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Foreword

Interest in the care of the premature baby developed more than 100 years ago.
Nevertheless, newborn babies had to wait until the 1940s for investigators to focus
on their immature kidneys. Jean Oliver, Edith Louise Potter, George Fetterman and
Robert Vernier were among the first to study and describe the structures of the
immature kidney. Most of the basic knowledge on the function of the neonatal
kidney was also developed between the early 1940s and the early 1970s. While
Homer Smith at New York University College of Medicine was in the process of
establishing the basic concepts of mature renal physiology, two investigators
explored the function of the immature kidney and founded the scientific basis of
modern perinatal nephrology: Henry Barnett at Albert Einstein College of Medicine
in New York and Reginald McCance at the University of Cambridge in the UK.
Quantification of glomerular filtration rate was established, first in infants, then in
term neonates and later on in tiny premature neonates. The ability of the immature
kidney to modify the glomerular ultrafiltrate, to dilute or concentrate the urine, to
get rid of an acid load, to produce and respond to various hormones, and to
maintain constant the neonate’s body fluid volume and composition, was subse-
quently investigated. When it became clear that dysfunction and dysgenesis of the
kidney could have long lasting consequences, fetal developmental studies were
conducted with the aim of understanding the pathogenesis of renal diseases and
dysfunctions from the early days of gestation.

Studies on the key role played by the placenta in maintaining the homeostasis
of the fetus, as well as research on the formation and function of the fetal and the
postnatal kidney have grown exponentially in the last decades. A bewildering
amount of results, sometimes contradictory, has been produced, clarifying many
yet unsolved problems, but also raising new questions. The interpretation of pub-
lished clinical or experimental data, as well as the establishment of practical guide-
lines most often based on poorly or ill-controlled clinical trials generated
controversies that sometimes disconcerted the physician in charge of still-unborn
or newly-born infants.

The purpose of this new series entitled Neonatology Questions and Controversies
is to discuss precisely the scientific basis of perinatal medicine. It also aims to
present a rational, critical analysis of current concepts in different fields related
to fetuses and newborn infants. To cover the various topics presented in this
Nephrology and Fluid/Electrolyte Physiology volume, such as placental and peri-
natal physiology, pathophysiology and pathology, the editors gathered a distin-
guished group of contributors who are all leading experts in their respective
fields. It is our conviction that physicians and students will benefit from this
authoritative source of critical knowledge to improve the fate of fetuses and
neonates under their care.

We thank all our contributors for their dedication and generous cooperation.

Jean-Pierre Guignard, MD
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Series Foreword

“Learn from yesterday, live for today, hope for tomorrow. The important thing is not to
stop questioning.”
ALBERT EINSTEIN

“The art and science of asking questions is the source of all knowledge.”
THOMAS BERGER

In the mid-1960s W.B. Saunders began publishing a series of books focused on the
care of newborn infants. The series was entitled Major Problems in Clinical
Pediatrics. The original series (1964-1979) consisted of ten titles dealing with pro-
blems of the newborn infant (The Lung and its Disorders in the Newborn Infant
edited by Mary Ellen Avery, Disorders of Carbohydrate Metabolism in Infancy edited
by Marvin Cornblath and Robert Schwartz, Hematologic Problems in the Newborn
edited by Frank A. Oski and J. Lawrence Naiman, The Neonate with Congenital
Heart Disease edited by Richard D. Rowe and Ali Mehrizi, Recognizable Patterns of
Human Malformation edited by David W. Smith, Neonatal Dermatology edited by
Lawrence M. Solomon and Nancy B. Esterly, Amino Acid Metabolism and its
Disorders edited by Charles L. Scriver and Leon E. Rosenberg, The High Risk
Infant edited by Lula O. Lubchenco, Gastrointestinal Problems in the Infant edited
by Joyce Gryboski and Viral Diseases of the Fetus and Newborn edited by James B.
Hanshaw and John A. Dudgeon. Dr. Alexander J. Schaffer was asked to be the
consulting editor for the entire series. Dr. Schaffer coined the term “neonatology”
and edited the first clinical textbook of neonatology entitled Diseases of the
Newborn. For those of us training in the 1970s, this series and Dr. Schaffer’s text-
book of neonatology provided exciting, up-to-date information that attracted many
of us into the subspecialty. Dr. Schaffer’s role as “consulting editor” allowed him to
select leading scientists and practitioners to serve as editors for each individual
volume. As the “consulting editor” for Neonatology Questions and Controversies, 1
had the challenge of identifying the topics and editors for each volume in this series.
The six volumes encompass the major issues encountered in the neonatal intensive
care unit (newborn lung, fluid and electrolytes, neonatal cardiology and hemody-
namics, hematology, immunology and infectious disease, gastroenterology, and
neurology). The editors for each volume were challenged to combine discussions
of fetal and neonatal physiology with disease pathophysiology and selected con-
troversial topics in clinical care. It is my hope that this series (like Major Problems in
Clinical Pediatrics) will excite a new generation of trainees to question existing
dogma (from my own generation) and seek new information through scientific
investigation. I wish to congratulate and thank each of the volume editors (Drs.
Bancalari, Oh, Guignard, Baumgart, Kleinman, Seri, Ohls, Yoder, Neu and
Perlman) for their extraordinary effort and finished products. I also wish to
acknowledge Judy Fletcher at Elsevier who conceived the idea for the series and
who has been my “editor and friend” throughout my academic career.

Richard A. Polin, MD
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Preface

During the past decades, scientific advances in several fields of perinatal medicine
have contributed significantly in the increase in the number of neonatal survivors.
One of these fields is the management of infants with fluid, electrolyte and renal
disorders. To discuss recent advances in this topic and the controversies that are
often generated by new discoveries, the editors have assembled a group of well-
respected perinatologists, neonatologists, pediatric nephrologists and their collea-
gues. They have contributed their expertise in discussing different aspects of normal
and abnormal development and functions of the kidney and urinary tract, as well as
normal and abnormal fluid and electrolyte homeostasis.

The volume is divided into four sections. Section I deals with the role of the
placenta in the regulation of fetal water metabolism and amniotic fluid volume and
composition. The role of the aquaporin water channels in this regulation is also
discussed. Section II presents the normal regulation of sodium, potassium and acid-
base balance along with a discussion of management when imbalance occurs.
Section III deals with the exogenous and endogenous factors that affect the matura-
tion of glomerular functions. We also discuss the late consequences of impaired or
incomplete nephrogenesis observed in growth-restricted neonates or very prema-
ture infants. The key role played by various hormones such as angiotensin II,
aldosterone, arginine vasopressin and the atrial natriuretic peptide in regulating
renal development and function is also discussed. Section IV consists of six chapters
discussing various aspects of fluid and electrolyte balance including (1) The dis-
turbances in fluid balance observed in small or large for gestational age infants, and
the methods available for measuring body fluid compartments; (2) The controver-
sial issue of high versus low fluid intake in very low birth weight infants with respect
to the development of patent ductus arteriosus and chronic lung disease; (3) The
physiology and pathophysiology of water balance in the developing lung, the for-
mation and clearance of lung fluid and the importance of secreted liquid for normal
lung growth before birth; (4) The importance of lymphatic drainage, and the
pathogenesis and management of edema; (5) Etiology, pathogenesis and manage-
ment of acute renal failure; (6) The current management of obstructive uropathy.

The goal of this volume is to summarize recent advances in various aspects of
fetal and neonatal fluid balance, and major clinical problems in neonatal nephro-
logy for physicians involved in the care of the fetus and newborn infant. The
information will serve as the foundation for the diagnosis and management of
renal and fluid and electrolyte disorders resulting from clinical illness or iatrogenic
factors. We trust that the contributions of our experts will achieve this goal, and
enhance the clinicians’ abilities to provide optimal care to high-risk newborn
infants.

