
isoosmotic fluid reabsorption, (1) solute (water free) was reabsorbed, in which
case V > Cosm, Or (2) water (solute free) was reabsorbed, in which case Cospm,
> V.

In case (1) a free-water clearance (Ciy,0) can be calculated:

CH20 =V - Cosm

In case (2), essentially the same equation holds, but the sign of Cyy,0 is
negative. In practice, the following formula is employed:

TtHgo =V — Cosm

“Free water” is formed, in the absence of antidiuretic hormone, in the
diluting segments of the nephron (cortical thick ascending limb of the loop
of Henle, distal convoluted tubule, and cortical collecting tubule). Reabsorp-
tion of water to increase Uysm above P, takes place in the medullary
collecting ducts.

D. Kinetics of Transport by the Renal Tubule: T,, and Gradient-
Time Limited Transport

The renal tubule reabsorbs or secretes some substances by saturable
transport mechanism. Two examples are glucose reabsorption and PAH
secretion. When plasma glucose concentration is progressively increased,
therefore increasing the amount filtered per unit time, at a given load glucose
appears in the urine, indicating that the reabsorptive mechanism is saturable.
The renal tubules can reabsorb glucose until a maximum rate (mmoles/
min) is reached. A similar observation can be made for substances subject
to tubular secretion. This rate of maximum tubular transport is called T,
(tubular transport maximum). At loads equal or larger than the one necessary
to produce glycosuria, T,, = (filtered load) — (excreted load). The experi-
mental study of these relationships, by gradual elevation of the plasma
concentration of the solute, while measuring simultaneously GFR and plasma
concentration and urinary excretion of the solute is usually referred to as a
titration experiment. A glucose titration of the renal tubules is shown in Figure
1.

Glucose, phosphate, sulfate, amino acids, organic anions, uric acid, and
proteins are reabsorbed by T,-limited processes. The titration curves, such as
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the one illustrated above, are not straight lines, but exhibit “splay,” i.e.,
curvilinear slow rise of the excreted load when excretion starts, and curvilin-
ear flattening of the curve of reabsorbed glucose as the T, value is ap-
proached. Splay is thought to be caused by two mechanisms. First, the affinity
of the carrier molecule for the solute is not infinite, and therefore some
solute will escape transport when the carrier is still not fully saturated;
second, the nephrons are heterogenous, i.e., in some the carrier will be
saturated at a lower load than in others.

Substances excreted by T,.-limited secretion are drugs (penicillin, sali-
cylate), and other exogenous substances such as PAH, phenol red, Diodrast
(a radiopaque material), and vitamin B;.

The renal handling of many solutes, however, does not exhibit these
simple T, kinetics. Sodium and potassium, for instance, do not have a
definite upper limit for reabsorption or secretion, respectively. When the
rate of delivery of Na to the proximal tubule increases, Na reabsorption also
increases, without clear saturation within the range in which it can be
explored. This kind of tubular transport has been classically called gradient-
time limited transport.

III. RENAL HEMODYNAMICS

A. Magnitude and Measurement of Renal Blood Flow

Total renal blood flow (RBF) in adult humans is about 1.1 liters/min, or
20%—-25% of cardiac output. This is one of the highest organ blood flows per
unit weight. For a normal hematocrit of 0.45, total renal plasma flow (RPF)
is about 600 ml/min. 20% of RPF is filtered at the glomeruli every minute
(GFR = 120 ml/min).

Most of the pressure drop from renal artery to renal vein takes place at
the two glomerular arterioles (afferent and efferent), as shown in Figure 2.



Chapter 2

e
1\

100
80

Figure 2. Pressures and resistances in renal circula-
tion. The diagram shows that the resistive vessels of
the kidneys are the afferent and efferent arterioles
of the glomeruli, as indicated by the large drops in
pressure at both sites. Differential constriction of the
arterioles can increase or decrease the hydrostatic
pressure of the glomerular capillaries. Symbols: A,
aorta; AA, afferent arteriole; GC, glomerular capil-
lary; EA, efferent arteriole; PTC, peritubular capillary.
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The glomerular arterioles are responsible for the baseline renal vascular
resistance (RVR) and therefore for renal blood flow. At constant mean
arterial blood pressure, changes in arteriolar resistances (inversely propor-
tional to the fourth power of the radius of the vessel) alter RBF, as they
would alter flow in any other tissue.

Total RBF can be measured directly, with an electromagnetic flowmeter
attached to the renal artery, or indirectly by means of clearance techniques
as discussed in the preceding section.

Estimations of the intrarenal distribution of blood flow are technically
difficult. They include procedures such as washout curves of inert gases and
systemic injection of particles (labeled microspheres) slightly larger in di-
ameter than the glomerular capillaries: the particles are trapped in the
capillary beds in proportion to the total blood flow of the organ, and their
distribution in the tissue is proportional to blood flow distribution. Cortical
blood flow is about 93% of total RBF. The remaining 7% of RBF is medullary.
Only 1/7 of the latter fraction (1% of total RBF) reaches the papillary tissue.

The large blood flow of the kidneys is not an adaptive mechanism to
provide large amounts of oxygen. In fact, the arteriovenous O difference
is very small (1-2 vol%), and quite constant. The high renal blood flow serves
the purpose of providing a high rate of filtration of fluid in the glomeruli.
Renal Oy consumption is directly related to blood flow, or better, to the
filtered Na load, and thus to absolute Na reabsorption. Over a wide range
of the latter, the ratio of Na reabsorbed to Oz consumed (Tn./Qo,) has been
observed to remain constant at about 20-30 Eq Na/mole Os,.

B. Autoregulation of Renal Blood Flow

Renal blood flow remains relatively constant as perfusion pressure (i.e.,
mean pressure in the renal artery) is altered over a rather wide range. It has
already been stated that a similar relationship holds for the rate of glomerular
filtration. These phenomena are illustrated in Figure 3.



Homeostatic and Excretory Functions of the Kidney 43

GFR RBF
rbOO

5 »n
© o
| il
T T
S
o
o

Figure 3. Renal blood flow and glomerular
filtration rate autoregulation in the dog kidney.
Renal blood flow (RBF) and glomerular filtra-

ml/100g KIDNEY+ MIN
w
o
1
T

tion rate (GFR) are plotted as function of renal 20200

arterial pressure. In the range from about 80 104

to about 180 mm Hg, RBF and GFR remain

almost constant, even though the perfusion oo Sy 4 4o 0y
pressure increases by more than twofold. (Fig- 0 40 80 120 160 200 240 280
ure modified from Pitts, 1974.) RENAL ARTERIAL PRESSURE {mm Hg)

The significance of these autoregulatory mechanisms is to maintain GFR
more or less constant even if arterial pressure changes. This is achieved by
changes of RVR in proportion to the changes in perfusion pressure (P).
Since RBF = P/RVR, proportional changes of P and RVR in the same
direction do not alter RBF. Inasmuch as GFR is also autoregulated, the
glomerular capillary hydrostatic pressure (Pgc) also remains constant when
P changes. The change in RVR indicates that one or both arterioles have
changed their tone: an elevation of P causes arteriolar constriction, whereas
a reduction of P causes arteriolar dilation. In addition, the fact that GFR,
and hence Pgc, remain constant indicates that the vascular resistance change
is mainly or exclusively preglomerular, i.e., at the afferent arteriole. An
increase of P by itself, in the absence of effects on arteriolar tone, would
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tend to increase Pgc and therefore GFR. To keep both constant, the increase
of RVR has to take place at the afferent arteriole. Thus, when the perfusion
pressure increases, the pressure drop across the afferent arteriole rises and
P does not increase.

Autoregulation is an intrinsic process, which does not require extrarenal
neural or hormonal actions. Its precise mechanism has not been clarified.

One possibility, referred to as the macula densa feedback hypothesis, is that
the rate of Na delivery to the macula densa controls renin production by the
granular cells of the juxtaglomerular apparatus (JGA), and that in situ renin
release leads to local production of angiotensin II. Angiotensin II, in turn,
would control the degree of contraction of the afferent arteriole. The
operation of this mechanism in case of an initial rise in perfusion pressure
is summarized in Figure 4. The overall evidence in favor of this hypothesis
is not conclusive.

C. Neurogenic Control of Renal Blood Flow

The kidneys are richly innervated by adrenergic nerve fibers. Under
basal physiologic conditions there seems to be no significant renal sympathetic
tone, because denervation does not increase RBF, and a- and/or B-adrenergic
receptor blockers do not alter RBF. However, increased sympathetic activity
produces large reductions of RBF, mediated by increased renal vascular
resistance. Both afferent and efferent arterioles contract, producing a smaller
proportional drop of GFR than of RBF. Thus, the filtration fraction (FF =
GFR/RPF) rises, or at least does not fall. During activation of the sympathetic
system the decrease of RBF is distributed homogenously in the cortex. Major
redistribution of blood flow does not occur.

IV. GLOMERULAR FILTRATION

The net effect of the hydrostatic and colloid-osmotic pressure differences
across the glomerular capillary wall is the production of an almost ideal
ultrafiltrate, that is, a solution which contains water and crystalloids, but not
colloids.

A. Mechanism of Glomerular Filtration

The rate of filtration at the glomerulus is controlled by the same forces
which act in other capillary beds:

GFR = K(AP — Am) = K{(Pgc — Pr) — (mgc — 77)]
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where GFR is the rate of glomerular filtration, K is the filtration coefficient,
which includes hydraulic permeability of the wall (L,) and total area available
for filtration (§), Ps are hydrostatic pressures, and s are colloid-osmotic
pressures. The subscripts GC and T indicate glomerular capillary lumen and
tubular space, respectively. As stand for differences across the capillary wall.
Because of its small value, w7 can usually be neglected. Glomerular ultrafil-
tration of proteins is normally negligible. Since AP favors filtration and A
opposes filtration, the driving pressure or effective pressure for ultrafiltration
(Pur) can be expressed as

PUF=AP‘A1T

Recent work in a strain of rats with superficial glomeruli (accessible to
puncture) has permitted a direct quantitative analysis of glomerular filtration.
Mean results are summarized in Figure 5.

Pgc is thought to decrease along the capillary by a very small amount.
mcc, however, undergoes a large progressive increase, because filtration of
“protein-free plasma” results in an increase of protein concentration in the
capillary lumen. The mean effective pressure for ultrafiltration (Pyr) is a
function of the area between the AP and Aw curves shown in the figure.

Pgc, measured directly, was smaller than previously estimated by indirect
techniques, and the hydraulic permeability coefficient of the glomerular
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capillary was estimated to be 10-100 times larger than those of most other
capillary beds. In addition, in these rats with superficial glomeruli the rise in
glomerular capillary oncotic pressure as a function of length is such that Pyg
becomes zero before the end of the capillary. In other words, filtration pressure
equilibrium (Pgc = mgc + Pr) occurs, and filtration ceases. This fact makes
glomerular filtration rate highly flow dependent. The reason is that at high
flow rates the rise of mg¢ will be slow, and therefore Py will not drop to
zero as fast. It is not certain, however, that filtration pressure equilibrium is
a general phenomenon.

GFR autoregulation is secondary to RBF autoregulation (see above).
When perfusion pressure drops, the resistance of the afferent arteriole falls.
Thus, RPF drops only moderately, and GFR varies in parallel with RPF,
maintaining an essentially constant filtration fraction.

As explained in reference to the mechanism of renal blood flow
autoregulation, it has been suggested that the composition of the luminal
fluid at the level of the macula densa controls the degree of contraction of
the afferent arteriole, and hence renal blood flow and glomerular filtration
rate. The relationship between fluid composition and GFR, supported by
several experimental observations, is referred to as glomerulo-tubular feedback.
The proposed role of the juxtaglomerular apparatus in this process is
referred to as the macula densa feedback-hypothesis (see Section I11.B).

B. Measurement of Glomerular Filtration Rate

As discussed before, total kidney GFR can be measured by the clearance
of freely filterable substances which are net subject to tubular transport,
renal metabolism, or accumulation in the organ. The typical substance for
this purpose is inulin, a fructose polymer of molecular weight ~5200 and
effective molecular radius ~14 A. Inulin clearance in adult man is about
125 ml/min. It is advisable to relate the value of C;, to body surface for
standardization purposes.

Creatinine has the advantage, as compared to inulin, of being produced
in muscle cells at a relatively constant rate, independent of diet and physical
activity. Therefore, an intravenous infusion is not needed. In man, however,
creatinine is not only filtered, but is also secreted by the proximal tubule.
Exogenous C,,, is about 40% greater than Ci,. At the physiological plasma
creatinine concentrations secretion is less, and C. ey is higher than C;, by
about 7%, when true creatinine, and not other chromogens, are measured
in plasma and urine. When the total chromogen (Folin picrate) method (the
usual clinical laboratory method) is employed, Ceyey, is indistinguishable from
Cin if GFR is normal. At very low GFR, C,c.. measured by the total chromogen
method rises as compared to C;,, because plasma creatinine concentration
represents a larger fraction of total plasma chromogens and because the
fraction of creatinine excreted by secretion increases. At a GFR of 20 ml/
min, Cgea 15 about 50% higher than C;, and true GFR.
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The clearance of urea was used in the past to estimate GFR. There is no
good reason to maintain this practice. On the average, C,e. ~ 0.6 GFR
(because of tubular reabsorption of urea, in addition to filtration). Further-
more, the clearance of urea is affected by urine flow.

Recently, radioactively labeled substances, which are easy to measure,
have been increasingly used to measure GFR both experimentally and
clinically. Some of these substances are Vitamin B;s (cyanocobalamine),
EDTA, and sodium iothalamate. Like inulin, these substances are excreted
exclusively by glomerular filtration.

C. Permselectivity of the Glomerular Capillary Wall

Recent studies of the mechanisms of permeation of large molecules
through the glomerular capillary wall have shown that filtration of such
molecules depends on three factors: the size, the shape, and the net electric
charge of the molecule.

1. Molecular Size

Molecules of the size of inulin or smaller are present in the glomerular
filtrate at the same concentration as in plasma water. With increasing
molecular size, concentration in the filtrate decreases progressively and
becomes very low for serum albumin. Only the smallest plasma proteins filter
across the glomerulus.

The permselectivity of the glomerular capillary wall can be studied by
comparing clearances of substances of different molecular sizes which filter
and are not reabsorbed or secreted by the tubules. Comparison of the U/P
ratio of such a substance with the U/P of inulin yields

(UIP)/I(UIP)in, = 1

If the ratio is 1, x filters “freely,” like inulin. If the ratio is o1ess than 1,
filtration of x is restricted. Molecular radius, above about 25 A, correlates
negatively with (U/P),, or with (U/P),/(U/P);.

2. Molecular Shape

The above considerations are somewhat complicated by the effect of the
shape of the molecule on filtration. At equal molecular weight, filtration of
globular molecules such as proteins is less than that of random coil molecules
such as dextran.

3. Net Electric Charge

Protein filtration is restricted as compared to that of uncharged, inert
molecules such as dextrans. This shift can be explained by protein reabsorp-
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tion, and by the fact that at the pH of body fluids proteins are polyanions.
Filtration of negatively charged dextran sulfate is also restricted, as compared
to that of neutral dextran, whereas filtration of cationic (positively charged)
dextran is favored. Therefore, at constant molecular size, negative charge of
the solute restricts and positive charge accelerates its filtration. Glomerular
filtration can be phenomenologically treated as if it occurred through pores
lined with negative charges. The charge in the pore exerts effects on mobility
and local concentration of the filtering molecule. Cations are more concen-
trated than anions inside the pore. Their mobility decreases because of the
electrostatic interaction with the pore wall. However, it has been shown for
other systems that the effect on concentration is dominant. Therefore, a
charged channel facilitates the flux of counterions and restricts the flux of
coions.

D. Structural Basis of Glomerular Filtration

~ The limiting barrier for permeation across the glomerular capillary has
been studied by intravenous administration of electron-dense particles of
varying molecular size, shape, and electric charge. By transmission electron
microscopy, the site at which they are trapped has been identified. It has
been shown that the three barriers of the glomerular capillary wall, i.e.,
endothelium, basement membrane, and foot processes, contain negatively
charged glycoproteins. This fact could explain the selective restriction of
permeation of anionic macromolecules, described above.

No specific structure in the glomerular capillary wall appears to act as
the sole barrier for filtration of macromolecules. Polyanions such as albumin
are restricted by endothelium and internal surface of the basement mem-
brane, whereas polycations are trapped in the external portion of the
membrane or the slit diaphragm of the foot processes of the epithelial cell.
Neutral macromolecules appear to be restricted essentially by the basement
membrane.

V. TUBULAR TRANSPORT

A. Introduction

In this section we will study the essential aspects of reabsorption and
secretion by the renal tubule under physiologic conditions. The mechanisms
of regulation of these processes and their pathophysiological alterations will
be treated in detail elsewhere in this text. We will restrict our description to
transport of salt and water and substances which exert effects on them. The
physiology of transport of other solutes will be described within the context
of the respective pathophysiological alterations.
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Our present understanding of transport by the renal tubule has been
obtained mainly with three experimental techniques: (1) micropuncture of
identified segments of renal tubules in anesthetized animals (rat, hamster,
dog), to obtain samples of tubular fluid, or to measure electrical parameters
(e.g., luminal or cellular electrical potential); (2) microperfusion of isolated
tubule segments in vitro, which allows study of segments not accessible to
micropuncture, perinits a wider variety of experimental perturbations, and
in addition prevents the effect on tubule function of systemic parameters
difficult to identify or control; and (3) transport studies in isolated membrane
vesicles, in which uptake or extrusion of particular substances by specific
membranes such as the brush border (luminal membrane) of the proximal
tubule, can be measured n vitro.

Our present knowledge of the transport functions of the renal tubule
permits its division into three major segments: (1) the proximal tubule, (2)
the loop of Henle, and (3) the distal nephron. Even though there are
subdivisions of these segments, from both a morphological and a physiological
viewpoint, it is possible to establish a clear correlation of each of them with
a general function.

B. Proximal Tubule

The proximal tubule is a typical leaky epithelium. It transports at a high
rate salt, several other solutes, and water. Active Na™ transport appears to
be the essential process, to which transport of Cl~, several organic solutes,
and water are coupled by a variety of mechanisms. Fluid transport is
isoosmotic, and solute concentration differences across the wall are small.