William Oh, MD
Jean-Pierre Guignard, MD
Stephen Baumgart, MD
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Chapter 1

Water Flux and Amniotic Fluid

Volume: Understanding Fetal
Water Flow

Marie H. Beall, MD e Jeroen van den
Wijngaard, PhD e Martin van Gemert, PhD o
Michael G. Ross, MD, MPH

Clinical Scenarios

Fetal Water

Mechanisms of Water Flow
Aquaporins

Conclusion

In a term human gestation, the amount of water in the fetal compartments, includ-
ing fetus, placenta and amniotic fluid (AF) may exceed 5 L; in pathologic states the
amount may be much more, due to excessive amniotic fluid and/or fetal hydrops.
Water largely flows from the maternal circulation to the fetus via the placenta, and
the rate of fetal water acquisition is dependent on placental water permeability
characteristics. Once in the gestational compartment, water is circulated between
the fetus and AF. In the latter part of pregnancy, an important facet of this circu-
lation is water flux from the AF to the fetal circulation across the amnion. Normal
AF water dynamics are critical, as insufficient (oligohydramnios) or excessive (poly-
hydramnios) amounts of amniotic fluid are associated with impaired fetal outcome,
even in the absence of structural fetal abnormalities. This chapter aims to review
data regarding the placental transfer of water and to examine the circulation of
water within the gestation, specifically the water flux across the amnion, as factors
influencing AF volume. Finally, some controversies regarding the mechanics of
these events will be discussed.

CLINICAL SCENARIOS

Water flux in the placenta and chorioamnion is a matter of more than theoretical
interest. Clinical experience in humans suggests that altered placental water flow
occurs, and can cause deleterious fetal effects in association with excessive or
reduced AF volume.
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PLACENTAL AND FETAL WATER FLUX

Maternal Dehydration

Maternal dehydration has been associated with reduced fetal compartment water
and oligohydramnios. As an example, the following case has been reported:
A 14-year-old girl was admitted at 33 weeks’ gestation with cramping and vaginal
spotting. A sonogram indicated oligohydramnios and an amniotic fluid index (AFI)
of 2.6, with normal fetal kidneys and bladder. On hospital day 2, the AFI was 0.
Recorded maternal fluid balance was 8 L in and 13.6 L out. Serum sodium was 153
mkEq/L. Diabetes insipidus was diagnosed and treated with intranasal desmopressin
acetate. The oligohydramnios resolved rapidly, and the patient delivered a healthy
2700-g male infant at 38 weeks (1).

Reduced Maternal Plasma Oncotic Pressure

Maternal malnutrition may predispose a patient to increased fetal water transfer
and polyhydramnios. We recently encountered a patient who illustrated this con-
dition: A 35-year-old gravida 4, para 3 presented at 32-33 weeks of gestation
complaining of premature labor. On admission, the maternal hematocrit was
18.9% and hemoglobin was 5.6 g/dL with a mean corpuscular volume of 57.9.
Blood chemistries were normal, except that the patient’s serum albumin was
1.9 g/dL (normal 3.3-4.9 g/dL). A diagnosis of maternal malnutrition was made.
On ultrasound examination, the AFI was 24.5 cm and the fetal bladder was noted to
be significantly enlarged consistent with increased urine output. Subsequently, the
patient delivered a 1784 g male infant with Apgar scores of 3 at 1 minute and 7 at
5 minutes. The infant was transferred to the neonatal intensive care unit (NICU)
for significant respiratory distress.

As described below, although the forces driving normal maternal to fetal
water flux are uncertain, changes in the osmotic/oncotic difference between
the maternal and fetal sera can affect the volume of water flowing from the
mother to the fetus. In the first case, presumably due to an environment of
increased maternal osmolality, less water crossed the placenta to the fetus.
Similarly, maternal dehydration due to water restriction (in a sheep model) (2)
or due to hot weather (in the human) (3) have been associated with reduced AF
volumes. Conversely, reduced maternal oncotic pressure likely contributed to
increased maternal to fetal water transfer in the second patient. Fetal homeostatic
mechanisms then led to increased fetal urine output and increased AF volume.
Similarly, studies with DDAVP in both humans (4) and sheep (5) have demon-
strated that a pharmacologic reduction in maternal serum osmolality can lead to an
increase in AF. As these examples illustrate, fetal water flow is a carefully balanced
system that can be perturbed with clinically significant effect. The material pre-
sented below will detail the mechanisms regulating fetal-maternal-AF fluid
homeostasis.

FETAL WATER

Placental Water Flux

Net water flux across the placenta is relatively small. In sheep, a water flow to
the fetus of 0.5 mL/min (6) is sufficient for fetal needs at term. By contrast,
tracer studies suggest that the total water exchanged (i.e. diffusionary flow) between
the fetus and the mother is much larger, up to 70 mL/min (7). Most of this flow
is bi-directional, resulting in no net accumulation of water. Although the
mechanisms regulating the maternal-fetal flux of water are speculative, the



permeability of the placenta to water changes with gestation (8), suggesting that
placental water permeability may be a factor in regulating the water available to
the fetus.

Although fetal water may derive from sources other than transplacental flux,
these other sources appear to be of minor importance. Water could, theoretically,
pass from the maternal circulation to the amniotic fluid across the fetal membranes
(i.e., transmembrane flow), though this effect is thought to be small (9), in part
because the amniotic fluid is hypotonic compared to maternal serum. The driving
force resulting from osmotic and oncotic gradients between hypotonic, low protein
amniotic fluid and isotonic maternal serum is far greater than that induced by
maternal vascular versus amniotic fluid hydrostatic pressure. Any direct water
flux between maternal serum and amniotic fluid should therefore be from fetus
to mother. In addition, a small amount of water is produced as a byproduct of fetal
metabolic processes. As these alternative routes contribute only a minor proportion
of the fetal water, it is apparent that the fetus is dependent on placental flux for the
bulk of water requirements.

Fetal Water Compartments

In the gestation, water is partitioned between the fetus, placenta and membranes,
and the amniotic fluid. Although term human fetuses may vary considerably in size,
an average fetus contains 3000 mL of water, of which about 350 mL are in the
vascular compartment. In addition, the placenta contains another 500 mL of water.
More precisely, the volume of fetal and placental water is proportionate to the fetal
weight. Amniotic fluid volume is less correlated with fetal weight, and there is a
significant variation in volume between individuals. In normal human gestations
at term, the AF volume may vary from 500 mL to more than 1200 mL (10).
In pathologic states, the AF volume may vary more widely. Below we present
what is known regarding the formation of AFE, the circulation of AF water, and
the mechanisms controlling this circulation.

AF Volume and Composition

During the first trimester, AF is isotonic with maternal plasma (11) but contains
minimal protein. It is thought that the fluid arises either from a transudate of fetal
plasma through nonkeratinized fetal skin, or maternal plasma across the uterine
decidua and/or placenta surface (12). With advancing gestation, AF osmolality and
sodium concentration decrease, a result of the mixture of dilute fetal urine and
isotonic fetal lung liquid production. In comparison with the first half of preg-
nancy, AF osmolality decreases by 20-30 mOsm/kg H,O with advancing gestation
to levels approximately 85-90% of maternal serum osmolality (13) in the human,
although there was no osmolality decrease in the AF near term in the rat (14).
AF urea, creatinine and uric acid increase during the second half of pregnancy
resulting in AF concentrations of the urinary byproducts two to three times
higher than fetal plasma (13).

Concordant with the changes in AF content, AF volume changes dramatically
during human pregnancy (Fig. 1-1). Average AF volume increases progressively
from 20 mL at 10 weeks to 630 mL at 22 weeks and to 770 mL at 28 weeks’
gestation (15). Between 29 and 37 weeks, there is little change in volume.
Beyond 39 weeks, AF volume decreases sharply, averaging 515 ml at 41 weeks.
Once the patient becomes post-date, there is a 33% decline in AF volume per
week (16-18), consistent with the increased incidence of oligohydramnios in
post-term gestations.

l
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PLACENTAL AND FETAL WATER FLUX
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Figure 1-1 Normal range of amniotic fluid (AF) volume in human gestation.

Fetal Water Circulation

Amniotic fluid is produced and resorbed in a dynamic process with large volumes
of water circulated between the AF and fetal compartments (Fig. 1-2). During the
latter half of gestation, the primary sources of AF include fetal urine excretion and
fluid secreted by the fetal lung. The primary pathways for water exit from the AF
include removal by fetal swallowing and intramembranous absorption into fetal
blood. Although some data on these processes in the human fetus is available, the
bulk of the information about fetal AF circulation derives from animal models,
especially the sheep.

Urine production

In humans, fetal urine production changes with increasing gestation. The amount
of urine produced by the human fetus has been estimated by the use of ultrasound

Amniotic fluid

Lung fluid

Placenta
Swallowing

Intramembranes
pathway

Figure 1-2 Water circulation between the fetus and
amniotic fluid (AF). The major sources of AF water are
fetal urine and lung liquid, the routes of absorption
are through fetal swallowing and intramembranous
flow (see text).

Chorion
laeve



assessment of fetal bladder volume (19), although the accuracy of these measure-
ments has been called into question. Exact human fetal urine production rates
across gestation are not established but appear to be in the range of 25% of
body weight per day or nearly 1000 mL/day near term (20,19).

In the near term ovine fetus, 500 to 1200 mL/day of urine are distributed to the
AF and allantoic cavities (21-23). During the last third of gestation, the fetal glomer-
ular filtration rate (GFR) increases in parallel to fetal weight, with a similar though
variable increase in reabsorption of sodium, chloride and free water (24). Fetal urine
output can be modulated, as numerous endocrine factors, including arginine vaso-
pressin, atrial natriuretic factor, aldosterone and prostaglandins, have been demon-
strated to alter fetal renal blood flow, glomerular filtration rate, or urine flow rates
(25,26). Importantly, physiologic increases in fetal plasma arginine vasopressin sig-
nificantly increase fetal urine osmolality and reduce urine flow rates (27,28).

Lung Fluid Production

It appears that all mammalian fetuses normally secrete fluid from their lungs.
The absolute rate of fluid production by human fetal lungs has not been estimated;
the fluid production rate has been extensively studied in the ovine fetus only.
During the last third of gestation, the fetal lamb secretes an average of 100 mL/day
per kg fetal weight. Under physiological conditions, half of the fluid exiting the
lungs enters the AF and half is swallowed (29), therefore an average of
approximately 165 mL/day of lung liquid enters the AF near term. Fetal lung fluid
production is affected by physiologic and endocrine factors, but nearly all stimuli
have been demonstrated to reduce fetal lung liquid production, with no evidence of
stimulated production and nominal changes in fluid composition. Increased arginine
vasopressin (30), catecholamines (31) and cortisol (32), even acute intravascular
volume expansion (33), decrease lung fluid production. Given this lack of evidence
of bi-directional regulation, it appears that, unlike the kidney, the fetal lung may not
play an important role in the maintenance of AF volume homeostasis. Current opin-
ion is that fetal lung fluid secretion is likely most important in providing pulmonary
expansion, which promotes airway and alveolar development.

Fetal Swallowing

Studies of near term pregnancies suggest that the human fetus swallows an average of
210-760 mL/day (34), which is considerably less than the volume of urine produced
each day. However, fetal swallowing may be reduced beginning a few days before
delivery (35), so the rate of human fetal swallowing is probably underestimated. Little
other data on human fetal swallowed volumes is available. In fetal sheep there is a
steady increase in the volume of fluid swallowed over the last third of gestation. In
contrast to a relatively constant daily urine production/kg body weight, the daily
volume swallowed increases from approximately 130 mL/kg per day at 0.75 term to
over 400 mL/kg per day near-term (36). A series of studies have measured ovine fetal
swallowing activity with esophageal electromyograms and swallowed volume using a
flow probe placed around the fetal esophagus (37). These studies demonstrate that
fetal swallowing increases in response to dipsogenic (e.g., central or systemic hyper-
tonicity (38) or central angiotensin II (39) or orexigenic (central neuropeptide Y
(40)) stimulation, and decreases with acute arterial hypotension (41) or hypoxia
(29,42). Thus, near term fetal swallowed volume is subject to periodic increases as
mechanisms for ‘thirst’ and ‘appetite’ develop functionality, although decreases in
swallowed volume appear to be more reflective of deteriorating fetal condition.

Intramembranous (IM) Flow

The amount of fluid swallowed by the fetus does not equal the amount of fluid
produced by both the kidneys and the lungs in either human or ovine gestation.
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As the volume of amniotic fluid does not greatly increase during the last half of
pregnancy, another route of fluid absorption is needed. This route is the intramem-
branous (IM) pathway.

The IM pathway refers to the route of absorption between the fetal circulation
and the amniotic cavity directly across the amnion. Although the contribution of
the IM pathway to the overall regulation and maintenance of AF volume and
composition has yet to be completely understood, results from in vivo and in
vitro studies of ovine membrane permeability suggest that the permeability of
the fetal chorioamnion is important for determining AF composition and
volume (43-45). This IM flow, recirculating AF water to the fetal compartment,
is thought to be driven by the significant osmotic gradient between the hypotonic
AF and isotonic fetal plasma (46). In addition, electrolytes (e.g., Na*) may diffuse
down a concentration gradient from fetal plasma into the AF while intraamniotic
peptides (e.g., arginine vasopressin (47,48)) and other electrolytes (e.g., CI7) may
be recirculated to the fetal plasma.

Although it has never been directly measured in humans, indirect evidence
supports the presence of IM flow. Studies of intraamniotic >'Cr injection demon-
strated the appearance of the tracer in the circulation of fetuses with impaired
swallowing (49). Additionally, alterations in IM flow may contribute to AF clinical
abnormalities, as membrane ultrastructure changes are noted with polyhydramnios
or oligohydramnios (50).

Experimental estimates of the net IM flow averages 200-250 mL/day in fetal
sheep and likely balances the flow of urine and lung liquid with fetal swallowing
under homeostatic conditions. Filtration coefficients have been calculated (51),
though IM flow rates under control conditions have not been directly measured.
Mathematical models of human AF dynamics also suggest significant IM water and
electrolyte fluxes (52,53), whereas transmembranous flow (AF to maternal) is extre-
mely small in comparison to IM flow (54,55).

This detailed understanding of fetal fluid production and resorption, provides
little explanation as to how AF volume homeostasis is maintained throughout
gestation, and does not account for gestational alterations in AF volume, or
post-term or acute-onset oligohydramnios. As an example, the acute reduction in
fetal swallowing in response to hypotension or hypoxia seen in the ovine model
would not produce the reduced amniotic fluid volume noted in stressed human
fetuses. For this reason, recent research has addressed the regulation of water flow
in the placenta and fetal membranes. We will discuss the possible mechanisms for
the regulation of fetal water flow, beginning with a review of the general principles
of membrane water flow.

MECHANISMS OF WATER FLOW

Biologic membranes exist (in part) to regulate water flux. Flow may occur through
the cell (i.e., transcellular) or between cells (i.e., paracellular), and the type of flow
affects the composition of the fluid crossing the membrane. In addition, transcel-
lular flow may occur across the lipid bilayer, or through membrane channels or
pores (i.e., aquaporins); the latter route is more efficient as the water permeability
of the lipid membrane is low. As the aquaporins allow the passage of water only
(and sometimes other small non-polar molecules), transcellular flow is predomi-
nantly free water. Paracellular flow occurs through relatively wide spaces between
cells, and consists of both water and solutes in the proportions present in the
extracellular space; large molecules may be excluded. Although water molecules
can randomly cross the membrane by diffusion without net water flow, net flow
occurs only in response to concentration (osmotic) or pressure (hydrostatic)
differences.