The proximal tubule can be divided in three segments on the basis of
their intrinsic properties, the different composition of their luminal fluids,
or both.

1. Description of Transport Processes
a. Early Proximal Convoluted Tubule

i. Na Reabsorption. Na reabsorption is active because it occurs with no
transtubular Na concentration difference and against a small transtubular
electrical potential (1-5 mV, lumen negative: V; = —1 to —5 mV). Since the
cell interior is electrically negative to the lumen, by about 70 mV, and the
intracellular Na activity is lower than the luminal activity, Na entry is a
downhill process. Studies in a variety of species indicate the existence of
several parallel mechanisms of Na transport at this membrane: diffusional
entry, carrier-mediated cotransport (with glucose, amino acids, lactate, phos-
phate, and, at least in amphibian proximal tubule, chloride), and carrier-
mediated countertransport (Na* uptake coupled to H* extrusion). Most of
this information comes from studies in brush border vesicles. From these
data it is difficult to estimate the quantitative importance of each pathway.
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In isolated mammalian tubules it appears that about one third of the Na
entry is coupled to glucose and amino acids. Sodium transport from cell to
extracellular fluid is an uphill process driven by the sodium-—potassium
pump.

Intercellular transport of Na is presumed to occur by water flow from
lumen to intercellular spaces (because of the osmotic pressure difference
generated by salt transport into the intercellular spaces). Since the junctions
are highly permeable to NaCl, the salt would be dragged by the water flux
(solvent drag). Although reasonable, this mechanism has not been unequi-
vocally demonstrated.

. Anion Reabsorption. HCOg5 is reabsorbed preferentially to Cl™.
HCOj3 reabsorption is coupled to H™ secretion into the lumen, which occurs
by Na®—H™ exchange. As a result of this titration, the bicarbonate concen-
tration in the lumen decreases, whereas the chloride concentration increases,
with their sum remaining constant. C1~ transport from lumen to blood is
downbhill (both because of its higher concentration in the lumen and the
negative transtubular electrical potential difference). However, entry from
lumen to cells seems to be coupled to Na (secondary active transport);
transport from cells to peritubular space is downbhill.

ii. Water Reabsorption. Water reabsorption is coupled to salt transport,
probably by the hyperosmotic lateral intercellular space mechanism (see
Chapter 1).

w. Reabsorption of other Substances. Glucose and amino acid reabsorption
is uphill, coupled to Na™ transport and essentially complete in this segment.
As described before, glucose and amino acids accumulate in the cell by a
Na™-dependent secondary active transport. Transport from the cell to the
extracellular fluid is downhill, and at least in part carrier mediated. Some
permeant solutes, such as urea, are partially reabsorbed, by a passive
mechanism, because of the increase in their luminal concentration as water
is being reabsorbed.

The essential transport properties of the proximal convoluted tubule
and the transcellular mechanism of Na transport are summarized in Figure

6.

b. Late Proximal Convoluted Tubule

The luminal fluid of the late proximal convoluted tubule is characterized
by a low HCO3 and a high Cl~ concentration and by the absence of glucose
and aminoacids. The tubule fluid remains isoosmotic to plasma and has the
same Na™ concentration as the filtrate.

The luminal electrical potential (V) in this segment is +1 to +3 mV.
This potential is caused by the different anionic composition of tubular and
peritubular fluids (lumen: high Cl~, low HCOs ; peritubular fluid: high
HCOg, low CI7). The tubule is more permeable to Cl~ than to HCOs .
Thus, the CL™ concentration gradient across the wall generates a lumen-
positive diffusion potential (Figure 7).
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Figure 6. Mechanisms of salt transport by the proximal convoluted tubule. This figure sum-
marizes current hypotheses of transport at the two cell membranes and across the intercellular
pathway. Segment arrows indicate simple electrodiffusion across cell membranes; C.A., carbonic
anhydrase. Na™ can enter the cell by simple electrodiffusion (uniport), by exchange with H*
(antiport), or by cotransport (symport) with Cl or a number of organic or inorganic substrates
(X, which can be glucose, amino acids, lactate, or phosphate). Na‘ transport from cell to
peritubular fluid occurs by the operation of the Na,K pump and probably also by means of a
NaCl neutral pump. Finally, a portion of salt reabsorption can occur bypassing the cells, by
solvent drag. Mean values of electrical potentials are also shown. See text.

In experiments in vitro, in which luminal and peritubular fluids have
identical composition, active Na transport has been shown to occur. A fraction
of the Na flux in situ is downbhill, because of the positive luminal potential,
and a third fraction is also passive, by solvent drag, as in the early proximal
convoluted segment. The driving forces for C1~ reabsorption (Cl~ concen-
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Figure 7. Effect of asymmetric anion concentrations across the late proximal convoluted tubule
and pars recta on electrical potential difference. Preferential bicarbonate reabsorption results in
low HCO3 and high Cl™ concentrations in the lumen, as compared to interstitial fluid (mean
values, millimolar, shown in parentheses). Since C1~ is more permeant than HCOs', a lumea-
positive diffusion potential is generated. This potential can drive part of Na* reabsorption. In
addition, the permeability difference causes an effective osmotic pressure difference which
drives water flow from lumen to peritubular space.
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tration difference and solvent drag) can account for passive Cl reabsorption,
even though V, is positive, because of the high Cl permeability and the
higher C1~ concentration in the lumen. The mechanisms of transport at the
cell membrane level appear to be similar to those described for the early
proximal convoluted tubule.

The late proximal convoluted tubule is the main site of organic acid
secretion (PAH, penicillin, uric acid).

¢. Proximal Straight Segment (Pars Recta)

The pars recta has intrinsically different transport properties when
compared with the convoluted segments. The main ones are that (1) the
rates of Na and fluid transport are slower, and (2) the capacities for glucose
and amino acid reabsorption are minimal.

As in the late proximal convoluted segment, V, is positive (by about the
same amount), and Na and Cl appear to be transported by the same
mechanisms.

In the late proximal convoluted tubule and in the straight segment, the
anion concentration gradients can drive water reabsorption in the absence
of a total osmotic gradient across the wall, because of the higher HCOz
reflection coefficient as compared to C1~ (see Chapter 1, Section V).

2. Modulation of Reabsorption by the Proximal Tubule

Proximal reabsorption is essentially an obligatory mechanism designed
to save most of the filtered fluid and all of a number of essential solutes.
Regulation of the final composition of the urine is achieved in the tighter
distal and collecting segments of the tubule. Nevertheless, some factors do
modulate the transport rate at the proximal tubule and therefore influence
the performance of later segments by altering their load.

a. Glomerulo-tubular Balance

Changes in the rate of glomerular filtration result in changes of the rate
of proximal tubule fluid reabsorption in the same direction. Hence, the
delivery of fluid to the loop of Henle and the distal nephron, and eventually
urinary output, vary only moderately when GFR is primarily altered. Glom-
erulo-tubular balance is a very important adaptive mechanism. If the rate of
fluid reabsorption by the tubule did not change with GFR, a 10% increase
in GFR (from 120 to 132 ml/min, or equivalently from 180 to 198 liters/day)
would cause an increase in urine output of 18 liters/day.

The mechanism of glomerulo-tubular balance, in spite of much research,
remains unknown. One possible explanation is a GFR-dependent change in
physical factors acting across the tubule wall, as explained below.
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b. Transtubular “Physical Factors”

Hydrostatic (P) and colloid-osmotic () pressure differences across the
tubular wall can influence directly the bulk flow rate from the tubule lumen
to the capillary lumen. In addition, changes of P or « in tubule lumen and
peritubular capillary can influence indirectly the reabsorption rate by chang-
ing the permeability of the intercellular pathway. When = falls or P rises in
the peritubular capillaries, the limiting junctions become leakier and backflux
(from intercellular spaces to tubular lumen) occurs. The opposite change of
m. and P, seem to exert opposite effects. The reduced fluid reabsorption
observed during ECF expansion could depend in part on this mechanism.
Glomerulo-tubular balance has been ascribed to changes of protein concen-
tration (and colloid-osmotic pressure) in the peritubular circulation, directly
related to primary GFR changes (1 GFR — 71 efferent arteriole —» 17
peritubular capillaries). A strong argument against this possibility is the
demonstration of filtration pressure equilibrium in rats with superficial
glomeruli. If this is true in man as well as in rat, m at the efferent arteriole
is constant regardless of GFR.

¢. Hormones

The possibility of a natriuretic hormone has been suggested from
experiments in which expansion of the ECF volume was shown to result in a
natriuretic and diuretic response under conditions in which GFR and plasma
aldosterone were kept constant. Another condition attributable to a natriuretic
hormone is the “escape” (natriuretic response) observed a few days after
continuous administration of mineralocorticoids (see Chapter 4). A possible
site of action of this hypothetical substance is the proximal tubule. There is
no conclusive proof, as yet, of the existence of this hormone.

Parathyroid hormone (PTH) affects mainly Ca and phosphate transport
by the tubule. In addition, it reduces proximal Na and fluid reabsorption.

Some authors have claimed that aldosterone increases proximal tubule
Na reabsorption, but careful later studies have shown that the elevation of
the rate of Na transport was probably caused by a rise of GFR, secondary to
the positive Na balance produced by the hormone.

d. Catecholamines

Recent experimental results suggest that catecholamines stimulate fluid
reabsorption by the proximal tubule. The physiological significance of these
observations has not been established.

C. Loop of Henle

The thin segments of the loop of Henle contribute to the generation of
interstitial hyperosmolality in the renal medulla. This hyperosmolality is the
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driving force for water reabsorption from the collecting ducts, in a regulated
mode dependent on the action of antidiuretic hormone (ADH). The gradient
for water reabsorption is always present (under physiologic conditions), but
water is reabsorbed only if ADH is available to produce an increase of cortical
collecting tubule and medullary collecting duct water permeability.

1. Transport Mechanisms at the Thin Segments of the Loop of Henle

There is no clear-cut evidence for active salt transport by the thin
segments of the loop. The essential transport properties of the descending
and ascending segments are their passive permeabilities to water and solutes.
The descending limb has a high water permeability and a low solute
permeability, whereas the ascending segment has a low water permeability
and a relatively high solute permeability (Pnaci > Purea)-

In normal mammals the interstitial fluid is hyperosmotic because of high
concentration of both urea and NaCl, which ultimately result from NaCl
transport by the thick ascending limb of the loop (see below). The composition
of the luminal fluid, and the properties of the two segments of the loop,
result in quite specific transport processes. At the descending limb, net water
flow occurs from lumen to interstitium, with a progressive rise in luminal
osmolality toward the papilla (and tip of the loop). At the ascending limb,
because the lumen contains mostly NaCl, whereas in the interstitium [urea]
> [NaCl], NaCl diffuses outward (/nac1) and urea inward (Jurea). Since NaCl
permeability is greater than urea permeability, the net effect is [naci > Jureas
or net addition of solute to the interstitial fluid, in the absence of active
transport at this level. The ascending limb fluid becomes diluted, as compared
to interstitial fluid at the same level (Figure 8).

2. Transport Mechanisms at the Thick Ascending Segment of the Loop
of Henle

The thick ascending segment of the loop is the site of active salt transport
responsible for the countercurrent multiplication mechanism in the renal
medulla. This segment is essentially impermeable to water and unresponsive
to ADH. Therefore, salt transport from lumen to interstitial fluid results in
a reduction of the osmolality of the luminal fluid. At the beginning of the
distal tubule, the luminal fluid is hypoosmotic as compared to cortical plasma.

When this segment is exposed in vitro to the same solution in lumen and
bath, it develops a lumen-positive electrical potential difference of about 6
mV. From this observation it has been postulated that Cl~ is the ion actively
transported from lumen to ECF, and that Na* follows passively, driven by
the electrical gradient. Alternatively, Cl entry at the luminal membrane could
be coupled to Na entry, and Cl transport from cell to ECF could be a
downhill process, whereas Na® would be extruded from the cell uphill by
the operation of the Na™ pump. A role of Na* in CI~ transport is strongly
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decreased
osmolality

Figure 8. Transport mechanisms in the loop of Henle (thin
segments). Luminal fluid entering the loop is isoosmotic to
cortical plasma. The descending segment has a high water
permeability. Luminal osmolality increases progressively be-
cause of a net water flow from lumen to the hypertonic intestitial
fluid. At the bend of the loop the fluid in the lumen has the
same osmolality that the surrounding interstitial fluid, and is
hyperosmotic to cortical plasma. However, the compositions of
luminal and interstitial fluid differ: urea predominates in the
interstitium because of reabsorption at the collecting ducts. The
ascending segment is water impermeable and more permeable
for NaCl than for urea. Therefore, the net NaCl flux from lumen to interstitium is larger
than the net urea flux in the opposite direction. The interstitial osmolality is thus increased and
the luminal osmolality decreased. See Kokko and Rector (1972).

isoosmotic

suggested by the dramatic effect of Na* pump inhibitors on Cl~ transport.
This matter is unresolved at the present time.

The value of V, appears to be sufficient to drive downhill reabsorption
of K* and Ca?" if one considers the permeability of the tubule wall. The
pathway for transport of these ions is uncertain.

The rate of salt transport by this segment, as in the proximal tubule,
increases when the load rises, providing therefore a compensation for
changes in filtration rate or proximal reabsorption.

3. Mechanism of Generation of Renal Medullary Hyperosmolality:
Countercurrent Multiplication and Exchange

The hairpin shape of the loop of Henle, in conjunction with the different
transport properties of its three segments, permits its operation as a
countercurrent multiplier. In addition, the medullary blood vessels, or vasa
recta, operate as countercurrent exchangers.

Countercurrent multiplication results from transport of sodium chloride
from lumen to interstitial fluid by the thick and thin ascending segments of
the loop. This process establishes a small local osmotic gradient because
solute transport is not coupled to water transport. The interstitial fluid
osmolality rises, and causes water reabsorption from the thin descending
limb, because of the high water permeability of this segment. The local
osmotic gradient, or single effect, is multiplied longitudinally because of the
hairpin shape of the loop. This notion can be understood intuitively by
considering the operation of the system when transport starts. At time = 0
fluid in both limbs has an osmolality of 300 and the single effect is a
difference of osmolality of 20. In the first cycle, fluid enters the loop at 300
mOsm/kg, but leaves at 280 mOsm/kg. The osmolality of interstitial fluid
and luminal fluid of the deéscending segment rises to 320. Therefore, in the
next cycle fluid enters the ascending limb at 320 mOsm/kg, and transport
rises interstitial osmolality to 340 mQOsm/kg. Further operation of the system
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results in a progressive increase of osmolality of the interstitial fluid and the
luminal fluid until a steady state is reached. This equilibrium is characterized
by isoosmotic inflow, hypoosmotic outflow, and a progressive rise in osmolality
of luminal fluid and interstitium from the cortex to the bend of the loop. It
has been shown that the osmolality rises hyperbolically as a function of the
distance along the loop, from cortex to medulla. At any level, interstitial
fluid and luminal fluid in the descending limb have the same osmolality, but
luminal fluid in the ascending limbs has a lower osmolality. The difference
is the single effect.

The steady state operation of the countercurrent mechanism requires a
precise balance between solute accumulation and solute removal, which is
effected by the vasa recta. The rate of removal is small, making the system
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Figure 9. Operation of the countercurrent mechanism. The scheme is based on the model
proposed by Kokko and Rector (1972), in which NaCl transport by the thin ascending limb is
proposed to be passive. The only active transport mechanism is NaCl reabsorption by the thick
ascending segment. Thick wall of ascending segments and distal tubule indicates water imperme-
ability. NRS stands for nonreabsorbable solute. See text for details.
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highly efficient, because the vasa recta operate as countercurrent exchangers.
Since these vessels are highly permeable to NaCl, urea, and water, as blood
flows from cortex to medulla its osmolality increases, reaching a maximum
at the papilla, and decreases progressively in the ascending limb of the vessel,
therefore minimizing solute loss.

In the presence of ADH (antidiuresis), water is reabsorbed in the
collecting segments. Since urea permeability is very low in the cortical
cellecting tubule, and unchanged by ADH, this results in an increase of
luminal urea concentration. In the medullary collecting tubule, ADH in-
creases both water and urea permeability, and therefore both water and urea
are reabsorbed. Urea, as stated above, contributes a large fraction of the
interstitial osmolality, and enters the tubules, mostly the ascending thin limb
of the loop. The end result of this process is trapping of urea in a circuit
constituted by ascending limb, distal tubule, cortical collecting tubule, med-
ullary collecting tubule, and medullary interstitium. Cycling of urea contrib-
utes to interstitial hyperosmolality and permits net NaCl transport by the
thin ascending limb of the loop without the need to postulate active salt
transport. In water diuresis (absence of ADH), the lack of urea reabsorption
in the medullary collecting tubules causes a decrease of medullary osmolality.
This explains, at least in part, the fact that the maximum concentration of
the urine in response to exogenous ADH is less in subjects on a high water
intake. The operation of the countercurrent mechanism is summarized in
Figure 9.

The countercurrent mechanism establishes a hyperosmotic renal med-
ullary interstitium. This compartment is separated from the luminal fluid of
the collecting segments by the tubule wall, whose water permeability can be
regulated, according to homeostatic needs, by ADH. Under all normal
conditions, fluid reaching the distal tubule is hypoosmotic (100-200 mOsm/
kg). In the absence of ADH, solute reabsorption continues in distal and
collecting segments and the urine becomes more hypoosmotic, to a limit of
~50 mOsm/kg. In the presence of ADH, water is reabsorbed, down the
osmotic gradient, in cortical and medullary collecting tubules, and can reach
a maximum osmolality equal to that of the papillary interstitium (~1200
mOsm/kg).

Further discussion on the mechanism of water excretion by the kidney
is presented in Chapter 6.

D. Distal Nephron (Distal Convoluted Tubule, Cortical Collecting
Tubule, and Medullary Collecting Duct)

1. Distal Convoluted Tubule

The distal convoluted tubule is defined here as the segment which
extends from the macula densa to the site of transition from homogenous
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cells to a mixture of dark and light cells (typical of the collecting tubule).
This transition occurs before the junction with other “distal” segments.