Osmotic and hydrostatic forces are created when there is a difference in
osmotic or hydrostatic pressure on either side of the membrane. Osmotic
differences arise when there is a difference in solute concentration across the
membrane. In order for this difference to be maintained, membrane permeability
of the solute must be low (i.e., a high reflection coefficient). Commonly, osmotic
differences are maintained by charged ions such as sodium, or large molecules
such as proteins (also called oncotic pressure). These solutes do not cross the
cell membrane readily. Osmotic differences can be created locally by the active
transport of sodium across the membrane, with water following due to the
osmotic force created by the sodium imbalance. It should be noted that, although
the transport of sodium is active, water flux is always a passive, non-energy-
dependent process. Hydrostatic differences occur when the pressure of fluid
is greater on one side of the membrane. The most obvious example is the differ-
ence between the inside of a blood vessel and the interstitial space. Hydrostatic
differences may also be created locally by controlling the relative direction
of two flows. Even with equal initial pressures, a hydrostatic difference will
exist if venous outflow is matched with arterial inflow (countercurrent flow).
The actual movement of water in response to these gradients may be more complex
as a result of additional physical properties, including unstirred layer effects and
solvent drag.

Net membrane water flux is a function of the membrane properties, and
the osmotic and hydrostatic forces. Formally, this is expressed as the Starling
equation:

J, = LpS(AP — 6RT(¢, — )

where J, is the volume flux, LpS is a description of membrane properties (hydraulic
conductance times the surface area for diffusion), AP is the hydrostatic pressure
difference and —oRT(c;—¢,) is the osmotic pressure difference, with T being the
temperature in degrees Kelvin, R the gas constant in Nm/Kmol, o the reflection
coefficient (a measure of the permeability of the membrane to the solute) and ¢,
and ¢, the solute concentrations on the two sides of the membrane. Experimental
studies most often report the membrane water permeability (a characteristic of the
individual membrane). Permeability is proportionate to flux (amount of flow per
second per cm” of membrane) divided by the concentration difference on different
sides of the membrane (amount per cubic cm). Membrane water permeabilities are
reported as the permeability associated with flux of water in a given direction, and
under a given type of force, or as the diffusional permeability. As one membrane
may have different osmotic versus hydrostatic versus diffusional permeabilities (56),
an understanding of the forces driving membrane water flow is critical for under-
standing flow regulatory mechanisms. This area remains controversial, however the
anatomy of placenta and membranes suggests possible mechanisms for promoting
water flux in one direction.

Mechanism of Placental Water Flow
Placental Anatomy (57,58)

The placenta is a complex organ, and the anatomic variation in the placentas of
various species is substantial. Rodents have often been used for the study of placental
water flux, as primates and rodents share a hemochorial placental structure. In
hemochorial placentas, the maternal blood is contained in sinuses in direct contact
with one or more layers of fetal epithelium. In the human, this epithelium is the
syncytiotrophoblast, a layer of contiguous cells with few or no intercellular spaces.
Beneath the syncytium, there are layers of connective tissue, and fetal blood vessel
endothelium. (In early pregnancy, human placentas have a layer of cytotrophoblast
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underlying the syncytium, however, by the third trimester this layer is not contin-
uous, and is therefore not a limiting factor for placental permeability.) The human
placenta is therefore monochorial. The guinea pig placenta is also monochorial; the
fetal vessels are covered with connective tissue that is, in turn, covered with a single
layer of syncytium (59). In the mouse, the layer immediately apposed to the maternal
blood is a cytotrophoblast layer, covering two layers of syncytium. Due to the pres-
ence of three layers in much of the placenta, the mouse placenta is labeled trichorial.
Similar to the human, the mouse cytotrophoblast does not appear to be continuous,
suggesting that the cytotrophoblast layer does not limit membrane permeability. The
rat placenta is similar to the mouse.

The syncytium is, therefore, a common structure in all of these placental forms,
and a likely site of regulation of membrane permeability. In support of this hypoth-
esis, membrane vesicles derived from human syncytial brush border were used to
evaluate the permeability of the placenta. At 37°C, the osmotic permeability of
apical vesicles was 1.9+/— 0.06 x 107> cm/s, whereas the permeability of basal
membrane (maternal side) vesicles was higher at 3.1 +/— 0.20 x 107> cm/s (60).
The difference between basal and apical sides of the syncytiotrophoblasts was taken
to indicate that the apical (fetal) side of the trophoblast was the rate-limiting
structure for water flow through the placenta. In all placentas, the fetal blood is
contained in vessels, suggesting that fetal capillary endothelium may also serve as a
barrier to flow between maternal and fetal circulations. Experimental evidence
suggests, however, that the capillary endothelium is a less significant barrier to
small polar molecules than the syncytium (58).

Although the sheep has been extensively used in studies of fetal physiology and
placental permeability, it has a placenta that differs from that of the human in
important respects. The sheep placenta is classified as epitheliochorial, meaning
that the maternal and fetal circulations are contained within blood vessels, with
maternal and fetal epithelial layers interposed between them. In general, as com-
pared to the hemochorial placenta, the epithelialchorial placenta would be expected
to demonstrate decreased water permeability based on the increase in membrane
layers. In addition, the forces driving water permeability may differ between the two
placental types, as the presence of maternal vessels in the sheep placenta increase the
likelihood that a hydrostatic pressure difference could be maintained favoring water
flux from maternal to fetal circulations.

In all of the rodent placentas, fetal and maternal blood circulate in opposite
directions (countercurrent flow), potentially increasing the opportunity for
exchange between circulations based on local differences. The direction of maternal
blood circulation in human placentas is from the inside to the outside of the pla-
cental lobule, and therefore at cross-current to the fetal blood flow (61) (Fig. 1-3).
Unlike the mouse and rat, investigation has not revealed countercurrent blood flow
in the ovine placenta (62).

The forgoing is not intended to imply that there are not important differences
between human and rodent placentas. The human placenta is organized into coty-
ledons, each with a central fetal vessel. Fetal-maternal exchange in the mouse and
rat placenta occurs in the placental labyrinth. In addition, the rat and mouse have
an ‘inverted yolk sac placenta, a structure with no analogy in the primate placenta.
The reader is referred to Faber and Thornberg (57) and Benirschke (63) for addi-
tional details.

Controversies in Placental Flow

In the placenta the flux of water may be driven by either hydrostatic or osmotic
forces. Hydrostatic forces can be developed in the placenta by alterations in the flow
in maternal and fetal circulations. Osmotic forces may be generated locally, due to
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Figure 1-3 Maternal blood flow in the human placenta. Blood flow proceeds from the spiral
artery to the center of the placental lobule. Blood then crosses the lobule laterally, exiting through
the endometrial vein. This creates a gradient in oxygen content from the inside to the outside
of the lobule due to the changing oxygen content of the maternal blood.

active transport of solutes such as sodium or due to depletion of solute from the
local perimembrane environment (due to the so-called ‘unstirred layer’ effect). The
relative direction of maternal and fetal blood flows can be concurrent, counter-
current, crosscurrent, or in part combinations of these flows (64), and differences in
the direction of blood flow may be important in establishing either osmotic or
hydrostatic gradients within the placenta. It has not been possible to directly study
possible local pressure or osmotic differences at the level of the syncytium, therefore
theories regarding the driving forces for placental water flux are inferences from
available data.