Within this definition, the distal convoluted tubule is, in some respects
at least, functionally similar to the thick ascending segment of the loop of
Henle. Some authors have proposed to call these two sections the “diluting
segment.” As the thick ascending segment of the loop, the distal convoluted
tubule is essentially impermeable to water and unresponsive to ADH. NaCl
is reabsorbed at a slower rate than in the proximal tubule or in the loop, but
against large concentration gradients. The rate of reabsorption, as in the
loop of Henle, is directly proportional to the load. Therefore, increases in
the rate of fluid delivery by the proximal tubule can be compensated for, at
least in part, by these segments.

The electrical potential between the lumen and the peritubular fluid
varies along the length of the distal tubule. In the early portion some authors
have even found a slightly lumen-positive value. At the end of the segment,
V. is about —45 mV. The cell membrane potential, admittedly difficult to
measure because of the small size of the cells, appears to be quite constant
(about 70 mV, cell negative) across the basolateral membrane, independently
of the distance along the length of the segment.

The magnitude of V, is clearly related to the concentration of Na in the
lumen. High Na concentration results in a greater lumen negativity, presum-
ably by increased Na entry into the cells, and increased pumping at the
basolateral membrane. The mechanism of Na™ entry is not fully understood,
since the Na™ permeability of the membrane appears to be quite low. The
possibility of coupled NaCl transport has been proposed. K* seems to be
more permeant than Na* at both the luminal and the peritubular membrane.
K™* secretion by the distal tubule, as discussed in detail in Chapter 7, could
then result from uphill uptake at the basolateral membrane (Na pump) and
downbhill flux from the cell to the lumen, driven by the high K* concentration
difference, which offsets the opposing effect of the electrical potential (cell
negative to the lumen). Two complicating features of this scheme are the
experimental demonstrations, under some conditions, of uphill Cl and uphill
K reabsorption. As in the case of the thick ascending segment of the loop,
uphill CI transport could be due to either a primary active mechanism (i.e.,
a ClI~ pump) or a secondary active transport mechanism (coupled to Na™
transport). Uphill K* reabsorption is currently thought to be caused by an
inwardly oriented K™ pump located at the luminal membrane. The net result
of K* transport at this level can be absorption or secretion, according to
homeostatic requirements (see Chapter 7).

Another important transport process at the distal tubule is acidification
of the luminal fluid, which has been ascribed to an active H* transport
mechanism located at the luminal membrane.

The distal tubule, as the collecting segments, is responsive to aldosterone.
The net result of the action of this hormone is to increase Na™* reabsorption
and K* secretion.



Homeostatic and Excretory Functions of the Kidney 59
2. Cortical Collecting Tubule

The cortical collecting tubule is defined as the nephron segment which
extends from the end of the distal tubule (transition to clear and dark cells)
to the cortico-medullary junction.

This segment has a negligible basal water permeability, that increases
dramatically by the action of ADH. NaCl is reabsorbed at this level. Therefore,
in the absence of ADH the luminal fluid osmolality can drop further. In the
presence of ADH, the osmolality equilibrates with that of the cortical
interstitial fluid; in other words, the luminal fluid becomes isoosmotic with
plasma. ADH increases the osmotic water permeability but not the urea
permeability. Therefore, water reabsorption at this level results in an increase
of luminal urea concentration.

The luminal electrical potential is on the average about —35 mV, but
varies widely according to the status of mineralocorticoid secretion, which in
turn is determined by salt intake. Administration of DOCA results in an
increase of V; (lumen more negative) that reaches a maximum in about six
days. As in the distal segment, K* can be reabsorbed or secreted at this level,
and H™ is secreted.

Na™ transport is uphill and thought to occur by downhill luminal entry,
which can be blocked by the diuretic amiloride, and active transport at the
basolateral membrane (Na pump). The mechanism of Cl™ transport, as in
the case of the distal segment, is probably active, or secondarily active, at one
of the cell membranes. This segment is tighter than the distal tubule.

3. Medullary Collecting Duct

The medullary collecting duct starts at the cortico-medullary junction.
It can be divided in an outer and an inner medullary segment. Their limit
is the junction between inner and outer medulla. The large papillary ducts
(ducts of Bellini) open on the surface of the papilla.

The transport properties of the medullary collecting duct are similar to
those of the cortical collecting tubule. In the absence of ADH, the collecting
duct has very low water and urea permeability. Since NaCl is reabosrbed at
this level, the luminal osmolality can drop further in the absence of the
hormone. ADH causes an increase of water permeability and consequently
a net water flow from the lumen to the medullary interstitial fluid, which is
hyperosmotic. Under the maximum effect of ADH, the luminal fluid
equilibrates with the papillary interstitial fluid, and the urine becomes
maximally hyperosmotic. The effect of ADH at this segment, in contrast
with the one in the cortical collecting tubule, includes an increase in urea
permeability. Therefore, in the presence of the hormone the net water flow
from lumen to interstitial fluid causes an increase in urea concentration in
the lumen and a net urea flux toward the interstitium.
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Figure 10. Summary of transport mechanisms in the distal nephron. The “diluting segment”
(thick ascending segment of the loop of Henle and distal convoluted tubule) is water impermeable
and unresponsive to ADH (thick line). The cortical collecting tubule and medullary collecting
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duct. Overall ion transport mechanisms are indicated by arrows. Na* reabsorbed (aldosterone
stimulates reabsorption); K* can be reabsorbed or, usually, secreted (aldosterone stimulates
secretion); H is normally secreted against a steep electrochemical gradient. All of these segments
are tight epithelia.

The mechanisms of transport of electrolytes and the actions of miner-
alocorticoids appear to be similar to those described for the cortical collecting
tubule.

The transport properties of the distal nephron are summarized in Figure
10.

E. Summary of Renal Tubule Transport Mechanisms
The rate, mechanism of control, and physiological significance of salt

and water transport are different in the three essential portions of the renal
tubule.
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In the proximal tubule, typical leaky epithelium, salt and water are
transported at high rates, in isotonic proportions. Bulk reabsorption of most
of the filtrate (~75%), and virtually complete reabsorption of essential solutes
(glucose, amino acids) are the main results of proximal tubular function.

The loop of Henle and the diluting segment are a complicated arrangement
of three diverse sections with strikingly different properties concerning active
transport, water permeability, and solute permeability. Because of these
properties, hyperosmolality is built up in the medullary interstitium, and acts
as the driving force for final water reabsorption. The loop reabsorbs
additional Na and water (~20% of filtrate) and leaves rather small amounts
for the last segments of the tubule.

The distal convoluted tubule and the collecting tubule are tighter epithelia:
water impermeable in the absence of ADH, the collecting tubules increase
their osmotic permeability in response to the hormone. It is at these segments
that the volume and osmolality of the urine is controlled. Salt transport
occurs at slow rates, but against large gradients. The small amount of NaCl
delivered to the distal nephron is handled appropriately to the necessities of
the body by the regulatory action of aldosterone. K* excretion and H*
excretion are also regulated at these segments.

The main functional characteristics of the different segments of the
renal tubule are summarized in Table 1.
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Nonexcretory Functions of the
Kidney

SAULO KLAHR

I. INTRODUCTION

The kidney contributes to body homeostasis not only through its excretory
functions but also through important metabolic activities of the tubular
epithelial cells. The latter are related not only to tubular transport mecha-
nisms (e.g., reabsorption of sodium, chloride, glucose, and amino acids;
secretion of hydrogen, potassium, organic acids, and bases) but also to
synthesis of hormones, degradation of low-molecular-weight proteins and
peptides, and metabolic interconversions aimed at the conservation of energy
and the regulation of the composition of body fluids (e.g., maintenance of
normal blood concentration of substrates and hydrogen ion activity). This
chapter reviews the nonexcretory functions of the kidney, their role in the
homeostasis of body fluids, and the changes in these functions brought about
by disease.

II. SUBSTRATE UTILIZATION BY THE KIDNEY

A substantial amount of the metabolic work and substrate utilization by
the kidney is devoted to functions unrelated to transport, such as gluconeo-

SAULO KLAHR e Department of Medicine, Washington University School of Medicine, St.
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genesis, protein synthesis and degradation, excretion of drugs and its
metabolites, and maintenance of cell structure.

III. CARBOHYDRATE METABOLISM

A. Glucose: Oxidative and Anaerobic Glycolysis

There is net utilization of glucose by the kidney, and oxidation of this
substrate accounts for 13%—-25% of renal oxygen consumption. Net glucose
utilization occurs despite simultaneous renal glucose production (gluconeo-
genesis). Oxidative metabolism and gluconeogenesis occur in the cortex,
whereas glycolysis takes place at the papillary tip. The red outer medulla
demonstrates both oxidative and anaerobic glycolytic activity. Approximately
60% of the glucose utilized by the kidney in vivo is converted to COg; most
of the remainder is converted to lactate in the medulla. Changes in acid—base
balance affect the renal metabolism of glucose.

B. Hexose—Mdnophosphate Shunt

Glucose oxidation by the hexose—monophosphate shunt pathway (Figure
1) accounts for less than 1% of the energy utilized by the kidney. However,
this shunt may be important as a source of NADPH and pentoses required
for certain biosynthetic activities (nucleic acids, fatty acids) and in the tubular
process of hydrogen secretion. Metabolic acidosis, sodium depletion, and
renal growth, following reduction of renal mass, enhance the activity of the
hexose—monophosphate shunt in the kidney.

C. Glucose-Xylulose Pathway

This pathway is important in nucleotide and mucopolysaccharide syn-
thesis, detoxification of drugs, and biosynthesis of inositol. Inositol synthesis
(Figure 1) and conversion to phosphatidyl inositol may influence the prop-
erties of tubular cell membranes and its transport characteristics.

D. Renal Gluconeogenesis

Liver and kidney cortex have the capacity for both glucose synthesis
from noncarbohydrate precursors (gluconeogenesis) and glucose degradation
via the glycolytic pathway (Figure 2). Gluconeogenesis is important when the
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Figure 1. Metabolic pathways for glucose utilization by the kidney. The thick arrows denote
rate-limiting steps in the various pathways. Anaerobic glycolysis leads to the production of
pyruvate and lactate and takes place in the cytoplasm of tubular cells. Oxidative metabolism of
pyruvate and fatty acids (as acetyl CoA) in the tricarboxylic acid cycle (TCA cycle) are
intramitochondrial events. Conversion of G-6-P to 6-PG (hexose—monophosphate shunt) and of
glucose to glucuronate and xylulose (glucose—xylulose cycle) are the other two important
pathways of glucose utilization. Abbreviations: NADP, nicotinamide adenine dinucleotide
phosphate; NADPH, reduced form of NADP; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-
phosphate; F-1,6-diP, fructose-1,6-diphosphate; G-3-P, glyceraldehyde-3-phosphate; DHAP,
dihydroxyacetone phosphate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phos-
phoenolpyruvate; OAA, oxaloacetate; NHs, ammonia. (Adapted from Newsholme, E. A., and
Gevers, W.: Vitam. Horm. 25:1, 1967.)
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metabolic demands of the animal for glucose are not met (i.e., starvation,
low-carbohydrate diet); under these conditions glucose is required by tissues
(central nervous system, red blood cells) which cannot meet their energy
requirements from oxidation of fatty acids or ketone bodies. Gluconeogenesis
may be important also in removing excessive quantities of certain substances
from the blood (i.e., lactic acid after severe exercise). The ability of the
kidney to convert certain organic acids (a-ketoglutaric, lactic) to glucose, a
neutral substance, is an example of 2 nonexcretory mechanism in the kidney
for pH regulation of body fluids. The major substrates for renal gluconeo-
genesis are pyruvate, lactate, citrate, a-ketoglutarate, and glutamine. When
the rates of gluconeogenesis are increased (fasting, experimental diabetes,
administration of glucocorticoids, or intracellular acidosis), there is enhanced
activity of the gluconeogenic enzymes of renal cortex, particularly of phos-
phoenolpyruvate carboxykinase. The activity of this enzyme (which catalyzes
the conversion of oxaloacetate to phosphoenolpyruvate) plays a key role in
the rate of renal gluconeogenesis in vivo. The increased gluconeogenesis
observed during fasting or diabetes is due to the development of acidosis
since glucose production by the kidney is not increased when the acidosis is
prevented by alkali administration. Acidosis increases the rate of renal
gluconeogenesis only from those substrates which form oxaloacetate but not
from substrates such as glycerol and fructose which enter the gluconeogenic
pathway above phosphoenolpyruvate.
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E. Control of Renal Gluconeogenesis in Vivo

In the intact animal renal gluconeogenesis is influenced not only by the
factors discussed above but also by the substrate composition of the blood
perfusing the kidney. For example, the increased renal gluconeogenesis
during fasting may be due in part to a rise of plasma glycerol. Elevations in
plasma lactate (prolonged exercise) may also lead to increased gluconeoge-
nesis. Enhanced conversion of lactate and glycerol to glucose when their
plasma concentrations rise is an example of the energy-conserving function
of the kidney in which an excess of substrate in arterial plasma is converted
to another substrate which may then be utilized or stored in other organs.

F. The Role of the Kidney in the Maintenance of Glucose
Homeostasis

The quantitative contribution of renal gluconeogenesis to the mainte-
nance of blood glucose in humans has not been defined. The balance between
renal gluconeogenesis and utilization of glucose by the kidney determines
whether there is net glucose release or uptake by this organ. During starvation
in man the kidney may contribute as much as 50% of the. glucose produced
daily. Studies in animals suggest that the kidney may play a role in maintaining
the basal output of glucose, a process which may not be greatly affected by
hormonal changes.

IV. LIPID METABOLISM

The kidney extracts and utilizes fatty acids from plasma. A large fraction
of the fatty acids extracted are incorporated into neutral lipids and only a
small fraction is oxidized to CO,. In the intact animal oxidation of palmitate,
oleate, and stearate accounts for only 15% of renal oxygen consumption.
Free fatty acids inhibit renal glucose oxidation and stimulate gluconeogenesis
from lactate or glycerol (Figure 1). The relative contribution of renal fatty
acid oxidation to Na transport has not been clearly defined. It appears,
however, that the major role of fatty acids in the kidney is the regulation of
gluconeogenesis and the maintenance of cell membrane integrity.

The kidney is also involved in the metabolism of mevalonate, a major
precursor of cholesterol synthesis. The kidney converts circulating mevalon-
ate to sterols and sterol precursors or oxidizes it to CO; (nonsterol or “shunt”
pathway). The sterol pathway accounts for 75% and the nonsterol or “shunt”
pathway for 25% of the mevalonate metabolized by the kidney. The major
end product of mevalonate metabolism in the kidneys is cholesterol. Impaired
clearance of blood mevalonate by the kidney could account for the hyper-
cholesterolemia associated with some renal diseases, since such impairment
might lead to increased hepatic synthesis and augmented release of choles-
terol into the blood.
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V. RENAL METABOLISM OF PLASMA PROTEIN AND
PEPTIDE HORMONES

The kidney is an important catabolic site for low-molecular-weight
plasma proteins (molecular weight below 50,000) but not for proteins with
a molecular weight exceeding 68,000 (e.g., albumin, immunoglobulins).
Filtration of proteins is apparently necessary for their renal catabolism. For
example, a light (L) chain, a component of y-globulin, is a plasma protein
with a molecular weight of 22,000. Its filtration rate is about 8% of the GFR.
The amount of L chains filtered is about 5 mg/kg body weight per day. Less
than 1% of this amount appears in the urine, indicating a tubular reabsorption
of approximately 5 mg/kg per 24 hr, an amount similar to the fractional
metabolic rate. These observations suggest that the kidney catabolizes all of
the light chains that are filtered and reabsorbed by the renal tubules.
Nephrectomy reduces the fractional metabolic rate of L chains by 90%. In
certain patients with renal tubular abnormalities, low-molecular-weight pro-
teins may appear in the urine in the absence of albuminuria, owing to their
decreased tubular reabsorption. Conversely, in patients with reduced GFR
the fractional metabolic rate for light chains is decreased and plasma levels
of light chains are elevated. Other low-molecular-weight proteins are handled
in a similar manner. Thus, nephrectomy prolongs the half-life or the
disappearance from plasma of lysozyme, ribonuclease, Bo-microglobulin,
insulin, proinsulin, glucagon, parathyroid hormone, and Bence Jones protein.
The kidney is also involved in the catabolism of retinol-binding protein and
growth hormone.

A. Renal Handling of Intermediate and High-Molecular-Weight
Proteins

The fractional catabolic rate for albumin (molecular weight 68,000), -
globulins, and larger plasma proteins is relatively low, the kidney accounting
for less than 5% of the fractional catabolic rate of these proteins, unless the
nephrotic syndrome is present, in which case albumin catabolism can be
significantly increased.

B. Products of Renal Protein Catabolism

The plasma proteins reabsorbed and catabolized by the kidney presum-
ably are broken down to amino acids or polypeptides and returned as such
into the renal venous blood.

C. Peritubular Uptake of Plasma Proteins

The information summarized above suggests that catabolism of plasma
proteins by the kidney is inversely proportional to their molecular weight
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and proportional to the levels of GFR. Peritubular uptake of albumin and
other large proteins presumably does not occur. There is evidence, however,
for peritubular uptake of other plasma proteins. Peritubular uptake seems
to play a role in the metabolism of hormones with specific receptors in the
kidney (parathyroid hormone, glucagon, insulin). Studies of the extraction
of B-microglobulin, molecular weight 12,000, also provide evidence for its
peritubular uptake.

In summary, low-molecular-weight proteins are filterable, and therefore
in the absence of tubular reabsorption will be excreted in the urine. The
kidney, by reabsorbing these proteins, prevents their urinary loss, thus
conserving the nutritionally important components of these proteins. It has
been demonstrated that some of these proteins are catabolized by the kidney,
and are not reabsorbed intact across the tubular epithelium. The kidney,
therefore, contributes to the regulation of their plasma concentration without
loss of the protein components in the urine. Many of these low-molecular-
weight proteins and polypeptides are enzymes and hormones and control of
their plasma concentration by the kidney underscores the role of renal
metabolism in the regulation of body fluid composition.