Water may be transferred from mother to fetus driven osmotically by the active
transport of solutes such as sodium (65). In the rat, inert solutes such as mannitol
and inulin are transferred to the maternal circulation from the fetus more readily
than from mother to fetus (66), and, conversely, sodium is actively transported to
the fetus in excess of fetal needs. This was taken to indicate that water was being
driven to the fetal side by a local osmotic effect created by the sodium flux. Water,
with dissolved solutes, then differentially crossed from fetus to mother, probably by
a paracellular route. Perfusion of the guinea pig placenta with dextran-containing
solution demonstrates that the flow of water can also be influenced by colloid
osmotic pressure (67). In the sheep, intact gestations have yielded estimates of
osmotic placental water flow of 0.062 mL/kg min per mOsm/kg H,0 (68). The
importance of osmotically-driven water flow in the sheep is uncertain, as the
same authors found that the maternal plasma was consistently hyperosmolar to
the fetal plasma. Theoretical considerations have been used, however, to argue that
known electrolyte active transport, and a modest hydrostatic pressure gradient,
could maintain maternal-to-fetal water flow against this osmotic gradient (69).

Others have argued that the motive force for water flux in the placenta is
hydrostatic. In perfused placenta of the guinea pig, reversal of the direction of
the fetal flow reduced the rate of water transfer (70), and increasing the fetal-side
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perfusion pressure increased the fetal-to-maternal water flow in both the perfused
guinea pig placenta (71) and in an intact sheep model (72). Both findings suggest
that water transfer is flow-dependent.

As a whole, the available data suggests that either osmotic or hydrostatic forces
can promote placental water flux. The actual motive force in normal pregnancy is
uncertain, and may vary with the species and/or the pregnancy stage. Whatever the
driving force, at least some part of placental water flux involves the flow of solute-
free water transcellularly, suggesting the involvement of membrane water channels
in the process.

Mechanism of IM Flow

Membrane Anatomy

In sheep, an extensive network of microscopic blood vessels is located between the
outer surface of the amnion and the chorion (73), providing an extensive surface
area available for IM flow. In primates including humans, IM fluxes likely occur
across the fetal surface of the placenta as the amnion and chorion are not vascular-
ized per se. The close proximity of fetal blood vessels to the placental surface
provides accessibility to the fetal circulation, explaining the absorption of AF tech-
netium (46) and arginine vasopressin (48) in subhuman fetal primates with esoph-
ageal ligation. The potential for the membranes overlying the placenta to serve as a
selective barrier of exchange is further supported by in vitro experiments of isolated
layers of human amnion and chorion (74).

Studies in the ovine model suggest that the IM pathway can be regulated to
restore homeostasis. Since fetal swallowing is a major route of AF fluid resorption,
esophageal ligation would be expected to increase AF volume significantly.
Although AF volume increased significantly 3 days after ovine fetal esophageal
occlusion (75), longer periods (9 days) of esophageal ligation reduced AF volume
in preterm sheep (76). Similarly, esophageal ligation of fetal sheep over a period of
one month did not increase AF volume (77). In the absence of swallowing, normal-
ized AF volume suggests an increase in IM flow. In addition, IM flow markedly
increased following the infusion of exogenous fluid to the AF cavity (78).
Collectively, these studies suggest that AF resorption pathways and likely IM flow
are under dynamic feedback regulation. That is, AF volume expansion increases IM
resorption, ultimately resulting in a normalization of AF volume. Importantly,
factors downregulating IM flow are less studied, and there is no evidence of reduced
IM resorption as an adaptive response to oligohydramnios. Studies have revealed
that prolactin reduced the upregulation of IM flow due to osmotic challenge in the
sheep model (79), and reduced diffusional permeability to water in human amnion
(80) and guinea pig (81) amnion.

Controversies Regarding IM Flow

The specific mechanism and regulation of IM flow is key to AF homeostasis.
A number of theories have been put forward to account for the observed results.
Esophageal ligation of fetal sheep resulted in the upregulation of fetal chorioamnion
vascular endothelial growth factor (VEGF) gene expression (82). It was proposed
that VEGF-induced neovascularization potentiates AF water resorption. These
authors also speculated that fetal urine and/or lung fluid may contain factors
that upregulate VEGE. Their further studies demonstrated an increased water
flow despite a constant membrane diffusional permeability (to technetium) in
animals in whom the fetal urine output had been increased by an intravenous
volume load, and a concurrent flow of water and solutes against a concentration
gradient by the IM route (83,84). Finally, artificial regulation of the osmolality and



oncotic pressure of the AF revealed that the major force promoting IM flow in the
sheep was osmotic, however there was an additional flow of about 24 mL/h, which
was not osmotic-dependent. As protein was also transferred to the fetal circulation,
this flow was felt to be similar to fluid flow in the lymph system (85).

These findings, in aggregate, have been interpreted to require active bulk fluid
flow across the amnion; Brace et al (83) have proposed that this fluid transport
occurs via membrane vesicles (bulk vesicular flow), as evidenced by the high prev-
alence of amnion intracellular vesicles seen in electron microscopy (86). This theory
is poorly accepted, as vesicle water flow has not been demonstrated in any other
tissue and is highly energy dependent. Most others believe that IM flow occurs
through conventional para- and trans-cellular channels, driven by osmotic and
hydrostatic forces. Mathematical modeling indicates that relatively small IM
sodium fluxes could be associated with significant changes in AF volume, suggest-
ing that sodium flux may be a regulator of IM flow (53), although the observation
that IM flow was independent of AF composition suggests that other forces (such as
hydrostatic forces) may also drive IM flow (87).

Importantly, upregulation of VEGF or sodium transfer alone cannot explain
AF composition changes following fetal esophageal ligation as AF electrolyte com-
position indicates that water flow increases disproportionately to solute flow (76).
The passage of free water across a biological membrane without solutes is a char-
acteristic of transcellular flow, a process mediated by water channels in the cell
membrane. Although water flow through these channels is passive, the expression
and location of the channels can be modulated in order to regulate water flux. We
will review the characteristics of aquaporin water channels, and then comment on
the evidence that aquaporins may be involved in regulating gestational water flow.

AQUAPORINS

Aquaporins (AQPs) are cell membrane proteins approximately 30 kD in size
(26-34 kD). Similarities in amino acid sequence suggest that the 3-dimensional
structure of all AQPs is similar. AQP proteins organize in the cell membrane as
tetramers, however each monomer forms a hydrophilic pore in its center and func-
tions independently as a water channel (88) (Fig. 1-4). Although all AQPs function as
water channels, some AQPs also allow the passage of glycerol, urea and other small,
non polar molecules. These have also been called aquaglyceroporins. Multiple AQPs
have been identified (up to 13, depending on the mammalian species). Some are
widely expressed throughout the body, others appear to be more tissue-specific.

AQP function is dependent upon cellular location. In the kidney, several AQPs
are expressed in specific areas of the collecting duct: AQP3 and AQP4 are both
present in the basolateral membrane of the collecting duct principal cells while
AQP2 is present in the apical portion of the membrane of these same cells (89).
The presence of these different AQPs on opposite membrane sides of the same cell
is important for the regulation of water transfer across the cell, as altered AQP
properties or AQP expression may differentially regulate water entry from the
collecting duct lumen and water exit to the interstitial fluid compartment.
Absence of the various renal AQPs leads to renal concentrating defects; in particular
the absence of AQP2 in the human is responsible for nephrogenic diabetes
insipidus.

AQP function is also dependent upon the cellular milieu. This regulation may
occur through the insertion or removal of AQP into the membrane from the
intracellular compartment. For example, in the renal tubule, AQP2 is transferred
from cytoplasm vesicles to the apical cell membrane in response to arginine vaso-
pressin (90) or forskolin (91). AQP8 is similarly transferred from hepatocyte vesi-
cles to the cell membrane in response to dibutyryl cAMP and glucagon (92).
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Figure 1-4 Structure of aquaporin (bovine AQP0). Upper left shows the structure from the
extracellular side of the membrane. Upper right shows each monomer in a different format.
Lower figure shows a side view of an AQP monomer, extracellular side upper. Two figures to be
viewed in crossed eye stereo.

In longer time frames, the expression of various AQPs may be induced by external
conditions. For example, AQP3 expression in cultured keratinocytes is increased
when the cell culture medium is made hypertonic (93). In summary, AQPs are
important in the regulation of water flow across biological membranes, and their
expression and activity can be regulated according to the hydration status of the
organism.

AQPs in Placenta and Membranes

Four AQPs (i.e., AQP 1, 3, 8 and 9) have been found in the placenta and fetal
membranes of a variety of species. AQP1 mRNA has been demonstrated in ovine
placenta, and it appears to be associated with the placental vessels (94). Ovine pla-
cental AQP1 expression levels are highest early in pregnancy, with a decline thereafter,
although there is a rise in expression near term (95). AQP1 protein expression has
been demonstrated in the fetal chorioamnion at term in human gestations (96),
though the cellular location of the protein has not been studied. AQP3 message
has also been demonstrated in the placenta and fetal chorioamnion of humans
(96,97), in sheep placenta (94,95) and in rat placenta (98), while protein expression
has been demonstrated in ovine and human placentas. In the human, AQP3 protein
is expressed on the apical membranes of the syncytiotrophoblast (97). Less is known
about the remaining two AQPs: AQP8 mRNA has been detected in mouse placenta
(99), sheep placenta (95) and human placenta, and in human fetal chorioamnion
(100). (AQP8 protein expression has not been studied in these tissues.) AQP9 protein
and mRNA have been demonstrated in human placenta (97).

Indirect evidence suggests that AQPs may be involved in the regulation of
placental water flow. Some experimental data (8) suggests that the permeability
of the placenta changes (increases, then decreases) with advancing gestation in



the human. Interestingly, this pattern of increase and decrease is also seen in the
placental expression of membrane AQPs in both the sheep (95) and mouse (101),
suggesting that AQPs may be involved in regulating placental permeability changes.
In particular, in our studies AQP3 followed this pattern in the mouse. This data,
together with the location of AQP3 on the apical membrane of the syncytiotropho-
blasts, makes it a candidate regulator of placental water flow.

AQP and IM Water Flow

IM flow may also be regulated by AQPs and there is evidence that AQP1 is
necessary for normal AF homeostasis. Mice lacking the AQP1 gene have signifi-
cantly increased AF volume (102). Furthermore, AQP1 expression is altered in
conditions with pathologic AF volume. AQP1 expression was increased in human
amnion derived from patients with increased AF volumes (103); this upregulation
was postulated to be a response to, rather than a cause of, polyhydramnios.
AQP 1 protein increased in sheep fetal chorioallantoic membranes in response to
fetal hypoxia, suggesting increased IM flow as a mechanism for the oligohydram-
nios associated with fetal compromise (104). In addition, AQP expression in
the chorioamnion is subject to hormonal regulation. In work done in our labora-
tory, AQP3, AQP8 and AQP9 expression is up-regulated in cultured human
amnion cells following incubation with cyclic AMP (cAMP) or forskolin, a
cAMP-elevating agent (105,106). These data together support the hypothesis that
AQPs, and specifically AQPI1, are important mediators of water flow out of the
gestational sac across the amnion.

In summary, we would propose the following model for human fetal water
flow. Water crosses from the maternal to fetal circulation in the placenta, perhaps
under the influence of local osmotic differences created by the active transport of
sodium. Transplacental water flow, at least in the maternal to fetal direction, is
through AQP water channels. Membrane permeability in the placenta is therefore
subject to regulation by up- or down-regulating the number of AQP channels in the
membrane. There is no evidence of acute changes in placental water permeability,
but changes in permeability have been described over time; these could be due to
changes in the expression of AQPs with advancing gestation. AQP3 is expressed on
the apical membrane of the syncytiotrophoblasts; the membrane barrier thought to
be rate-limiting for placental water flux, and its expression increases with gestation.
AQP3 is therefore a candidate for the regulation of placental water flow.

Once in the gestational compartment, water circulates between the fetus and
the AF. The available evidence suggests that the IM component of this flow is likely
mediated by AQP1. IM flow can be altered over gestation, and also in response to
acute events (e.g., increased AF volume). These alterations in IM flow are likely
affected by alterations in the membrane expression of AQP1. Normally, AQP1
expression in the amnion decreases with gestation, associated with increasing AF
volume, but expression can be increased by various humeral factors, by polyhy-
dramnios or by fetal acidosis.

CONCLUSION

The circulation of water between mother and fetus, and within the fetal compart-
ment, is complex, and the mechanisms regulating water flow remain poorly under-
stood. Water flow across the placenta must increase with increasing fetal water
needs, and must be relatively insensitive to transient changes in maternal status.
Water circulation within the gestation must sustain fetal growth and plasma
volume, while also allowing for appropriate amounts of amniotic fluid for fetal
growth and development.
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Experimental data suggests that placental water flow is affected by both hydro-
static and osmotic forces, and that both transcellular and paracellular water flow
occurs. IM water flow is more likely to be osmotically driven, although there are
other contributing forces as well. The observation that water crosses the membrane
in excess of solutes suggests a role for aquaporin water channels in placental and IM
water flow. Experimental data has confirmed the expression of AQPs in the placenta
and fetal membranes, as well as modulation of this expression by a variety of
factors. AQP3 is an exciting prospect for the regulation of placental water flow
given its cellular location and gestational pattern of expression. AQP1 has been
implicated in the mechanism of IM flow using a variety of experimental models.
The availability of agents known to regulate the expression of AQPs suggests the
possibility of treatments for AF volume abnormalities based on the stimulation or
suppression of the appropriate water channel.
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Chapter 2

Renal Aspects of Sodium

Metabolism in the Fetus and
Neonate*

Endre Sulyok, MD, PhD, DSc

Body Water Compartments

Body Water Compartments and Initial Weight Loss
Physical Water Compartments

Sodium Homeostasis

Disturbances in Plasma Sodium Concentrations
Sodium Homeostasis and Acid-Base Balance

Sodium and volume homeostasis in the fetus and neonates has been the subject of
intensive research for decades. Several aspects of the developmental changes in renal
sodium handling have been revealed. It is now apparent that in addition to the
intrinsic limitations of tubular transport of sodium by the immature kidney, extra-
renal factors play an important role in maintaining sodium balance. In this chapter
an attempt has been made to summarize our current knowledge of the sodium
homeostasis in the fetus and the neonate, and to present a revised concept of
perinatal redistribution of body fluids. In the light of recent clinical, experimental
and molecular biological research, our understanding of the developmental
changes in salt and water metabolism is greatly improved, and consequently a
more targeted approach can be applied to the clinical management of healthy
and sick neonates.

BODY WATER COMPARTMENTS

Body water is distributed in well-defined compartments that undergo marked
developmental changes. Total body water (TBW) and extracellular water (ECW)
gradually decrease, whereas intracellular water (ICW) increases as the gestation
advances. The decrease of ECW is mainly confined to the interstitial water
(ISW); the plasma water remains relatively unaffected (1).

Individual estimates of body water compartments over this period vary greatly
and are related to several factors, including intrauterine growth rate, gender, preg-
nancy pathology, mode of delivery, maternal fluid management during labor, neo-
natal renal function, and postnatal fluid intake. For example, growth-retarded
neonates have significantly higher ECW (as a percentage of body weight) than
their appropriate-for-gestational age matches (2). Infants born to mothers with

*To commemorate the 100th anniversary of the birth of my teacher Professor Edmund
Kerpel-Fronius.
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Table 2-1

Body Composition of the Reference Fetus

Rights were not granted to include this data in electronic media.
Please refer to the printed book.