D. Kidney Metabolism of Peptide Hormones

1. Insulin

The major sites of insulin degradation are the kidney and the liver.
Since insulin binds minimally to larger plasma proteins and has a molecular
weight of 5800, its glomerular filtration should be similar to that of inulin.
In man, less than 1% of the filtered insulin is excreted in the urine. Renal
catabolism of insulin involves both filtration and reabsorption and peritubular
uptake. The kidney also catabolizes proinsulin and C peptide. The renal
extraction of these two peptides and insulin seems to be directly proportional
to their arterial concentration. In rats ligation of the renal pedicle results in
a 75% rise in plasma insulin levels and a 300% increase in proinsulin and C
peptide levels (Figure 3). Therefore, while proinsulin and C peptide are
catabolized principally by the kidney, this organ accounts for only 33% of
the plasma disappearance rate of insulin while extrarenal sites (mainly liver)
account for 67% of its disappearance rate. With decreased renal mass the
increased levels of immunoreactive insulin measured in plasma may represent
a greater contribution of proinsulin and C peptide than of the active insulin
molecule per se. Consequently, a dissociation between insulin levels, as
measured by radioimmunoassay and biologically active insulin, may occur in
the presence of decreased renal mass. In addition, in diabetics with advancing
renal disease decreased degradation of insulin may lower the amount of
exogenous insulin required for adequate control of blood glucose. Further-
more, exogenous insulin requirements will increase in diabetic patients with
end stage renal disease following renal transplantation.
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2. Glucagon

The kidney is an important site of degradation of this hormone. Elevated
plasma levels of glucagon are found in patients with chronic renal failure.
This hyperglucagonemia is apparently not due to hyersecretion but to a
decreased (approximately 60%) metabolic clearance rate of glucagon in
patients with chronic renal failure. The elevation in immunoreactive glucagon
observed in chronic renal failure is due, in part, to species of glucagon devoid
of biological activity.

3. Parathyroid Hormone

Although parathyroid hormone (PTH) secretion increases in chronic
renal disease (due to hypocalcemia), most of the accumulation of immuno-
reactive PTH in uremia relates to its decreased renal degradation. PTH is
catabolized by the kidney by both filtration and peritubular uptake (Figure
4). The peritubular uptake is selective for the biologically active forms of
parathyroid hormone and presumably involves specific receptor binding.
Filtration rate is responsible for the catabolism of carboxy terminal (biolog-
ically inactive) PTH fragments and for a portion of the catabolism of the
amino terminal fragments (biologically active) and the intact hormone. A
large portion of the elevated immunoreactive PTH in uremia relates to the
accumulation of carboxy-terminal fragments which are handled exclusively
by filtration. Renal transplantation, in the absence of changes in hormone
secretion, will decrease immunoreactive PTh levels to 20% of pretransplan-
tation values within 24 hours when the kidney functions immediately
following implant (Figure 5).
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Figure 4. Schematic representa-
tion of the renal mechanisms of
PTH uptake. Biologically active
fragments of PTH (b-PTH 1-84
and syn b-PTH 1-34) are handled
by peritubular uptake and by glo-
merular filtration with subsequent
reabsorption and degradation. On
the other hand, biologically inactive
PTH fragments (carboxy terminal
PTH fragments) appear to be de-
pendent exclusively for degrada-
tion upon glomerular filtration and
reabsorption by renal tubular cells.

Figure 5. Changes in levels of
serum iPTH. in two different
uremic patients in relation to time
after a successful renal transplant
in one (@——@) or following par-
athyroidectomy in the other
(O-—-0). The results are ex-
pressed as a percent of the preo-
perative values in the upper panel
and in absolute values in the
lower panel. (Reproduced with
permission from Freitag et al.: N.
Engl. J. Med. 298:29, 1978.)
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4. Other Peptide Hormones

The heptadecapeptide gastrin is extracted by the isolated perfused dog
kidney and the plasma concentration of gastrin in man is increased by
nephrectomy. Therefore, the hypergastrinemia present in renal failure is
due to reduced degradation of this hormone by the kidney. The kidney is
also a site for the degradation of ACTH, growth hormone, angiotensin II,
and antidiuretic hormone (vasopressin). As is the case for insulin, vasopressin
inactivation by the kidney occurs in direct proportion to its concentration in
arterial blood. Although the kidney is a determinant of the half-life of
vasopressin, its plasma level is primarily regulated by its secretion.

In summary, the kidney is an important organ in the catabolism of
peptide hormones and the increased plasma levels of these hormones seen
in chronic renal failure may be due in part to their decreased renal catabolism.
Accumulation of these hormones in chronic renal failure may contribute to
the pathophysiology of the uremic syndrome.

VI. ROLE OF THE KIDNEY IN THE REGULATION OF
VITAMIN D METABOLISM

There are two naturally occurring precursors of vitamin D: ergosterol,
which is present in plants, and 7-dehydrocholesterol, which is found in
animals including man. After exposure to ultraviolet irradiation, ergosterol
is converted into ergocalciferol (calciferol or vitamin D;) and 7-dehydrocho-
lesterol is converted into cholecalciferol (vitamin Ds).

The main source of vitamin D in man is endogenous vitamin Ds
produced by the ultraviolet irradiation of 7-dehydrocholesterol in the skin.
The main source of exogenous vitamin D in the United States is milk. The
daily requirement of vitamin D in infants is about 400 units; in older adults
the requirement is as low as 70 units per day.

The kidney regulates mineral homeostasis not only by moditying the
excretion of phosphate, calcium, and magnesium but also by its role in the
metabolism of vitamin D. Vitamin Dj is metabolized first to 25-hydroxy
vitamin Ds in the liver and subsequently to a number of dihydroxylated
derivatives by the kidney (see Figure 6). Of these derivatives, 1,25-dihydroxy
D5 and 24,25-dihydroxy D3 appear to be the most significant with the former
being the calcemic hormone produced in the kidney during hypocalcemia or
hypophosphatemia and the latter being elicited under normal mineral
conditions. 1,25-dihydroxy Ds increases intestinal calcium and phosphate
transport and bone mineral resorption. The role of 24,25-dihydroxy Ds is
less well defined.

A. The 1,25-Dihydroxy Vitamin D;

1,25-dihydroxy Djs is a potent sterol hormone. Its biosynthesis in the
kidney and its plasma levels are closely regulated by the mineral needs of the
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Figure 6. Metabolism of vitamin Ds. Vitamin D3 formed in the skin by ultraviolet radiation or
originating from the diet is metabolized first to 25-hydroxyvitamin Ds in the liver and
subsequently to 1,25-dihydroxy Ds or 24,25-dihydroxy Ds in the kidney. Increased levels of
parathyroid hormone or decreased levels of phosphorus stimulate the renal production of 1,25-
dihydroxy Ds. Conditions of normal mineral balance favor the formation of 24,25-dehydroxy
Ds. 1,24,25(0OH)sDs may represent a degradative metabolite.

individual. Thus, low calcium (via PTH), low phosphate, and a number of
hormones (estrogens, prolactin, growth hormone) all act in vivo to stimulate
the production of 1,25-dihydroxy Ds (Figure 7). Presumably, these latter
endocrine factors modulate 1,25-dihydroxy D3 during physiologic situations
of calcium need like growth, pregnancy, and lactation. Conversely, 1,25-
hydroxy Ds biosynthesis is suppressed by hypercalcemia (via calcitonin), by
hyperphosphatemia, and by 1,25-dihydroxy Ds itself. When the production
of 1,25-dihydroxy Ds is suppressed, the renal 24-hydroxylase enzyme is
induced and 24,25-dihydroxy D3 becomes the predominant metabolite of
25-hydroxy Ds. An extrarenal site of production of 1,25-dihydroxyvitamin
D3 has also been suggested. In its target tissues 1,25-dihydroxy D5 functions
in the same way as the classic steroid hormones. It is thought that 1,25-
dihydroxy Ds binds to the genome, influences DNA transcription, and
stimulates messenger RNA synthesis. The proteins formed are then func-
tional in mineral translocation. 1,25-dihydroxy Ds has its major effect in
three target organs (see Chapter 9): (1) intestine (increases calcium and
phosphate absorption), (2) skeleton (stimulates osteoclastic activity leading to
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bone resorption and calcium mobilization), and (3) kidney tubule (stimulates
reabsorption of calcium and phosphate).

Based upon the above information several syndromes involving vitamin
D antagonism, resistance, or hypersensitivity have been defined. Table I
summarizes the diseases currently thought to involve an abnormal level of
one or more of the active vitamin D metabolites.

B. The 24-Hydroxylated D Vitamins

In addition to the renal 1-a-hydroxylase, which catalyzes the biosynthesis
of the 1,25-dihydroxy D3 hormone from 25-hydroxy Ds, there is another
enzyme which hydroxylates the 25-hydroxy Ds at carbon-24. Although the
24-hydroxylase is also present in kidney mitochondria, there is evidence for
extrarenal production of 24,25-dihydroxy vitamin Ds in rat and man. The
exact role of 24-hydroxylation is not completely defined. The fact that 24,25-
dihydroxy Ds is less active than 1,25-dihydroxy Ds in stimulating intestinal
calcium and phosphate absorption and bone calcium resorption suggests that
24-hydroxylation is part of a breakdown pathway. On the other hand, small
doses of 24,25-dihydroxy Ds are very effective in restoring normal calcium
metabolism in uremic subjects. Also, this metabolite suppresses PTH secretion
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Table I. Plasma Levels of Vitamin D and Its Metabolites in Disorders of Mineral

Metabolism®*
Vitamin D 25(0OH)D3 1,25(0OH)sDs
Hypervitaminosis D Hypervitaminosis D Primary hyperparathyroidism
yP yp Yy hyperp: y
| Nutritional osteomalacia | Anticonvulsant therapy 1 Idiopathic hypercalciuria®
| Malabsorption | Hepatobiliary disorders 1 Sarcoid®
| Nephrotic syndrome | Chronic renal failure (advanced)

| Nutritional osteomalacia | Hypoparathyroidism
| Pseudohypoparathyroidism
| Vitamin-D-dependent rickets®
| Postmenopausal osteoporosis®

% 1, increased.
¢ |, decreased.
¢ Not all patients exhibit these changes in 1,25(0H)2Ds levels.

and is active in stimulating the synthesis of proteoglycans in chondrocytes.
Recent data also indicate that 24,25-dihydroxy Ds is required for normal
bone formation in chicks. These activities of 24,25-dihydroxy Ds would
suggest that it is the form of vitamin D which promotes bone mineralization.

C. Alterations of Vitamin D Levels in Disease States

The levels of 1,25-dihydroxy Ds have been measured in a number of
disorders of mineral metabolism (see Table I). High plasma levels of 1,25-
dihydroxy Ds have been reported in patients with primary hyperparathy-
roidism and some forms of idiopathic hypercalciuria. The levels of this
metabolite are markedly reduced in end stage renal failure but are restored
to normal after a successful renal transplantation. The lack of 1,25-dihydroxy
D in patients with renal failure may be one cause of renal osteodystrophy
and an excess of the hormone certainly contributes to the hyperabsorption
of calcium and resulting nephrolithiasis of primary hyperparathyroidism and
some forms of idiopathic hypercalciuria. In vitamin-D-dependent rickets, a
disease in which there is an inherited defect in the renal 1-a-hydroxylase
enzyme, the plasma levels of 1,25-dihydroxy Ds are markedly decreased. In
postmenopausal osteoporosis 1,25-dihydroxy Ds levels are also reduced,
perhaps due to estrogen deficiency. Since PTH stimulates the 1-a-hydroxylase
and increases the plasma levels of 1,25-dihydroxy Ds, it is not suprising that
1,25-dihydroxy Ds is subnormal in hypoparathyroidism and pseudohypo-
parathyroidism. 1,25-dihydroxy Ds is either suboptimal or “normal” in
patients with vitamin D resistant rickets.

The possible alterations of 24,25-dihydroxy Ds in diseases of bone and
calcium metabolism are currently controversial. Thus, both normal and
undetectable serum levels of 24,25-dihydroxy Ds have been reported in
anephric patients. Most workers agree that serum 24,25-dihydroxy Ds is
slightly diminished in chronic renal failure patients who retain their diseased
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kidneys. In primary hyperparathyroidism 24,25-dihydroxy Ds; has been
reported to be elevated but the metabolite is apparently unchanged in calcium
stone formers without hyperparathyroidism.

VII. ROLE OF THE KIDNEY IN THE REGULATION OF RED
BLOOD CELL MASS: ERYTHROPOIETIN

Erythropoietin is a glycoprotein with a molecular weight of approxi-
mately 40,000 which is thought to be formed by the kidney. Erythropoietin
promotes the differentiation, proliferation, and maturation of red blood cell
precursors in the bone marrow. The exact cellular site of synthesis has not
been defined (juxtaglomerular cells?). Progress in this area of renal biochem-
istry has been hampered by the failure to obtain a pure preparation of
erythropoietin and the need to rely on bioassays (i.e., °Fe utilization by
polycytemic mice). When renal erythropoietin production is abolished by
bilateral nephrectomy, and the patient is kept alive by regular dialysis,
profound anemia ensues. Initially, erythropoietin levels are undetectable but
small amounts are detected after several months owing to nonrenal produc-
tion (liver?).

The stimulus to increased erythropoietin production by the kidney
appears to be decreased renal oxygen tension or decreased renal perfusion.
This may arise from anemia, hypoxia, renal ischemia, or the effect of
vasoactive agents such as norepinephrine, angiotensin, or vasopressin. In-
creased erythropoietin is also seen occasionally in association with renal artery
stenosis, renal cysts, renal cell carcinoma, hydronephrosis, and with a
transplanted kidney. Erythropoietin production decreases when the kidney
is subjected to hyperoxia or an excess red cell volume. Transfusions reduce
erythropoietin production. Advancing chronic renal disease leads to a
progressive decrease in renal erythropoietin production; this is an important
factor in the development of the anemia of uremia. The disease kidney in
chronic renal failure may also produce, or fail to excrete, inhibitors or
inactivators of erythropoietin; the plasma of azotemic patients decreases the
stimulating action of erythropoietin on red cell precursors in the bone
marrow.

In summary, the anemia that accompanies chronic renal disease (Chapter
14), although multifactorial in origin, is in part due to decreased erythro-
poietin production as renal mass decreases. Secondary polycythemia with an
increase in red cell mass is frequently associated with conditions in which
erythropoietin production is augmented, notably hydronephrosis, renal cysts,
and hypernephroma. Patients with polycystic kidney disease may have higher
hematocrit values at a given level of renal insufficiency when compared with
other patients with chronic progressive renal disease.
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VIII. THE HORMONAL ROLE OF THE KIDNEY IN THE
REGULATION OF EXTRACELLULAR FLUID VOLUME AND
BLOOD PRESSURE

A. The Renin—Angiotensin—Aldosterone System

Renin is a proteolytic enzyme secreted by the granular cells of the
juxtaglomerular apparatus. It acts in plasma on a substrate of hepatic origin,
angiotensinogen, to form the decapeptide, angiotensin I. In the presence of
converting enzyme, two amino acids are split from angiotensin I to form the
active octapeptide, angiotensin II. The next split product is a seven-amino-
acid peptide, angiotensin III, which also has important physiologic effects.
Angiotensin 1I is a potent hormone, central to the regulation of salt and
water balance. It produces vasoconstriction, stimulates aldosterone secretion,
antidiuretic hormone secretion, thirst, and the renal reabsorption of sodium.
Aldosterone, in turn, increases sodium reabsorption and potassium excretion
by the distal nephron. Through the renin—angiotensin—aldosterone system,
the kidney plays a role in blood pressure regulation and sodium and
potassium homeostasis (see Figure 8). The renin system is but one of several
renal systems (prostaglandins, the kallikrein system) that act interdependently
in sodium homeostasis and blood pressure regulation (see Chapter 10).

Renin secretion is inhibited by angiotensin II and antidiuretic hormone.
These two inhibitory influences constitute a negative feedback system. In
addition, renin secretion is controlled by three other important inputs:
intravenal baroreceptors, the macula densa, and sympathetic nerves.

1. Intrarenal Baroreceptors

If renal perfusion pressure is lowered, renin secretory rate is increased.
This occurs even in a nonfiltering kidney, suggesting that under these
conditions the increased release of renin is unrelated to changes in the
filtered load of sodium. Cells in the afferent arteriole (presumably juxta-
glomerular cells) sense changes in perfusion pressure and regulate the output
of renin accordingly.

2. Macula Densa

If sodium delivery to the early distal tubule is changed, independent of
perfusion pressure, renin output is altered. Any circumstance leading to
increased sodium delivery to the distal tubule (osmotic diuresis, sodium
loading, increased GFR) causes an increase of renin secretion. This mecha-
nism serves as a feedback loop to adjust single-nephron GFR. The increase
in renin release and the local generation of angiotensin will lead to a decrease
in single-nephron GFR. The cells which sense these changes are thought to
be macula densa cells of the distal tubule. How these cells signal the
juxtaglomerular cells to increase renin output is unknown. Since the ascend-
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Figure 8. Renin produced in the kidney acts in plasma on a substrate of hepatic origin (renin
substrate or angiotensinogen) to form angiotensin I (a decapeptide). Converting enzyme splits
two amino acids of angiotensin I to form angiotensin II (an octapeptide). Loss of an additional
amino acid from angiotensin II results in the formation of a heptapeptide (angiotensin III).
Both angiotensins II and III stimulate the secretion of aldosterone by the zona glomerulosa of
the adrenal. Increased aldosterone secretion, through sodium retention and ECF volume
expansion and increased blood pressure as a consequence of angiotensin 11, inhibit renin release.

ing limb of Henle’s loop has an active transport of chloride rather than
sodium, it is possible that the macula densa cells respond to changes in
chloride delivery rather than to sodium.

3. Sympathetic Nerves

Renin secretion may be increased by stimulation of renal sympathetic
nerves. If renal sympathetic nerve activity increases, afferent arteriolar
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vasoconstriction occurs which indirectly stimulates both the baroreceptors
(decreased pressure) and the macula densa (decreased GFR and sodium
load). In addition, the sympathetic nerves end at both the juxtaglomerular
and macula densa cells. Thus they are capable of stimulating renin release
directly.

B. Factors Affecting Renin Release

It is clear, then, that several factors affect renin release: (1) Renal
vascular receptors which respond to changes in wall tension may account for
the increased renin release that occurs with suprarenal aortic constriction,
hemorrhage, and sodium depletion. Since in some of these conditions
hypotension is present, the increased renin release may be regarded as a
compensatory mechanism to restore blood pressure to normal. (2) Stimulation
of renal nerves increases and denervation decreases renin release. This effect
is a direct one because it is not inhibited by papavarine that blocks the
pressure receptors. The renal nerves are involved in the increased renin
release after assuming the upright posture, exercise, and hemorrhage. (3)
The status of the extracellular fluid volume is an important regulatory
mechanism of renin release. Volume contraction markedly increases, whereas
volume expansion inhibits renin release. The effects of changes in ECF
volume may be partially mediated by the baroreceptor mechanisms and the
renal nerves but there seems to be an effect of the sodium or chloride ions
per se at the level of the macula densa. (4) Potassium loading decreases and
potassium restriction increases renin release. (5) B-Adrenergic stimulation
(norepinephrine or isoproterenol) increase renin release. In certain forms of
hypertension, B-adrenergic blockers (propranolol) have been effective in
reducing blood pressure in part due to their effects on renin secretion. (6)
Angiotensin II can mediate a direct feedback inhibition of renin release.
This may explain the rise in renin release observed after blockade of the
effects of angiotensin II with competitive inhibitors such as SAR-1-ALA-8
angiotensin II (saralysin). (7) Administration of inhibitors of the converting
enzymes result in an increase in renin release. ’

The angiotensin II produced as a consequence of increased secretion of
renin produces peripheral vasoconstriction resulting in increased blood
pressure. Renal vasoconstriction with a decrease in both glomerular filtration
rate and renal blood flow results. These effects are transient, presumably due
to intrarenal release of prostaglandins (PGE;) that attenuate the vasocon-
strictive action of angiotensin II. Angiotensin II is the major physiological
regulator of aldosterone secretion and it may have direct effects on sodium
reabsorption in the nephron, which may be masked in part by concomitant
effects mediated by aldosterone.

Aldosterone, a potent mineralocorticoid, is antinatriuretic and kaliuretic
and its secretion from the zona glomerulosa of the adrenal cortex is mediated
by the renin—angiotensin system (via angiotensin II or angiotensin III or
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both), ACTH, and changes in plasma sodium and potassium concentrations.
Potassium has an important dual role in the renin—angiotensin—aldosterone
system. It stimulates aldosterone secretion and inhibits renin secretion both
by direct actions. Aldosterone secretion is also stimulated by ammonium,
cessium and rubidium, cyclic AMP, and serotonin.

The renin—angiotensin system seems to play the major role in the control
of aldosterone secretion. Increased levels of angiotensin account for hyper-
secretion of aldosterone after acute hemorrhage, during sodium depletion,
experimental malignant hypertension, heart failure, cirrhosis of the liver,
the nephrotic syndrome, and in pregnancy. ACTH itself causes only a
transient increase in aldosterone secretion but it plays an important permissive
effect which is required to demonstrate increases of the hormone produced
by other stimuli. Aldosterone acts on the cortical collecting tubule to promote
reabsorption of sodium and secretion of potassium. The effect of aldosterone
then is to increase potassium excretion and retain sufficient sodium to
increase the extracellular fluid volume measurably to induce hypertension,
and via these two effects indirectly to inhibit renin release. In some states of
secondary hyperaldosteronism these effects are modified so that the aldo-
sterone “escape phenomenon” (restoration of external balance of salt and
water after expansion of the ECF space) may not occur and hypertension
may not result (as in heart failure and the nephrotic syndrome). When
aldosterone levels are high and ECF volume is expanded, there may be an
inhibition of renin and angiotensin production and renin and angiotensin
levels may be low. In such cases the secretion of aldosterone is usually
primary in nature (primary aldosteronism) and not secondary to increased
release of renin and formation of angiotensin II.

C. Pathophysiology of the Renin—Angiotensin System

Angiotensinogen (renin substrate) is a glycoprotein produced in the
liver. Its plasma concentration is decreased in Addison’s disease and severe
liver disease and increased after bilateral nephrectomy, in Cushing’s syn-
drome, in pregnancy and after administration of glucocorticoids, ACTH, or
estrogens. Glucocorticoids and oral contraceptives can increase renin sub-
strate concentration sufficiently to increase plasma renin activity in vitro.

Plasma renin concentration is measured by adding renin substrate in excess
to a plasma sample. The mixture is then incubated in the presence of
inhibitors of converting enzyme and angiotensinase. The angiotensin I
generated is measured by radioimmunoassay. The term concentration is used
because the addition of substrate in excess renders the kinetics zero order
and this makes the angiotensin I liberated solely dependent on the concen-
tration of renin in the plasma sample. The measurement of plasma renin
activity has a wider clinical applicability. The result of the test depends on
both renin concentration and angiotensinogen concentration. The renin
substrate reaction is based on first-order kinetics but this is of physiologic
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Table II. Levels of Plasma Renin Activity in Different Clinical Entities

I. Decreased Levels II. Increased Levels
A. Expanded ECF volume A. Contracted ECF volume
1. Salt loading 1. Salt restriction
2. Primary mineralocorticoid 2. Fluid loss (vomiting, diarrhea, diuretics)
excess B. Decreased “effective” plasma volume
B. Hyperkalemia 1. Cirrhosis
C. Catecholamine deficiency 2. Nephrotic syndrome

3. Congestive heart failure
4. Adrenal insufficiency
C. Catecholamine excess
1. Pheochromocytoma
2. Hyperthyroidism
D. Hypokalemia
E. Renal diseases
1. Renovascular and malignant hypertension
2. Renin-secreting tumors
3. Juxtaglomerular hyperplasia (Bartter’s
syndrome)
F. Increased renin substrate
1. Pregnancy
2. Estrogen therapy (“the pill”)
3. Corticosteroid therapy

importance only when substrate levels are distinctly elevated (administration
of estrogen or corticosteroids) or decreased (severe liver disease). Plasma
renin activity is affected by many clinical conditions. Table II lists some of
them.

D. The Kallikrein—Bradykinin System

The kallikrein system (see Figure 9) has many similarities to the renin
system. Kallikrein is a peptidase which acts on a species-specific plasma a-2-
globulin substrate (kininogen) to split off a peptide, kinin. The active kinin
is rapidly destroyed by plasma and tissue peptidases (kinininases). Kallikreins
are widely distributed and are found in plasma, granulocytes, in the salivary,
lacrimal and sweat glands, in the gut, and in the kidney. The plasma and
glandular enzymes appear to be different.

The term kinin refers to three distinct biologically active peptides,
methionyl-glycyl-bradykinin (11 amino acids), lysil bradykinin (ten amino
acids), and bradykinin (nine amino acids). The kinins are potent vasodilators
whose action is not inhibited by adrenergic blocking agents. The action of
bradykinin in some tissues may depend on prostaglandin synthesis. Brady-
kinin may be inactivated in the lung by the converting enzyme which is also
responsible for the conversion of angiotensin I to angiotensin II.

The renal kallikrein system may constitute a local hormonal system
involved in the regulation of renal blood flow and sodium excretion. Whether
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Figure 9. Schematic representation of the kallikrein—kinin system. Kallikrein is a peptidase
which acts on a species specific plasma substrate (kininogen) to split off a peptide, kinin. The
active kinin is rapidly destroyed by plasma and tissue peptidases (kinininases). The term kinin
refers to different active peptides such as the decapeptide kallidin or the nonapeptide bradykinin
(see insert in lower part of the figure).

renal kallikrein is secreted into the peripheral circulation in sufficient
amounts to have physiological effects is unknown. Renal kallikrein is probably
produced by the cortex and is excreted in considerable amounts into the
urine. It acts on a kinogen substrate to produce the potent vasodilator
decapeptide kallidin. Kallidin, when injected into the renal artery, has
natriuretic effects. Changes in sodium intake alter the urinary excretion of
kallikrein. Reduced sodium intake increases whereas a high sodium intake
decreases kallikrein excretion. Mineralocorticoid administration increases
kallikrein excretion. Spironolactone (which antagonizes the renal effects of
aldosterone; see Chapter 17) decreases the elevated kallikrein excretion when
given during low sodium intake (high aldosterone levels). Kallikrein excretion
may be related to the levels of circulating mineralocorticoid hormones.
Urinary kallikrein excretion may be normal or decreased in patients with
essential hypertension. The excretion of subnormal amounts of kallikrein by
patients with essential hypertension may represent a defect in the vasodilator
system. Such a defect could possibly play a role in the increased renal vascular
resistance seen in hypertensive patients. In patients with primary aldoster-
onism, urinary kallikrein excretion is elevated. Excretion is not affected by
sodium intake but is diminished by spironolactone administration. These
findings strongly suggest that aldosterone per se influences the urinary
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excretion of kallikrein. The exact role of the renal kallikrein system requires
further study. It is known, however, that renal kallikrein is released by high
arterial pressure, vasodilators (bradykinin, acetycholine, prostaglandin E,,
dopamine), low doses of norepinephrine, angiotensin II, mineralocorticoids,
and rapid volume expansion.

E. Renal Prostaglandins

Renal prostaglandins are synthesized from free arachidonic acid, which
is converted by the cyclooxygenase enzyme to the cyclic endoperoxides,
PGGg, and PGHj; (Figure 10). The cyclic endoperoxides are then metabolized
to a number of prostaglandins which include prostaglandin E, (PGE;), PGF,,
PGDg, thromboxane Ag, and prostacyclin or PGI;. Synthesis of prostaglan-
dins occurs in both the cortex (arteries, glomeruli) and medulla (medullary
interstitial cells, collecting duct cells). Prostaglandins formed in the cortex
are rapidly metabolized.

Renal synthesis of PGE; is stimulated by angiotensin II, bradykinin, and
vasopressin. Prostaglandin synthesis in the renal papilla can be increased by
angiotensin II and hyperosmolar solutions. The enhanced prostaglandin
synthesis by the above is due to increased liberation of arachidonic acid from
renal lipids by an acyl hydrolase. Prostaglandins are excreted in the urine
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Figure 10. Prostaglandins are synthetized from free arachidonic acid which is liberated from
phospholipids by a phospholipase. Arachidonic acid is converted by the enzyme cyclooxygenase
to the cyclic endoperoxides (PGG2 and PGHy). The cyclic endoperoxides are then metabolized
to a number of prostaglandins of the E series (PGEy), to prostacyclin (PGly), or thromboxanes
{TXA2 and TXB2). The different enzymes responsible for these conversions are shown, as well
as those substances capable of inhibiting the activity of such enzymes.
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and appear also in the renal venous blood. Clamping of the renal artery,
infusion of angiotensin, and stimulation of the renal nerves increase renal
venous PGE; levels. PGE; and PGFs, are present in human urine. The
kidney itself is the major source of urinary prostaglandins and evidence has
been obtained for PGE, secretion into tubular fluid via the organic acid
pathway.

The renal vasodilation which may occur in response to decreased renal
perfusion appears to be mediated in part by increased synthesis of prosta-
glandins (PGE; is an important vasodilator) since it may be blocked by
indomethacin and aspirin, known inhibitors of the cyclooxygenase. When
renal blood flow is reduced, as in hemorrhagic shock, the blood flow to
juxtamedullary structures is better preserved, a phenomenon which may be
dependent on prostaglandin synthesis. Glomerular filtration during dimin-
ished perfusion may also be influenced by prostaglandins. In clinical syn-
dromes where renal hemodynamics are disturbed, inhibitors of the cyclo-
oxygenase have profound effects on GFR. For example, individuals on a low
salt diet show a significant drop in GFR when given indomethacin. Indo-
methacin also may reduce GFR in patients with Bartter’s syndrome, patients
with cirrhosis, and infants with patent ductus arteriosus. These observations
suggest a participation of prostaglandins in the maintenance of renal vascular
resistance and GFR and suggest that these effects are greatest when renal
hemodynamics are perturbed.

1. Prostaglandins and the Renin—Angiotensin System

Renal synthesis of prostaglandins and the renin—angiotensin system are
interrelated: (1) Angiotensin II increases renal venous concentrations of
PGE; and PGFy, and their urinary excretion. The renal vasoconstriction
produced by angiotensin II is potentiated by blockers of prostaglandin
synthesis. (2) Renal prostaglandins both increase and decrease renal produc-
tion of renin. Arachidonic acid, PGE,, endoperoxides, and prostacyclin
(PGI,) stimulate renin release. Indomethacin blocks arachidonic-acid-stim-
ulated renin release, and markedly reduces basal and stimulated renin levels
in man and animals. The effects of furosemide on renin production may be
due to increased arachidonic acid release and prostaglandin synthesis. PGFg,
inhibits renin synthesis and/or release. In conclusion, endoperoxides and
PGE; stimulate and PGFq, inhibits renin synthesis and/or release. The
physiologic meaning of these effects may depend on a sodium-mediated
control of conversion of PGE; and PGFa,.

2. Prostaglandins and the Regulation of Renal Blood Flow

Arachidonic acid and most prostaglandins, when administered intra-
renally, increase renal blood flow with greater changes in the inner cortex
than in the outer cortex. The contribution of renal prostaglandins to basal
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renal blood flow may not be as important as it is under conditions of
compromised perfusion (hypotension, anesthesia). Inhibition of prostaglan-
din synthesis with indomethacin does not reduce basal renal blood flow in
conscious dogs or in normal human subjects. Autoregulation of renal blood
flow and GFR when perfusion pressures are varied between 80 and 150 mm
Hg is also not impaired by inhibition of prostaglandin synthesis. In summary,
the kidney produces more prostaglandins, especially PGEs and PGF;, in
response to ischemia and vasoconstriction. PGE; decreases renal vascular
resistance (vasdilatory effect). The thromboxanes increase renal vascular
resistance (vasoconstrictors). The factors regulating the renal synthesis of
thromboxane Aj,, a profound vasoconstrictor, and the relative rates of
production of vasodilatory prostaglandins (PGEs and prostacyclin—PGIy) vs.
vasoconstrictor substances (thromboxanes) are not clearly understood.

3. Blood Pressure Control

Prostaglandins and thromboxanes may influence peripheral vascular
resistance and blood pressure by their actions as vasodilators, vasoconstrictors,
natriuretic substances, inhibitors of adrenergic neurotransmission, and acti-
vators or inhibitors of the renin—angiotensin system. Direct local action of
these compounds on vascular smooth muscle and on the renal vascular
resistance could significantly alter systemic arterial blood pressure. The
potential role of prostaglandin synthesis in the control of blood pressure has
been inferred from studies in normotensive and hypertensive animals in
which prostaglandin synthesis has been inhibited. Indomethacin administered
acutely increases blood pressure. Chronic dosage also increases blood pressure
in normal rabbits. Indomethacin augments the hypertension in Goldblatt
rats, with a unilaterally constricted kidney (Goldblatt kidney), in rabbits, and
in spontaneously hypertensive rats. Chronic use of prostaglandin synthetase
inhibitors in man may increase blood pressure slightly and it does enhance
the pressor response to angiotensin II. In conclusion, there is evidence that
the renal prostaglandins may be involved either primarily or secondarily in
many types of hypertension. :

4. Prostaglandins and Erythropoiesis

Renal artery constriction and decreased renal blood flow to 30% of
normal causes an increase in renal venous erythropoietin and PGE, concen-
trations. These effects are blocked by indomethacin. Infusion of PGE, into
an isolated hypoxic dog kidney increases erythropoietin production appar-
ently via cyclic AMP. PGE; also has a direct stimulatory effect on marrow
erythropoiesis and potentiates the action of small amounts of erythropoietin
on the incorporation of **Fe into red cells in marrow culture. It appears,
therefore, that prostaglandins influence erythropoietin action on the bone
marrow.
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5. Effects of Prostaglandins on the Renal Handling of Salt and Water

PGE; may influence the renal excretion of sodium and water. Prosta-
glandins apparently decrease sodium reabsorption and inhibition of their
synthesis may result in decreased sodium excretion. Infusion of PGE; into
the renal artery increases free-water clearance and indomethacin reduces
water excretion. Indomethacin reduces free-water clearance in primary
nephrogenic diabetes insipidus and in lithium-induced diabetes insipidus,
suggesting a prostaglandin effect on water elimination that is independent
of antidiuretic hormone. On the other hand, the renal effects of ADH in
humans and animals is enhanced by indomethacin. This action has been
ascribed to the known antagonism by PGE; of the vasopressin-induced
increased permeability to water. This effect has been demonstrated in the
toad bladder and rabbit collecting duct in association with an inhibition of
the increased synthesis of prostaglandins produced by vasopressin.

F. Neutral Lipids

Implantation of renal medullary or renal medullary interstitial cells from
cultures will reduce the blood pressure of dogs, rats, and rabbits with diverse
types of hypertension. Since indomethacin did not block the vasodepressor
effects of this implant, and there was no change in sodium balance, it has
been postulated that a nonprostaglandin lipid accounts for the decrement of
blood pressure observed in these experiments.

G. Pathophysiology

1. Bartter’s Syndrome

This relatively uncommon syndrome is characterized by juxtaglomerular
hyperplasia, high plasma renin, hyperaldosteronism, and hypokalemic al-
kalosis. In spite of very high plasma renin values, the blood pressure is
normal. Prostaglandin excretion in the urine, especially PGEy, has been
shown to be very high. Urinary kallikrein excretion has been shown to be
extremely high. The primary abnormality in this syndrome is unknown, but
a defect of chloride reabsorption in the ascending limb of Henle’s loop has
been postulated.

Treatment with indomethacin or other prostaglandin synthetase inhib-
itors has been shown to reduce the renin levels, decrease aldosterone, PGE,,
and kallikrein excretion in the urine and correct the hypokalemic alkalosis.
Part of the renin control mechanism involves stimulation by PGE and
angiotensin stimulates the kallikrein—kinin system with PGE as an interme-
diate. Both of these mechanisms would be inhibited by suppression of PGE
synthesis by the kidney. The fall in angiotensin would allow the aldosterone
levels to decrease to normal and the hypokalemic alkalosis would be corrected.
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2. Urinary Tract Obstruction

The effects of ureteral obstruction on renal blood flow have been studied
in experimental animals. Following acute obstruction of the ureter to one
kidney there is a progressive increase in renal blood flow to that kidney for
the first 2—3 hr after obstruction. Thereafter, renal blood flow decreases in
such a manner that by 5-6 hr after obstruction the values are comparable to
those obtained prior to ligation of the ureter. There is a subsequent and
progressive decrease in renal blood flow such that by 24-48 hr after
obstruction values approximate 30%—40% of those obtained under control
conditions before ligation. Hydronephrotic kidneys perfused in vitro have
been shown to demonstrate increased production of prostaglandins of the Eo
series. This augmented synthesis of prostaglandins may underlie the in-
creased renal blood flow seen initially after obstruction since administration
of indomethacin, an inhibitor of prostaglandin synthesis, will prevent the
increase in renal blood flow following ligation. In addition, it has been shown
that 18—24 hr after the production of obstruction there is increased synthesis
of thromboxane A, by the kidney. Thromboxane A, is a powerful vasocon-
strictor which may be responsible in part for the increased renal vascular
resistance and decreased renal blood flow observed at later stages of
obstruction.