From Ziegler EE, O'Donnell AM, Nelson SE, Fomon SJ: Body composition of the reference fetus. Growth 40:

329-341, 1976.
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toxemia and those delivered by elective caesarean section or after maternal fluid
administration during labor have greater ECW (3). Infants of diabetic mothers have
increased body fat. As a result, the TBW is reduced but the relationship between
ECW and ICW and fat-free body mass is normal (4). Newborn infants with severe
respiratory distress syndrome (RDS) who have impaired renal function are likely to
have an expanded ECW when sodium and fluid intake is not restricted (5,6).

Body fat apposition is less than 1% in the fetus with gestational age below
26 weeks; it approximates 12% in full-term neonates and reaches about 30% of
body weight in 3-month-old infants.

The perinatal redistribution of body fluid compartments is associated with
changes in ionic composition of tissue water (Table 2-1). Accordingly, at the
early stage of development the body has high sodium and low potassium contents
that progress to the opposite with increasing maturation.

As shown by Ziegler et al (7), the sodium and chloride content per 100 g fat-
free weight, the principal electrolytes of ECW, decrease, while protein, phosphor-
ous, magnesium and potassium content, the major constituents of the ICW,
increase. More specifically, body sodium decreased progressively from 9.9 mEq at
24 weeks’ gestation to 8.7 mEq at term as opposed to the steady rise of body
potassium from 4.0 mEq to 4.6 mEq during the same period of gestation.

When individual tissues of various species were analyzed separately there were
variations in the rate of chemical development, possibly reflecting differences in
their functional maturation. Interestingly, the developmental pattern of brain elec-
trolytes in fetal sheep and guinea-pigs followed paraboloid relations with gestation-
al age; brain sodium and chloride content reached its peak value in the second part
of gestation, which was mirrored by the minimum value of brain potassium (8).
This phenomenon may represent corresponding alterations in the volume of ECW
and/or in the transport activity of the Na'/K" exchanger. It is also of interest that
when distinct brain areas representing various stages of phylogenetic development
were investigated, brain water content and sodium concentration were found to
vary from high for the youngest cortex to low for the oldest medulla, the respective
values for other brain areas fell between these extremes (9).



Cell Volume Regulation

The volume and composition of body fluid compartments are strictly controlled.
ECW is under neuroendocrine control and the final regulation is accomplished by the
kidney through retaining or excreting solutes and fluids. By contrast, ICW volume is
regulated by osmotically driven passive water flux across the cell membrane.

In this regard it is to be noted that cells of the brain and transporting epithelia
respond to perturbations of ECW osmolality, not only with inducing the appropriate
water flow in or out of cells, but also with gaining or losing cellular organic and
anorganic osmolytes to limit osmotic water flux and to preserve cell volume. This
volume regulatory response develops in the brain of ovine fetuses in a region-and
age-related fashion. Namely in fetuses with 60% of gestation this volume regulatory
response is impaired when compared with more mature animals and it starts oper-
ating in the younger cortex then in the phylogenetically older medulla (10). It is to be
stressed that the elevated tissue sodium levels, and more importantly, the elevated
sodium to potassium ratio in the developing brain indicates that the process of
‘chemical maturation’ has not been completed (11) and the immature brain is not
capable of controlling its volume by ionic movements, but rather by the accumula-
tion or extrusion of the predominant organic osmolyte, i.e., taurine (12).

In addition to the well-defined volume regulatory response by the cellular
osmolytes the cell membrane itself is also involved in the adaptation of cells to
osmotic challenges. Brain-specific water channel membrane protein, aquaporin-4
(AQP4), is widely distributed in cells at the blood/brain and brain/cerebrospinal
fluid interfaces, where it facilitates water movement.

AQP4 protein is expressed abundantly in a highly polarized distribution in
ependymal cells and astroglial membranes facing capillaries and forming the glia
limitans (13).

A growing body of evidence suggests that complete lack, reduced expression,
mislocalization, deficient membrane anchoring and dysfunction of brain AQP4
limits transmembrane water flux and provides first-line defense mechanisms to
maintain cerebral water balance and to protect brain volume (14).

In support of this notion Manley et al (15) demonstrated that AQP4 deficiency
protected the brain and reduced edema formation in mice exposed to acute water
intoxication and focal ischemic stroke. When compared to their wild-type counter-
parts the AQP4 knockout mice had less brain water content, better neurological
outcome and improved survival. Almost simultaneously our group, using a different
experimental model, came essentially to the same conclusion. Namely, we found that
in response to severe systemic hyponatremia, a rapid increase occurred in the im-
munoreactivity of astroglial AQP4 protein without significant changes in AQP4
mRNA levels or subcellular distribution of AQP4 protein. According to our
interpretation the hypoosmotic stress-related post-transcriptional AQP4 protein
changes may potentially be accounted for by enhanced phosphorylation and subse-
quent altered conformation and immunogenity of the channel protein (16). Phos-
phorylated AQP4 has been shown to reduce water conductivity (17). Furthermore,
the dystrophin-associated protein (DAP) complex that connects extracellular matrix
components to the cytoskeleton is closely related to AQP4. Neuronal dystrophin
isoform and the related proteins are co-localized with brain AQP4 in the astrocyte
endfeet and AQP4 is markedly reduced in dystrophin deficient states. Additionally,
o-syntrophin, a member at the DAP family, has also been shown to be involved in
polarized trafficking, regulated surface expression and membrane anchoring of
AQP4. The complex interrelationship between dystrophin, o-syntrophin, AQP4
and brain water metabolism has been documented by demonstrating a marked
reduction in the abundance of both AQP4 and a-syntrophin protein expression in
the perivascular astrocyte endfeet of animals missing dystrophin. It is to be stressed
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that dystrophin-null mice subjected to water intoxication had delayed intracellular
water accumulation and prolonged survival (18). These observations can be regarded
as indicating that functioning AQP4 favors development of brain edema, while AQP4
deficiency protects against edemagenesis when animals are challenged by patholog-
ical conditions known to cause brain water accumulation.

Recent studies on the ontogeny of the expression of brain AQP4 protein and
mRNA in four mammalian species, including humans, have revealed their very low
levels at the early stage of gestation and their gradual increase as the gestation
progressed to term (19). AQP4 protein expression levels in rat cerebellum during
different stages of postnatal development have proved to be hardly detectable in the
first week, increasing from 2% of adult levels on day 7 to 25% and 63% on days 14
and 28, respectively (20). These observations provide suggestive evidences that the
low expression of AQP4 may limit transmembranous water flux and may contribute
to maintaining water balance in the maturing brain, which has no fully developed
osmolyte-related volume regulatory reaction.

Fetal Sodium Metabolism

The dynamic interactions between maternal and fetal circulation and amniotic fluid
throughout gestation ensure fetal homeostasis and supply nutrients, solutes and
water for growth. The placenta and fetal membranes play an essential role in
regulating transport processes as they behave like a low-permeability barrier and/
or contain specific transcellular transport mechanisms. In general, minerals that are
contained in the plasma at low concentrations and are mainly intracellular or
sequestered in bones (K", Mg, Ca, phosphate) are transported to the fetus actively,
whereas the transfer of major extracellular ions (Na™, CI7) has great interspecies
variations and may occur through active or passive transport (21).

To accomplish normal fetal growth the accretion rate of sodium and potassium
has been estimated to be 1.8 mMol/kg/day (22) and the volume of transplacental
water flux is approximately 20 mL/kg/day in near-term human fetuses (23).

Fetal plasma sodium concentrations are stable in relation to gestational age of
18 to 40 weeks, and are not significantly different from maternal plasma sodium
concentrations or they are slightly lower, which allows passive sodium flow to the
fetus (24). It has been well-documented, however, that the placental syncytiotro-
phoblast is equipped with transport systems needed for transcellular sodium
transfer. Sodium flux from mother to fetus is 10-100 times higher than the rate
of sodium accretion by the fetus, indicating that most of the sodium transferred to
the fetus returns to the mother by paracellular diffusion so the transplacental
sodium flux is bidirectional and nearly symmetrical (25).