3. Acute Renal Failure

Increased renal production of thromboxanes has been demonstrated in
the glycerol model of acute renal failure (see Chapter 13). This vasoconstrictor
may be responsible for the decreased renal plasma flow due presumably to
afferent arteriolar vasoconstriction observed in this model.

IX. SUMMARY

The kidney has, in addition to its excretory function, important non-
excretory functions. Progressive renal disease leads to a series of alterations
in these nonexcretory functions of the kidney. These alterations, in turn,
may contribute to the symptoms and signs of the uremic state.
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Pathophysiology of Fluid and
Electrolyte Disorders

This section comprises six chapters, all of which deal with the pathophysiology of fluid
and electrolyte disorders. Alterations in volume regulation and sodium metabolism
(dehydration, volume expansion, and edema) are considered in Chapters 4 and 5. The
subjects covered in these two chapters represent disturbances of the volume control
system. A closely related chapter (Chapter 6) deals with alterations in the control of
water balance. The mechanisms of retention or loss of water in excess of solute are
considered and the subjects of hyponatremia and hypernatremia are discussed in detail.
Chapter 7 describes alterations in the control of potassium balance and the mechanisms
leading to the development of hypokalemia and hyperkalemia. Chapter 8 summarizes
the alterations of hydrogen ion balance and the mechanisms responsible for the devel-
opment of metabolic acidosis or alkalosis and respiratory alkalosis or acidosis. Many
aspects covered in this chapter interrelate closely with some of the areas covered in
Chapter 7. Chapter 9 summarizes the abnormalities of calcium, phosphorus, and mag-
nestum metabolism and deals with the entities of hypocalcemia, hypercalcemia, hyper-
phosphatemia, hypophosphatemia, hypomagnesemia, and hypermagnesemia. In each
one of the chapters an appropriate review of normal control mechanisms is presented.
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Pathophysiology of Volume
Regulation and Sodium Metabolism

ELSA BELLO-REUSS

I. SODIUM BALANCE AND EXTRACELLULAR FLUID
VOLUME

The human body contains approximately 60 mEq of Na per kg. As illustrated
in Figure 1, in a 70-kg individual this represents a total body Na content of
4200 mEq. About 40%—-45% of total body Na (~1800 mEq) is contained in
bone. Of the remaining 2400 mEq, about 2100 mEq are contained in the
extracellular fluid (ECF) and only about 300 mEq are contained in the
intracellular fluid (ICF) of soft tissues. About 70% of total body Na is
exchangeable. The remaining 30% is most likely adsorbed to hydroxyapatite
crystals in long bones. Exchangeable Na, therefore, includes all of the Na
contained in the ECF and ICF of soft tissues, and a fraction of the Na present
in bone. Exchangeable Na is in dynamic equilibrium with ECF Na, and
represents a reservoir that can in part compensate for decreases of ECF Na
concentration.

The cell membranes, which separate the ECF from the ICF, are highly
permeable to water, and effectively exclude sodium (because of the operation
of the sodium pump, see Chapter 1). Available evidence indicates that water
movement across cell membranes is passive, driven by osmotic pressure

ELSA BELLO-REUSS e Departments of Medicine, and Physiology and Biophysics, Washington
University School of Medicine and The Jewish Hospital of St. Louis, St. Louis, Missouri 63110.
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Figure 1. Total body sodium and its distribution.

differences. Normally, the total osmotic pressure of the ECF is equal to that
of the ICF, and there is no net water flux across the cell membranes. The
total osmolality of a solution is a function of the total concentration of
particles in that solution. In the case of the ECF, the sodium salts, essentially
NaCl and NaHCOs, represent 90%—95% of the total concentration of
particles. Changes in the concentration of Na salts are, thus, the main causes
of changes of ECF osmolality. A decrease of NaCl concentration, for instance,
causes a fall of ECF osmolality and a net water flux from ECF to ICF.
Therefore, the ECF volume falls, even though in the preceding example
total body water remained initially unchanged.

In addition to the mechanism outlined above, a primary reduction of
ECF NaCl concentration and ECF osmolality results in (1) cessation of the
sensation of thirst, and thus in reduced water intake, and (2) inhibition of
ADH secretion, and thus in increase of water excretion by the kidney. Both
mechanisms tend to decrease ECF volume.

Increases of ECF Na concentration produce the opposite effects: (1) net
water flow into the ECF, (2) thirst, and hence increased water intake, and
(3) ADH secretion, and thus water retention by the kidneys.

In sum, as illustrated in Figure 2, Na mass in the ECF is the main
determinant of ECF volume.

The relationship of extracellular Na mass and ECF volume is not as
simple as the diagram shows because more complex feedback mechanisms
operate: e.g., ADH secretion is not only affected by osmolality but also by
ECF volume changes (see Chapter 6).

Serum concentration does not provide unequivocal information on total
Na mass, or the status of Na balance. Water balance deviations can cause
changes in ECF Na concentration independently of the sodium content of
the ECF. An increase of volume (expansion) of the ECF can be accompanied
by either a reduction, an increase, or no change in Na concentration.
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Figure 2. Mechanisms of the relationships between sodium content and extracellular fluid (ECF)
volume. The amount of sodium salts in the ECF compartment is the main determinant of the
volume of the ECF.

Conversely, a decrease in the extracellular space volume (contraction) can
occur also with normal, increased, or decreased ECF Na concentration.
Although interrelated in a complicated fashion, the mechanisms of
regulation of ECF osmolality and volume can be separated for didactic
reasons. The negative feedback control mechanisms that regulate osmolality,
i.e., thirst and ADH secretion, are designed to maintain water balance. Their

ECF VOLUME

Y Y

INCREASE [pecrease]
Y Y
}INTERSTITIAL ¥ BLOOD [ vENOUS RETURN |
FLUID VOLUME VOLUME
Y
Y y } CARDIAC
|eDEma CONGESTIVE OuTPUT
HEART FAILURE
PULMONARY ¥
EDEMA
PERIPHERAL | | REFLEX
800D FLOW VASOCONSTRICTION

Figure 3. Pathophysiologic effects of changes in ECF volume. Increase of extracellular fluid
(ECF) volume causes edema and/or congestive heart failure. Decrease of ECF volume causes
reduction of peripheral blood flow.
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simplest mode of operation is in response to initial alterations of total body
water, and their end point is to restore body water to normal levels. The
regulation of extracellular fluid volume is primarily associated with Na
balance. Primary changes in ECF volume activate feedback mechanisms
which tend to keep the total mass of Na salts in the ECF constant, by either
reducing or increasing the rate of urinary Na excretion. The mass of Na salts
determines, in turn, the volume of the ECF because of its effects on water
exchange between ICF and ECF and because of the effects of ECF osmolality
on Na balance (see Figure 2).

The maintenance of a normal ECF volume is essential for the function
of the circulatory system. Large increases of ECF volume cause fluid
accumulation in the interstitial space, i.e., edema, and/or an increase in
plasma and blood volume that can precipitate or accentuate congestive heart
failure. Large decreases of ECF volume result in a reduction of venous
return and cardiac output, reflex vasoconstriction in many vascular beds,
and eventual insufficiency of peripheral blood flow. These pathophysiological
alterations are summarized in Figure 3.

II. RENAL REGULATION OF SODIUM BALANCE

A. General Considerations

Normally, the kidney regulates sodium balance in a very efficient way.
Teleologically, this makes unnecessary a control mechanism of Na intake
analogous to thirst. For cultural reasons, salt intake is very high in humans
as compared to any other species. Essentially all of the daily intake of Na is
excreted in the urine; under normal conditions, extrarenal Na excretion is
very small (Chapter 1). '

The average intake of sodium in the Western World is about 170 mmoles
per day, of which about 165 mmoles are excreted in the urine and approx-
imately 5 mmoles appear in the feces. Sources other than ingestion, important
in therapeutic situations, include intravenous administration, peritoneal and
extracorporeal dialysis. Pathological losses of Na include increases of urinary
and fecal excretion, vomiting, skin losses (sweat, transudates), drainage,
fistulae, and fluid sequestration in normal or abnormal cavities.

When a normal subject increases the intake of salt, sodium excretion
increases progressively, to reach a steady state level equal to the intake in
about three days. During this period positive sodium balance occurs, with an
accompanying retention of water and a consequent gain in body weight.

When salt intake is suddenly reduced, the opposite effects are observed:
Na excretion decreases to reach a level equal to the intake in about three
days; the brief period of negative Na balance results in a reduction of total
body water and therefore in body weight. In normal people, these deviations
from normal Na and water balance in response to changes of the diet are
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rather small. The new balance can be maintained indefinitely, either with a
high or a low salt intake.

The regulation of Na balance, and therefore ECF volume, depends on
changes in the rate of Na excretion by the kidneys. In man there is no salt
appetite, which seems to be well developed in some herbivorous animals.
There are reports, however, of preference for high-salt-content foods in
patients with adrenal insufficiency, and of the development of “salt thirst”
after intracranial infusions of angiotensin II. In essence, however, changes
of Na balance are compensated for only by changes, in the appropriate
direction, of the rate of Na excretion in the urine.

Sodium filters freely in the glomerulus and is partially reabsorbed by all
segments of the renal tubule (proximal, loop of Henle, distal, and collecting).
There is no evidence for tubular secretion under normal conditions. Uremic
plasma, however, induces Na and fluid secretion by the straight portion of
the proximal tubule. In the normal kidney, therefore, the amount of Na
excreted per unit time equals the amount filtered minus the amount
reabsorbed in that time:

E(Na) = F(Na) — R(NA)
The amount filtered is the product of the volume of filtrate per unit
time (i.e., the glomerular filtration rate, GFR) and the Na concentration in

the filtrate (approximately equal to the plasma concentration, Pa,):

E(Na) = GFR-Pn, — R(Na)
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Figure 4. Negative feedback mechanisms in the control of sodium balance.
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In theory, E(Na) could change by alterations in any of the three variables on
the right-hand side of the equation. However, Py, varies little, even during
large alterations of Na balance, because of concomitant water imbalances or
compensatory water fluxes from or toward the ICF. Therefore, the important
control variables are the rate of glomerular filtration and the rate of tubular
sodium reabsorption.

Several mechanisms control GFR and the rate of sodium reabsorption
in ways appropriate for the maintenance of the total Na mass in the ECF
(and the body). Changes in Na mass are not sensed as such, but as secondary
changes of ECF volume. Total ECF volume changes are not sensed directly
either, but through their effects on circulatory dynamics. The alterations of
flow and/or pressure in the cardiovascular system are finally sensed by
specific receptors, as illustrated in Figure 4.

The receptors involved in the mechanisms of regulation of Na balance
seem to be primarily baroreceptors located in the high-pressure side (arterial
system) of the circulation. They include aortic and carotid stretch receptors
and the juxtaglomerular apparatus. Low-pressure baroreceptors (e.g., atrial
baroreceptors) appear to be related more to the control of ECF osmolality
(see Chapter 3).

B. Control of Glomerular Filtration Rate

The amount of sodium filtered each day in the glomeruli is enormous
when compared to the amount excreted in the urine. Very small changes in
the rate of glomerular filtration would result in large changes in Na excretion
if the rate of Na reabsorption did not change. For instance, a 1% increment
in GFR (from the normal value of 125 ml/min, or 180 liters/day) would result
in an increase of the filtered load of Na of about 240 mEqg/day. If Na
reabsorption remained the same, Na excretion would more than double,
even though the GFR change would probably be unmeasurable by clearance
techniques. Conversely, a 1% reduction of GFR would result—if Na reab-
sorption did not change—in total Na reabsorption, and therefore the excre-
tion of Na in the urine would fall to zero. These changes do not take place
because Na reabsorption is a function of the load, ie., the rate of Na
reabsorption changes in the same direction as GFR. This phenomenon,
discussed in Chapter 2, is commonly referred to as glomerulo-tubular balance.
Its precise mechanism has not been determined. However, it is known to
occur essentially in all segments of the renal tubule, but mostly in the
proximal segments and in the loop of Henle.

The main physiological mechanism of control of GFR is sympathetic.
The renal vasculature is highly responsive to renal nerve activity and
circulating catecholamines. In the case of a negative Na balance, these
mechanism operate as illustrated in Figure 5.

Catecholamines increase the resistance of both afferent and efferent
glomerular arterioles. This results in a large reduction in renal blood flow
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Figure 5. Mechanisms underlying the decrease of glomerular filtration rate in response to a
primary negative balance of salt and water.

and a small increase in glomerular capillary pressure, indicating that the
primary action of catecholamines is efferent vasoconstriction. Contraction of
the afferent arteriole, seen only if aortic blood pressure rises, is probably a
secondary myogenic response. The decrease of GFR produced by catechol-
amines is secondary to the reduction of renal blood flow, which is offset in
part by the elevation of glomerular capillary pressure.

In case of a primary positive Na balance with ECF volume expansion,
cardiac output, renal perfusion pressure, and renal blood flow tend to
increase, and GFR rises. The role of the sympathetic system in this mechanism
appears to be minimal or nonexistent. The renal nerves do not exert a tonic
effect on renal hemodynamics under basal conditions, i.e., they are inactive
when arterial pressure is normal. Therefore, increases in pressure do not
result in effects on the renal circulation or GFR mediated by the sympathetic
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system. The effects are directly related to the changes of renal hemodynamics,
particularly the high renal blood flow.

Hemodynamic and sympathetic effects on renal blood flow and glomer-
ular filtration rate are “buffered” by the mechanisms of autoregulation of
RBF and GFR. Because of these adaptive responses of the glomerular
vasculature, the changes of GFR are smaller than if the renal circulatory
system were entirely passive. Changes in sympathetic tone reset autoregula-
tion at a new level.

As illustrated also in Figure 5, changes of plasma colloid-osmotic pressure
can play a role in the control of GFR. If salt and water are lost (e.g.,
gastrointestinal losses) the plasma colloid-osmotic pressure rises and thus
GFR decreases, a homeostatically adequate response. However, if protein is
also lost (for instance in burns or hemorrhage) and drop in systemic capillary
pressure causes bulk flow from interstitial fluid to plasma and hemodilution
results. Therefore, the colloid-osmotic pressure falls, tending to increase
GFR, a homeostatically inadequate response. Since the fall of arterial pressure
and the sympathetic reflex are dominant in this situation, GFR falls, regardless
of the decrease of colloid-osmotic pressure.

Changes in glomerular filtration rate have effects on the rate of Na
excretion, but these effects are less important than primary alterations of
tubular Na reabsorption. Two lines of evidence support this view, which is
especially valid for ECF volume expansion. First, sizable increases of GFR
not accompanied by ECF volume expansion do not result in large natriuresis.
Second, the natriuretic response to ECF volume expansion occurs even if
GFR is experimentally maintained constant, or even decreased.

C. Control of Tubular Sodium Reabsorption

As stated above, tubular reabsorption is more important than GFR as a
control mechanism of Na excretion. Several agents are known to influence
Na reabsorption. The best known is the adrenocortical hormone aldosterone,
which exerts effects on Na reabsorption by the distal and collecting segments
of the nephron. Recent experimental observations have shown that extra-
cellular volume expansion can be accompanied by natriuresis (increased
urinary Na excretion) under conditions in which both GFR and aldosterone
activity are kept constant. It is likely that this effect is caused by a rather
heterogeneous group of mechanisms, some hypothetical, whose precise roles
have not been entirely clarified.

1. Aldosterone

Aldosterone, the hormone produced by the zona glomerulosa of the
adrenal cortex, exerts a potent sodium-retaining effect on the cortical
collecting tubule and perhaps other segments of the distal nephron. Secretion
of aldosterone is mainly controlled by sodium balance and ECF volume.
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Acute decreases of ECF volume, reductions in venous return, and low-salt
diet stimulate aldosterone secretion. Increases of ECF volume or venous
return, and high-salt diet, inhibit the secretion of the hormone.

a. Mechanisms of Secretion

The level of secretion of aldosterone is determined by at least four
inputs:

i. Angiotensin II. This octapeptide is produced in plasma by a series of
reactions normally rate-limited by the plasma renin concentration. Renin
acts on its substrate, angiotensinogen, to produce the decapeptide angiotensin
I. The converting enzyme catalizes the production of the octapeptide
angiotensin II, which has vasoconstrictor effects on arterioles and is the
trophic hormone of the zona glomerulosa. Aldosterone secretion is stimulated
by an increase of the renin secretion by the juxtaglomerular apparatus in
response to a decrease in renal perfusion pressure (baroreceptor) and
probably in the amount of salt that reaches the macula densa (chemoreceptor).
A detailed description of the renin—angiotensin—aldosterone system can be
found in Chapter 3. See also Chapter 2, for a discussion of the separate
mechanisms of systemic renin secretion and hypothetical local renin secretion
as a mechanism of autoregulation of renal blood flow.

u. Plasma Sodium Concentration. Aldosterone secretion increases in re-
sponse to a decrease in plasma sodium concentration. This stimulus appears
to be less important than angiotensin.

ui. Plasma Potassium Concentration. Increases in plasma potassium con-
centration cause increases in the secretion of aldosterone by a local action in
the zona glomerulosa. Conversely, hypokalemia (low plasma potassium con-
centration) results in a decrease of aldosterone secretion. These effects of
potassium are opposed, in the intact animal, by actions on the rate of renin
secretion: high K™ decreases renin secretion, whereas low K™ has a stimu-
lating effect. In terms of secretion of aldosterone, the direct adrenal effect
of K* dominates.

w. Secretion of ACTH. ACTH has a permissive effect on the secretion of
aldosterone. This action is quantitatively less important than those of angi-
otensin, plasma sodium, and plasma potassium concentration.

b. Site and Mechanism of Action

Aldosterone binds to the cells of the distal and collecting segments of
the renal tubule and produces an increase of Na reabsorption, mediated by
synthesis of RNA and one or more specific proteins. It is not entirely clear
if the final effect is (1) direct stimulation of the active sodium transport
mechanism, (2) increase of Na permeability at the luminal cell membrane,
which would make more Na available to the pump, or (3) stimulation of
metabolism, which would increase the availability of energy for the transport
mechanism. Recent evidence suggests that the effect on luminal membrane
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Na permeability is dominant. The increase in Na reabsorption is accompanied
by an increase of K secretion into the tubular lumen, and therefore by an
increase in urinary K excretion. The Na/K concentration ratio in the urine
is an excellent index of aldosterone activity. Similar effects are exerted by
aldosterone at the level of the colon, salivary glands, and sweat glands. These
are unimportant as a mechanism of regulation of Na balance, although
useful for diagnostic purposes.

In the distal tubule, only a small fraction of the filtered sodium load
remains in the luminal fluid, since most is reabsorbed by both proximal
tubule and loop of Henle. Although the fraction of the filtered Na load
under aldosterone control is only about 2%, this mechanism is highly efficient
in the control of Na excretion. Under conditions of maximum secretion of
aldosterone, Na excretion is virtually zero, while in the absence of the
hormone it is about 2% of the filtered load: if GFR and plasma Na
concentration are normal, Na excretion can in principle be as high as 500
mEqg/day, or near 30 g of NaCl. This is, of course, well beyond any reasonable
intake. Therefore, the efficiency of the aldosterone control mechanism of
Na excretion is, in theory, very high.

Even though the renin—angiotensin—aldosterone system plays an important
role in the maintenance of Na balance and ECF volume, its function cannot
be considered separate from other regulatory mechanisms. This is illustrated
by the two following observations. In the total absence of aldosterone, as
seen in patients in which the adrenal cortex is destroyed, a moderate increase
of dietary salt content suffices to compensate for the modest urinary losses
characteristic of the syndrome. This indicates that the natriuresis expected
from the total absence of aldosterone is compensated in chronic situations,
at least in part, by other mechanisms. A second illustration of the interplay
between the mechanisms of regulation of Na balance is the escape from the
action of aldosterone. Animals receiving continually exogenous mineralocor-
ticoids and patients afflicted by excessive aldosterone secretion (hyperaldos-
teronism) retain salt and water for a few days and then undergo, sponta-
neously, natriuresis and diuresis, in such a way that a new steady state is
reached, i.e., a null balance is achieved at a higher ECF volume. It is believed
that the escape phenomenon is triggered, after fluid retention and ECF
volume expansion, by factors other than GFR or aldosterone itself.

2. Other Mechanisms of Regulation of Na Reabsorption

As explained above, expansion of the ECF volume can result in natri-
uretic and diuretic responses even if GFR (first factor) and aldosterone
(second factor) are controlled. The precise mechanism of this effect is
unknown. Several possible factors have been invoked. These are usually
referred to as the third factor in the control of sodium excretion. Some
reasonable possibilities, based on experimental studies, are (1) a natriuretic
hormone, (2) a change in driving forces and/or permeability of the proximal
tubule produced by alterations of hydrostatic or colloid-osmotic pressures in
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the lumen and/or the capillaries, (3) redistribution of renal blood flow, (4) a
direct effect of catecholamines on salt and fluid reabsorption, and (5) effects
of prostaglandins and kinins on renal hemodynamics and probably tubular
transport. It is possible that the third factor is the result of more than one
of these mechanisms, and presumably others, as yet unidentified.

a. Natriuretic Hormone

The existence of such a hormone has been postulated on the following
bases: (1) the demonstration, in cross circulation experiments, of natriuresis
in the recipient animal when the donor is volume expanded, and (2) the
isolation from nervous tissue, plasma, or urine of factors that exhibit
physiological effects consistent with the possibility of an inhibitory action on
renal tubular sodium reabsorption. Although research in this field has been
very active in recent years, no unequivocal demonstration of a natriuretic
hormone has been provided.

b. Physical Factors across the Tubular Wall

Fluid transport from the interstitial peritubular spaces into the capillary
lumen is governed by Starling forces, i.e., hydrostatic and oncotic pressure
differences, acting across the capillary wall. In addition, this flow depends
on the rate of peritubular capillary blood flow and the permeability of the
tubular wall. All of these parameters can influence the rate of fluid
reabsorption.

Increases in peritubular plasma oncotic pressure result in an increased
reabsorption. It has been shown that during volume expansion, in which
proximal reabsorption is decreased, efferent arteriolar protein concentration
and colloid-osmotic pressure are also decreased. Proximal reabsorption is
corrected by perfusion of the capillaries with a solution of normal oncotic
pressure. The opposite mechanism would operate in the case of increased
peritubular capillary oncotic pressure.

The influence of physical factors on fluid reabsorption by the proximal
tubule appears to be important and well documented. However, it has also
been shown that the inhibition of reabsorption in the proximal tubule can be
“compensated” for by more distal segments as occurs after systemic infusions
of hyperoncotic albumin solutions, which are followed by much smaller
natriuresis than saline infusions despite comparable effects on proximal fluid
reabsorption. It is clear now that other mechanisms, acting in the distal
nephron, must be fundamental in determining the natriuresis of volume
expansion.

¢. Intrarenal Blood Flow Redistribution

The mammalian kidney has two nephron populations: superficial (“cor-
tical”) and deep (“juxtamedullary”). It seems certain that the latter have a
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higher Na reabsorptive capacity. Increased renal nerve activity, for instance
during Na depletion, has been claimed to reduce mainly outer cortical blood
flow. In relative terms, then, blood flow, and glomerular filtration, would
increase in the deep cortex, as compared to superficial blood flow and
filtration. Sodium excretion would then decrease because of the intrinsically
higher rate of reabsorption by the tubules of the deep nephrons. The
opposite mechanism would operate in case of positive Na balance. The
overall experimental evidence in favor of this hypothesis is not conclusive.

d. Catecholamines

There is anatomical evidence that the renal tubules are innervated by
adrenergic fibers. Acute renal denervation produces natriuresis and diuresis,
and renal nerve stimulation increases sodium and water reabsorption. These
effects take place in the proximal tubule, under experimental conditions in
which RBF and GFR do not change. Additional effects on more distal
segments have not been established. Consistent with these results, norepi-
nephrine and isoproterenol stimulate fluid transport by the isolated proximal
convoluted tubule, an effect that is inhibited by propranolol. The experi-
mental data on the effects of chronic renal denervation are controversial.
The physiological significance of this effect of the sympathetic system on salt
and water reabsorption is uncertain at the present time.

e. Prostaglandins and the Kallikrein—Bradykinin System

As explained in detail in Chapter 3, renal prostaglandins and kinins are
vasodilators and increase sodium excretion. It seems clear that they play a
role in the control of renal vascular resistance. Direct effects on tubular
transport have also been proposed. Prostaglandins exert an effect on water
excretion by antagonizing the effect of ADH. The importance of these
substances in the regulation of Na excretion has not yet been established.

III. SODIUM DEPLETION AND ECF VOLUME
CONTRACTION

Because of the high efficiency of the mechanisms for renal sodium
conservation, it is very difficult to produce sodium deficiency by the mere
restriction of sodium intake in normal people.

In healthy volunteers, chronic experiments of sodium deprivation com-
bined with increased losses by sweating in a hot box result in a simultaneous
decrease in total body sodium and water content during the first three days.
At this time, ECF volume is reduced, whereas ECF osmolality remains
normal. Later on, the weight stabilizes while both total body sodium content
and plasma sodium concentration continue to decrease with the expected
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fall of ECF osmolality. In this phase, control of ECF volume acquires priority
over control of ECF osmolality. The mechanisms involved in this response
are not completely understood. It has been shown that the presence of ADH
is not a requisite for the retention of water.

A. Mechanisms of Production of Negative Sodium Balance

A significant negative sodium balance always results from a continued
period in which the sodium losses are greater than the total gains. As
explained above, if renal function is normal a reduction of sodium intake
will not result, by itself, in sizable negative sodium balance. This condition
requires an increase of sodium losses.

It is convenient to classify abnormal sodium losses as extrarenal or renal.

1. Extrarenal Causes of Sodium Depletion

The most frequent conditions in which sodium depletion occurs due to
excessive extrarenal losses are listed in Table I. The two most important
groups are gastrointestinal and cutaneous losses.

The composition of fluids lost from the gastrointestinal tract varies
according to the segment from which the fluid is lost. Most gastrointestinal
secretions are approximately isotonic to plasma. Therefore, usually no change
in ECF osmolality occurs, unless fluid replacement is incorrect. For instance,
if the isotonic salt solution lost by vomiting and diarrhea is replaced with
isotonic glucose, hypotonicity will result.

The composition and volume of the fluid secreted by the main segments
of the digestive system are summarized in Table II. It should be noted that
potassium concentration is higher at all levels of the gastrointestinal tract
than in plasma. Thus, excessive GI losses tend to cause potassium depletion
(see Chapter 7). Gastric fluid has normally a high hydrogen ion concentration.
Therefore, its loss by vomiting or suction or its sequestration is equivalent to
a loss of fixed acid and causes metabolic alkalosis. Intestinal secretion,
pancreatic secretion, and bile have in general a higher bicarbonate concen-
tration than plasma. If the predominant fluid losses occur at this level, the
net loss of bicarbonate, equivalent to gain of fixed acid, results in metabolic
acidosis.

The rates of secretion shown in Table II are those observed in normal
humans. Under pathological conditions they can increase severalfold. A
typical example is the stimulation of fluid secretion by the jejunum and ileum
in cholera. Cholera toxin binds to intestinal epithelial cells and stimulates
adenylate cyclase. The resulting increase of intracellular cyclic AMP is
responsible for the stimulation of secretion, primarily due to Cl and HCOs
transport from ECF to lumen. Enterotoxins of a number of bacteria (for
instance E. coli) also stimulate intestinal secretion.

In summary, excessive losses of gastrointestinal fluids are equivalent to
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Table I. Extrarenal Causes of Sodium
Depletion

I. Gastrointestinal sodium losses
A. External
1. Vomiting
2. Diarrhea
3. Suction
4. Fistula
B. Sequestration
1. Small bowel obstruction
2. Pancreatitis
3. Peritonitis
I1. Skin sodium losses
A. Normal skin barrier
1. Heat exposure
2. Cystic fibrosis
B. Altered skin barrier
1. Burns
2. Inflammation
I11. Miscellaneous sodium losses
A. External
1. Severe hemorrhage
2. Paracentesis
B. Sequestration
1. Extensive limb trauma
2. Peripheral vaso/venodilatation

an isoosmotic reduction of ECF volume. K depletion is an accompanying
feature. According to the segments involved, metabolic alkalosis or acidosis
ensue.

The most frequent causes of cutaneous sodium losses are sweating and
burns (see Table I). Both differ pathophysiologically from the negative
balance of isotonic salt solution generated by excessive gastrointestinal losses.
Sweat is hypotonic: the water losses are proportionally greater than the
sodium losses, and the end result is ECF hyperosmolality, with consequent

Table II. Volume and Electrolyte Concentrations® of Gastrointestinal Fluids

Mean volume

(ml/day) Na* K* Cl- HCOs H*
Saliva 1300 56 16 16 53
Gastric secretion 1200 47 13 100 — 33
Bile 700 183 8 100 29
Pancreatic secretion 800 153 7 80 73
Jejunal secretion 2500 144 7 120 29
Ileal secretion 1500 127 6 70 71
Stools 50 196 9 103 —

¢ Concentrations in mEg/liter. H* concentration in all fluids but gastric secretion is negligible as compared
to other electrolytes.
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reductions of both ECF and ICF volumes. Burns and other extensive lessions
of the skin are accompanied by an increase in capillary permeability, which
causes a loss of plasma proteins in addition to salt and water. This, because
of the decrease in plasma colloid-osmotic pressure, results in a contraction
of the intravascular compartment which is disproportionately large for the
magnitude of the negative sodium balance.

2. Renal Causes of Sodium Depletion

As shown in Table III, excessive sodium losses in the urine can occur
because of abnormal influences on otherwise normal kidneys or because of
renal disease.

a. Renal Sodium Losses in the Absence of Renal Disease

A normal kidney can excrete more sodium than appropriate for ho-
meostasis because of a defect in the normal mechanisms of regulation of
sodium reabsorption or because of inhibition of Na transport by the renal
tubule. The latter condition can occur by direct pharmacological effects
(diuretic drugs) or by a large increase of the filtered solute load (osmotic
diuresis).

i. Hypoaldosteronism. Hypoaldosteronism, e.g., as a component of Ad-
dison’s disease, results in moderate but persistent salt losses in the urine
because of the lack of stimulation of Na reabsorption by the distal nephron.
The most likely explanations for the common observation that the increase
of urinary Na excretion is rather modest are the fall in GFR that follows the
initial negative balance of salt and water, and the compensatory effect of
other factors involved in the control of sodium balance (see above). Usually,

Table III. Renal Causes of Sodium Depletion

I. Normal kidney
A. Osmotic diuresis/nonreabsorbable anion diuresis
1. Endogenous (urea, glucose)
2. Exogenous (mannitol, dextran, urea, glycerol,
radiocontrast material)
B. Diuretic administration
C. Mineralocorticoid deficiency
1. Steroidogenesis deficiency
2. Renin secretion deficiency
I1. Abnormal kidney
A. Chronic renal failure
B. Nonoliguric acute renal failure; recovery from oliguric acute
renal failure
C. Salt wasting nephropathy
1. Relief of obstructive uropathy
2. Nephrocalcinosis/interstitial nephritis
3. Medullary cystic disease
4. Bartter’s syndrome
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a moderate increase in dietary NaCl intake suffices to maintain these patients
in balance. However, extrarenal pathologic losses can result in large depletion
of the ECF volume because of the lack of appropriate renal compensation.

. Duuretic Drugs. Drugs which act on the renal tubule and decrease Na
reabsorption can produce negative Na balance if salt intake is less than total
excretion. This is the basis for the therapeutic use of diuretics, for instance
in hypertensive and edematous patients. However, abuse of diuretic drugs
can result in complications derived from an excessive reduction of ECF
volume. Patients under prolonged diuretic therapy can experience severe
ECF volume depletion if another mechanism of salt loss develops (vomiting
or diarrhea). The normal renal response to the renin—angiotensin—aldosterone
mechanism will be absent or reduced because of the action of the drug.

it. Osmotic Diuresis. This is a condition that can arise with a normal or
an abnormal kidney when the amount of solute presented to the lumen of
the proximal tubule per unit time or the nature of the solute limits the
capacity of this segment to reabsorb salt and water. Osmotic diuresis can
then result from (1) excessive filtered load of solute(s) normally reabsorbable,
e.g., glucose, or (2) presence in the lumen of nonreabsorbable solute, e.g.,
mannitol.

Normally, the composition of the luminal fluid at the end of the proximal
tubule is quite similar to the one of the filtrate, indicating that water and
most solutes are reabsorbed at similar rates. If an effectively nonreabsorbable
solute is present in the lumen at a significant concentration water reabsorption
is reduced, even if the capacity for salt transport is not primarily altered.
This process may be understood by considering that as salt is reabsorbed
water follows passively, and the concentration of the nonreabsorbable solute
in the lumen rises. This increase in concentration has two effects: (1) it limits
the rate of water reabsorption, and (2) it causes a decrease in salt concentration
in the lumen, therefore generating a gradient that limits salt transport. The
underlying explanation of these effects is the high water permeability of the
proximal tubule epithelium, which makes the luminal fluid always isoosmotic
with respect to the peritubular fluid. Osmotic diuresis results in an increased
delivery of fluid to the loop of Henle. In many caseNhe total amount of salt
entering the loop per unit time is also increased, in spite of the lower luminal
concentration because of the high flow rate. The increase in volume of the
urine and the inappropriately high rate of sodium excretion characteristic of
osmotic diuresis are due to the excessive load offered to the loop of Henle
and the distal nephron. These segments of the nephron have a relatively low
transport capacity, and cannot handle excessive loads even if they are subject
to hormonal influences which promote sodium retention (aldosterone) and
water retention (antidiuretic hormone).

Osmotic diuresis can be endogenous or exogenous. Endogenous osmotic
diuresis results from increases in the filtered load of solute normally present
in plasma, such as glucose, bicarbonate, and urea. These solutes are normally
transported by the proximal tubule: glucose and bicarbonate by uphill
mechanisms and urea by passive transport (see Chapter 2). When the load
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is greater than the maximal transport rate, large amounts of the solute
remain in the lumen and trigger the sequence of events described above.
The most typical example is decompensated diabetes mellitus, in which
hyperglycemia results in an increased filtered load of glucose which exceeds
the tubular transport maximum (7,) for this solute.

The expression anion diuresis is sometimes used to describe a situation
similar to osmotic diuresis that takes place when the effectively nonreabsorb-
able solute is an anion, such as ketoacid anions, in diabetic acidosis or fasting,
or bicarbonate, administered or ingested in amounts larger than the tubular
maximum reabsorptive capacity. In both cases, the large filtered load results
in “incomplete reabsorption.” Renal tubular acidosis with normal or low
filtered load of bicarbonate is another example of “incomplete reabsorption.”
The high luminal concentration of the anion limits the rate of sodium
reabsorption, mostly because of a negative luminal electrical potential (see
Chapter 2) with the end result of reduced salt and therefore water reabsorption.

b. Renal Sodium Losses in Renal Disease

Renal losses of sodium can take place in a variety of renal diseases, as
shown in Table III. All of these will be discussed in detail elsewhere in this
text. The common characteristic of these conditions is that the renal tubular
epithelium is unable to reabsorb sodium with the normal efficiency, even
when subject to maximal hormonal stimulation. This can be due to intrinsic
defects of the transport mechanisms, for instance because of lesion of the
cells during nonoliguric acute renal failure or during the diuretic (postoli-
guric) phase of acute renal failure. In chronic renal failure it has been
postulated that the surviving nephrons retain their transport properties, but
are subject to an increased filtered load, i.e., glomerular filtration per
nephron is increased. The large load results in osmotic diuresis, as described
above. In addition, there is some experimental evidence which suggests that
in chronic renal failure there is an increase in plasma concentration of
natriuretic substances (third factor). It should be stressed that even when
glomerular filtration rate is severely reduced in chronic renal failure the rate
of Na excretion can stay relatively high and, most important, will not change
significantly by the influence of the normal control mechanisms. In other
words, Na excretion remains fixed, and therefore increases of extrarenal
losses can result in severe negative Na balance.

B. Pathophysiological Consequences of Negative Sodium Balance
' (Sodium Depletion)

1. General Considerations

Once a sizable sodium depletion has resulted from any of the mechanisms
discussed above, the effects on organ function will depend mostly on the
reduction of the ECF volume. Frequently, however, ECF volume contraction
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will by accompanied by (1) disproportionate changes of water balance as
compared to salt balance, and therefore osmolality changes, (2) changes in K
balance that can result in hyperkalemia or, more frequently, hypokalemia,
and (3) acid—base alterations. The nature and magnitude of these effects
depend on the composition of the fluid losses and the amount and compo-
sition of the intake and therapeutically administered fluids. Our discussion
will refer to the simplest condition: isotonic ECF volume contraction. We will
not discuss alterations in K or acid—base balance. These subjects, and
osmolality changes, are treated in detail in Chapters 7 and 8 of this book.

If losses of salt and water are not adequately compensated by intake or
administration, the extracellular fluid volume is reduced. In the absence of
concomitant changes of ECF osmolality, no net flux of water takes place
across the cell membrane and therefore the ICF volume remains unchanged.
Because of the fluid exchange mechanisms at the capillary walls, contraction
of the ECF will ultimately result in a reduction of both plasma volume and
interstitial fluid volume. The magnitude of the reduction of each compart-
ment depends on their initial volumes and on whether plasma proteins are
lost or sequestered. In the case of a primary loss of sodium chloride and
water from plasma, the fall in blood volume causes a decrease in mean
capillary filtration pressure. Since plasma proteins are concentrated by the
loss of salt and water, the plasma colloid-osmotic pressure rises. Both events
(the fall in hydrostatic pressure and the increase in colloid-osmotic pressure)
displace the equilibrium at the capillary endothelium, resulting in net bulk
flow of interstitial fluid toward the intravascular compartment. A new steady
state condition is achieved in which both extracellular fluid subcompartments
are contracted. When the fluid losses include significant amounts of plasma
proteins (for instance, burns) the increase in plasma colloid-osmotic pressure
will not occur and the fall in plasma volume will be larger than if only salt
and water are lost.

The central issue in ECF volume contraction is the reduction in plasma
volume. The decrease in mean filling pressure of the heart causes a drop of
cardiac output. This, in turn, results in a reduction in the supply of oxygen
and nutrients to peripheral tissues and in reflex vasoconstriction of some
vascular beds, among them the kidney.

2. Compensatory Mechanisms

ECF volume depletion, because of the hemodynamic effects mentioned
above, turns on compensatory mechanisms which (1) tend to restore ECF
volume by reducing urinary losses of salt and water, and (2) tend to maintain
" arterial blood pressure and therefore to preserve blood flow to vital organs.
We will discuss these two mechanism separately.

a. Mechanisms of Restoration of ECF Volume

As shown in Figure 6, the drop of Na excretion observed during negative
Na balance in subjects with normal kidneys and an intact renin—
angiotensin—aldosterone system is a consequence of the reduction of GFR,
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Figure 6. Mechanisms responsible for increased Na reabsorption by the renal tubule in response
to negative sodium balance. These mechanisms and the accompanying stimulation of thirst and
ADH secretion tend to restore the ECF volume.

secretion of aldosterone, and possibly changes in other factors which control
Na reabsorption.

In addition, large reductions of plasma volume result, by themselves, in
thirst and secretion of ADH. Angiotensin II (which is elevated because of the
reduction in plasma volume) also stimulates thirst and ADH secretion. The
net result, if the kidney is normal, is a reduction in urine volume and an
increase in urine osmolality.

b. Mechanisms of Preservation of Arterial Blood Pressure

When plasma volume is not corrected by the mechanism described
above, cardiac output falls, the level of stimulation of the baroreceptors
decreases, sympathetic medullary centers are released, and sympathetic tone
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Figure 7. Mechanisms responsible for the preservation of arterial blood pressure in negative
sodium balance. '

increases. This mechanism result in tachycardia, increased cardiac contrac-
tility, and vasoconstriction of small arteries innervated by the sympathetic
system. Thus, blood flow to a number of organs (kidney, skin, gastrointestinal
tract) is decreased, as a trade-off to maintain perfusion of the myocardium
and the central nervous system. Another mechanism of vasoconstriction in
sodium depletion states is the increase in the production of angiotensin II,
in response to the decrease in arterial blood pressure and to the stimulation
of renin production caused by the elevated sympathetic tone (see Figure 7).
It has been postulated that angiotensin II also activates the sympathetic
nervous system. Furthermore, the peptide potentiates the vasoconstrictor
effect of norepinephrine.

3. Mechanisms of the Clinical Manifestations of ECF Volume Depletion

In previously healthy adults, signs and symptoms of chronic sodium
depletion appear when the Na deficit amounts to 200-400 mEq. Of course,
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Table IV. Most Common Symptoms
and Signs of ECF Volume Depletion

. Thirst, weakness, cold

. Dryness of mucous membranes

. Decreased skin turgor

. Decreased sweating

Sunken eyes and cheeks

. Orthostatic decrease in blood pressure
Tachycardia

. Hypothermia

. Decreased venous pressure

. Circulatory insufficiency

S OPTD U PN —
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the previous state of health of the patient and the rapidity of the alteration
can change this threshold. The most frequent symptoms and physical signs
of this disorder are listed in Table IV. Since rarely isotonic ECF volume
contraction occurs in the absence of associated disorders in potassium and
hydrogen ion balance, it is difficult to ascribe all of these manifestations to
the alteration of sodium balance per se.

The most important physical signs of Na depletion are the circulatory
ones. In general, the demonstration of orthostatic hypotension and/or
orthostatic tachycardia are early signs of this disorder. Severe volume
depletion is accompanied by peripheral vasoconstriction. In extreme cases,
circulatory insufficiency ensues. Among other effects, this pathophysiologic
condition can produce acute renal failure, with or without tubular necrosis.

" With the exception of the measurement of exchangeable sodium or of
ECF volume, there are no pathognomonic laboratory signs of sodium
depletion. Since plasma Na concentration depends not only on the amount
of Na in the ECF, but also on the volume of water, it can remain within the
normal range, increase, or decrease, according to the relative magnitudes of
Na and water negative balance. Severe depletion is usually accompanied by
hyponatremia and a reduction of plasma osmolality. The changes in potas-
sium and bicarbonate concentrations and pH in plasma are variable, de-
pending on the cause of depletion. The reduction in plasma volume results
in hemoconcentration: the hematocrit rises and, if protein losses are relatively
small or nonexistent, plasma protein concentration rises as well.

The urinary laboratory signs of Na depletion provide useful means to
distinguish between normal (adequate) renal homeostatic response and an
etiologic role of the kidneys in the pathogenesis of the disorder. When the
source of depletion is extrarenal, the compensatory mechanisms illustrated
in Figure 6 are evidenced by decreased urinary volume, decrease of urinary
sodium concentration, increase of urinary potassium concentration, and high
U/P values for creatinine and urea. Of these indices, which reflect the
hormonal responses to the reduction of ECF volume, the most useful one is
the reduction of sodium concentration in the urine. It is commonly accepted
that if the renal response to sodium depletion of extrarenal origin is normal,
urinary sodium is less than 10 mEq/liter, whereas sodium depletion of renal
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origin is characteristically associated with higher urinary Na concentrations
(20 mEg/liter or more). Accordingly, the fraction of the filtered load of
sodium excreted, (U/P)na/(U/P).., is less than 1% in the absence of renal
disease and higher in renal failure. For calculations of the magnitude of the
sodium deficit in pathophysiologic conditions, see Chapter 6.

IV. POSITIVE Na BALANCE AND ECF VOLUME EXPANSION

In normal people, an increase in the amount of salt in the diet results
in an increase of the urinary excretion of sodium in such a way that sodium
balance is restored in less than five days. When Na excretion is impaired, by
renal disease or persistent stimulation of Na reabsorption, the increased
sodium Joad causes positive sodium balance, water retention, and expansion
of the ECF.

ECF volume expansion can cause an increase in plasma volume and/or
an increase in interstitial volume. The final distribution of the fluid retained
depends on the forces which govern exchange across the capillary wall.

A. Mechanisms of Production of Positive Sodium Balance

As shown in Table V, positive sodium balance can occur because of
structural renal disease, most frequently characterized by low GFR, or
because of a primary extrarenal disorder which results in renal sodium
retention inappropriate for the homeostatic requirements. Significant, per-
sistent positive sodium balance is always accompanied by renal sodium and
water retention.

In the acute nephritic syndrome, in acute renal failure (particularly the
oliguric phase), and in terminal chronic renal failure the positive sodium
balance is clearly related to the decrease in glomerular filtration rate.

Table V. Causes of Positive Sodium Balance

1. Proportionally distributed in intravascular and interstitial compartments
A. Acute nephritic syndrome
B. Oliguric phase of acute renal failure
C. Iatrogenic overload (i.e., in obstructive uropathy, tubular necrosis)
I1. Predominantly in interstitial compartment
. Chronic heart failure
. Nephrotic syndrome
Hepatic cirrhosis
. Protein deficiency states
Lymphatic obstructions
Hormonal edema (estrogen, aldosterone)
. Idiopatic edema
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Figure 8. Mechanisms of production of positive sodium balance in generalized edema syndromes
(see text). The decrease in the filtered load of sodium and the increase in sodium reabsorption
ultimately depend on a reduction in effective blood volume on the arterial side of the systemic
circulation.

The extrarenal causes of ECF volume expansion usually result in
generalized edema, i.e., accumulation of fluid in the interstitial compartment,
and sometimes also in serosal cavities. The pathophysiology of edema in
these conditions is described in Chapter 5. Here, we will restrict the discussion
to the mechanisms of retention of salt and water by the kidney.

Edema of congestive heart failure, hepatic cirrhosis, and hypoprotein-
emia have as a central common feature a reduction of the effective blood
volume on the arterial side of the systemic circulation. This is due to the fall
of cardiac output in heart failure, reduction of plasma volume in hypopro-
teinemic conditions such as malnutrition and the nephrotic syndrome, and
to the development of hepatic and systemic arteriovenous shunts in cirrhosis.
In some of these conditions, notably in cirrhosis, total blood volume is in fact
increased. Nevertheless, the abnormal distribution of blood in the systemic
circulation has pathophysiologic consequences similar to those which obtain
in hypovolemia.

As illustrated in Figure 8, the hemodynamic alterations described above
result in both decreased filtered load of sodium, because RBF and GFR
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decrease, and increased sodium reabsorption. In congestive heart failure
there is evidence that the rate of sodium reabsorption is increased in all
segments of the nephron: proximal tubule, loop of Henle and distal nephron.
It is thought that the effects on the proximal tubule and the loop are
mediated by factors other than GFR and aldosterone. Physical factors
operating at both segments might explain the increased reabsorption, since
the filtration fraction is increased and therefore the peritubular plasma
oncotic pressure is elevated. Increased Na reabsorption by the distal nephron
may be due to augmented aldosterone secretion.

Other mechanisms which could control sodium reabsorption, such as a
natriuretic hormone, prostaglandins, and kinins, may play a role in sodium-
retaining conditions, but this has not been conclusively proven. Redistribution
of renal blood flow to deep nephrons was also thought to occur in congestive
heart failure and other sodium-retaining conditions. However, recent ex-
perimental observations do not support this hypothesis.

In some of the syndromes of generalized edema, mechanisms other than
those described above can contribute to the renal retention of sodium.
Among these, we should mention the decrease of hepatic clearances of
hormones such as aldosterone and renin, which occurs in cirrhosis and in
congestive heart failure, and the effect of increased systemic venous pressure
on sodium reabsorption. The latter effect has been attributed to activation
of low-pressure baroreceptors which would stimulate aldosterone secretion.

Na retention is accompanied by water retention. This is mainly due to
an increase in the secretion of ADH. There is evidence in favor of a role for
low-pressure baroreceptors (located in atria and large veins) and high-
pressure baroreceptors (carotid artery) in ADH secretion. These control
mechanisms are stimulated by hypovolemia or diminished effective arterial
volume in the conditions listed in Table V. In addition, ADH secretion is
stimulated by angiotensin II, and the plasma concentration of this peptide
is usually increased in generalized edema. Thirst is also stimulated by the
mechanisms just described. A tendency to increase water intake accompanies,
then, the renal retention, resulting in positive water balance. Finally, the
reduction of GFR and the increase in filtration fraction result in a large
fractional reabsorption of water in the proximal tubule and hence in a
diminished delivery to the distal segments of the nephron. The mechanisms
of positive water balance in generalized edema are summarized in Figure 9.

B. Pathophysiological Consequences of Positive Sodium Balance

The effects of ECF volume expansion depend on whether the mecha-
nisms of fluid exchange across the capillary wall are altered. Positive balance
of salt and water tend to increase both plasma volume and interstitial fluid
volume. If the initial condition of the patient includes normal plasma and
interstitial volumes, and preserved permeability and driving forces across
the capillary endothelium, ECF volume expansion will expand plasma and
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Figure 9. Mechanisms of production of positive water balance in generalized edema syndromes.

interstitial compartments in proportion to their initial volumes: roughly, 1:4.
In this case, illustrated by acute nephritic syndrome and oliguric phase of
acute or chronic renal failure, the main pathophysiologic effect is hypervo-
lemia, which can cause congestive heart failure. When the driving forces
across the capillary wall favor filtration, because of increased capillary
hydrostatic pressure [generalized (congestive heart failure) or localized
(hepatic cirrhosis with portal hypertension)], or decreased plasma colloid-
osmotic pressure (malnutrition, nephrotic syndrome), the end result of salt
and water retention is a dominant expansion of the interstitial compartment
(see Chapter 5). In fact, the mechanisms of positive balance of salt and water
tend to correct the deficit in blood volume on the arterial side, but such
correction is not achieved because of the altered tissue—capillary fluid
exchange mechanisms.
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Edema and Edema-Forming States

ALAN M. ROBSON

I. INTRODUCTION

Edema occurs when the volume of fluid in the tissue space is increased from
normal. It may be the consequence of numerous diseases which can affect
the kidneys, the cardiovascular system, the liver, or the endocrine system, or
it may result from the administration of certain drugs or a variety of other
disorders (Table I). Edema may be localized to a very circumscribed area of
the body, to one limb or to one region of the body such as the lungs. More
often, it is generalized. Even generalized edema may not be detected by the
patient or the physician if it is modest in amount. However, when interstitial
fluid volume is increased by approximately 15%, or 2 liters in a 70-kg man,
the edema becomes clinically apparent. Because, as is discussed below,
intracapillary hydrostatic pressure and tissue pressure are two of the impor-
tant factors which regulate interstitial fluid volume, generalized edema
usually presents in areas where venous pressure is the highest or tissue
pressure is the lowest. Thus, it may be seen first in the ankles if the patient
has been upright for any length of time, over the sacrum if the patient has
been supine or around the eyes or in the scrotum or labia where skin is lax.
Alternately, generalized edema may present as pulmonary edema because of

ALAN M. ROBSON e Department of Pediatrics, Washington University School of Medicine,
St. Louis, Missouri 63110.
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Table I. Some Diseases Associated with the Formation of Generalized Edema

I

II.

II1.

Iv.

VL

. Diseases of the kidney

A. Those producing nephrotic syndrome (see Chapter 11)

B. Acute and chronic glomerulonephritides

C. Acute and chronic renal failure

Diseases of the cardiovascular system

A. Low output failure: myocardial infarction, congenital heart disease, pulmonary
disorders causing congestive heart failure

B. High output failure: anemias, thyrotoxicosis, beri-bert

C. Venous diseases: obstruction of either the superior or inferior vena cava

Diseases of the liver

A. Cirrhosis, obstruction of hepatic vein

Diseases of endocrine system

A. Hypothyroidism, mineralocorticoid excess, diabetes mellitus, inappropriate ADH
syndrome

. Drug administration

A. Estrogens and oral contraceptives

B. Diazoxide, minoxidil

C. Rapid intravenous administration of saline and comparable solutions

Other causes

A. Pregnancy: toxemia

B. Idiopathic cyclical edema of women

C. Chronic malnutrition

D. Edema of the neonate

the marked symptoms which result from fluid retention in the lungs. If
generalized edema is massive in amount, it is referred to as anasarca.

Although numerous diseases can result in edema, they do so through a

limited number of mechanisms. The same basic mechanism may result in
either localized or generalized edema depending on the site and nature of
the primary disease. Thus, edema will be analyzed according to the patho-
physiologic mechanism responsible rather than by individual disease states
causing the problem. This approach results in a better understanding of the
cause for expansion of tissue fluid, and, when taken in conjunction with the
disease state responsible, provides a rational approach to determine optimum
management.

II. NORMAL PHYSIOLOGY

A. Regulation of Body Fluid Spaces

Prior to discussing the pathophysiologic mechanisms responsible for

edema, the factors which maintain interstitial fluid volume relatively constant
in amount in health will be reviewed.

After the first year of life, water represents between 55% and 60% of

body weight. Approximately two thirds of this fluid (40% body weight) is
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intracellular and one third (20% body weight) extracellular. The distribution
of water between the intracellular and extracellular fluid spaces is determined
by osmotic forces operating across cell membranes which are freely permeable
to water. In health, intracellular osmolar content and, therefore, intracellular
fluid (ICF) volume are maintained relatively constant primarily by the active
transport of potassium into, and sodium out of, cells. As a consequence,
intracellular sodium concentrations are maintained at low levels and intra-
cellular potassium concentrations at high levels. Indeed, potassium, with an
average intracellular concentration of around 150 mEq/liter, is responsible
alone for approximately 45% of intracellular osmolality.

If the osmolalities in the ICF and extracellular fluid (ECF) differ, there
is net movement of water down its concentration gradient so that the ratio
of fluid in the ICF to that in the ECF is altered. Thus hypernatremia, which
causes a relative increase in ECF osmolality, results in the net movement of
water into the ECF space and decreases ICF volume. Conversely, hypona-
tremia causes a net movement of water into cells and an increased ICF
volume. If a change in the ECF osmolality is accompanied by a comparable
change in ICF osmolality, there is no osmotic gradient across the cell walls
and there will be no net fluid shift. This occurs when blood urea nitrogen
levels are elevated. Although the urea increases ECF osmolality, urea enters
the cells freely so that ICF osmolality increases in proportion to that in the
ECF. There is no net movement of water across the cell walls.
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