Amniotic Fluid Dynamics

Although there are fairly wide variations, the volume and composition of amniotic
fluid undergo characteristic changes during gestation (26). Its volume increases
from 40 mL at 11 weeks’ gestation to approximately 700 mL at 25 weeks’ gestation,
then increases further to reach its maximum of about 920 mL at 35 weeks’ gesta-
tion. Later in gestation it begins to decrease to about 720 mL at term, followed by a
more marked reduction in post-term pregnancies. During the first trimester of
gestation, osmolality and electrolyte composition of the amniotic fluid correspond
to fetal plasma. When the fetus begins to void hypotonic urine at approximately
11 weeks of gestation, amniotic fluid osmolality decreases progressively with advan-
cing gestational age to reach the value of 250-260 mOsm/L near term. Sodium
concentration in fetal urine decreases accordingly, and contributes to the generation
of hypotonic amniotic fluid. The low amniotic fluid osmolality provides an
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Figure 2-1 Schematic presentation of water flows into
and out of the amniotic space in late gestation. Arrow
size is proportional to flow rate. (From Gilbert WM,
Brace RA: Amniotic fluid volume and normal flows to
and from the amniotic cavity. Seminar of Perinatology Transmembranous
17:150-157, 1993, with permission.) 10
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osmotic driving force for the outward water flow across the intra- and transmem-
branous pathways. The volume and composition of amniotic fluid during late ges-
tation are therefore determined by fetal urine and lung fluid secretion as the
two primary sources of amniotic fluid, and fetal swallowing and intramembranous
absorption as the two primary routes of amniotic water clearance (Fig. 2-1).
Quantitative estimates for the dynamic state of amniotic fluid sodium are
presented in Table 2-2.

Mechanisms of Placental Sodium Transfer

Convincing evidences have been provided to indicate that in the rat and pig the
maternal-fetal sodium flux is accomplished by active transcellular transport, which
is saturable, highly dependent on temperature and can be inhibited by ouabain
added to the fetal side (27). The presence of Na™-K*-ATPase in the trophoblast
plasma membrane has been demonstrated (28). Moreover, in rat placenta the activ-
ity and expression of the a-subunit of Na™-K"-ATPase increase in parallel with the
maternal-fetal sodium flux during the last trimester of pregnancy (29,30). These
observations are in line with the conclusion that the sodium-pump enzyme serves
as the major common pathway of sodium extrusion from the syncytiotrophoblast at
the fetal side of the membrane. Attempts to explore the sites of sodium entry at the
brush-border plasma membrane (maternal side facing) have identified several
mechanisms. The Na'/H" exchanger (NHE) family of transport proteins have
been shown to be present in the placental microvillous plasma membrane. These
transport proteins mediate the electroneutral exchange of extracellular Na* for
intracellular H" and play a role in regulating intracellular pH, transepithelial Na
transport and cell volume homeostasis.

Table 2-2 Sodium and Volume Metabolism in Human Amniotic Fluid

Flow
Amniotic fluid Urine Lung calculations

Gestational Volume Na Volume Na Volume Na

age (weeks) (ml) (mEg/L) (ml) (mEg/L) (ml) (mEg/L) IMp (ml) Sp (ml)
1 40 135 1 122 0 140 1 10
15 151 135 49 110 2 140 9 37
20 393 135 122 89 10 140 42 83
25 665 135 239 71 27 140 112 147
30 872 134 427 57 58 140 241 239
35 924 131 728 50 114 140 438 403
40 726 126 1211 50 169 140 701 686

From Curran MA, Nijland MJM, Mann SE, Ross MG: Human amniotic fluid mathematical model: Determination and
effect of intramembranous sodium flux. American Journal of Obstetrics and Gynecology 178:484-490, 1998.
IMp, dynamic intramembranous flow; Sp, dynamic swallowed volume.
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Three isoforms of the NHE protein family have been detected in the micro-
villous membrane of syncytiotrophoblast (NHE1, NHE2 and NHE3). NHEl
proved to be the predominant isoform responsible for the amiloride-sensitive
maternofetal sodium transfer (31). NHE activity increases over gestation and the
amiloride-sensitive Na" uptake by the microvillous membrane is markedly elevated
in term placenta as compared to the first trimester placenta (32). A similar gesta-
tional pattern was seen for the expression of NHE1 and NHE2 mRNA. NHEI1
protein expression did not change over gestation, but NHE2 and NHE3 protein
showed a marked increase in their expression between the second trimester and
term (33). Interestingly, when placental NHEI activity and expression were com-
pared between normally grown and growth-retarded preterm and full-term infants
both the expression and activity of NHE1 were lower in the growth-retarded group
delivered preterm. It has been suggested that the limited Na'/H" exchange may
contribute to the development of fetal acidosis frequently seen in these infants
without apparent birth asphyxia (34). Studies to reveal the control mechanisms
of Na" transport by Na'/H" exchanger in brush-border membrane vesicles, isolated
from human placental villous tissue have shown that ethylisopropylamiloride, the
specific inhibitor of the transporter, decreased Na uptake by 98%, whereas benza-
mil, the Na channel blocker, had no effect. Similarly, the activity of Na*/H" ex-
changer remained unaffected by cAMP, phorbol ester, insulin, angiotensin II, or
parathyroid hormone, all known to regulate Na'/H" exchange by the isoform pres-
ent in the renal brush border membrane (35).

In addition to the Na™/H" antiporter, other transport mechanisms have been
assumed to be involved in the passive entry of Na* into the trophoblast from the
maternal side. Furosemide-sensitive Na-K-2ClI co-transporter and hydrochlorothia-
zide-sensitive Na-Cl co-transporter appear to be absent from placental brush-
border membrane vesicles (27), although bumetanide-sensitive Na-K-2ClI co-trans-
porter has been shown to be expressed in BeWo cells, a human trophoblastic cell
line (36). The involvement of epithelial sodium channel (ENaC) in placental
sodium transport has not been confirmed, however, there has been suggestive evi-
dence for the presence and gestational increase of ENaC-a-subunit in the allantoic
membrane and trophoblast of the porcine placenta (37). The substrate-specific
(phosphate, amino acids) cotransporter-mediated Na uptake by the microvillous
membrane of the syncytiotrophoblast has been widely accepted (35).

Fetal Homeostatic Reactions

Fetal sheep infused intravascularly with normal saline had a modest increase in am-
niotic fluid volume and a substantial rise in urine flow rate. These increases roughly
equalled the intramembranous absorption that occurred in parallel with an increase
in vascular endothelial growth factor gene expression in the amnion, chorion and
placenta. Based on these findings it has been suggested that the increased intramem-
branous absorption induced by volume-loading diuresis may be mediated by
vascular endothelial growth factor via stimulating active transport processes (38).

Persistent fetal diuresis can also be induced by maternal administration of
DDAVP combined with oral water load. Water retention results in maternal hypo-
natremia followed by a slow decline in fetal plasma sodium and increased fetal urine
flow. Fetal diuresis has been assumed to be due to fetal hyponatremia rather than to
the reduction in maternal-to-fetal osmotic gradient. This notion appears to be
supported by the close inverse relationship of fetal urine flow rate to fetal plasma
sodium concentration and by the persistent diuresis despite placental osmotic
equilibrium (39).

Furthermore, to maintain sodium homeostasis in the fetus of sodium-depleted,
severely hyponatremic pregnant rats, net sodium transfer to the growing fetus



increases markedly against a significant sodium concentration gradient between
maternal and fetal plasma (40). By contrast, long-term hypertonic NaCl infusion
into late-gestation fetal sheep caused a significant increase in fetal plasma sodium,
chloride and osmolality but their values in the maternal plasma remained unaltered.
Most of the infused sodium and chloride was excreted by the fetus in large volumes of
hypotonic urine. There was a transient rise in amniotic fluid volume with unchanged
osmolality and sodium concentration. Interestingly, as the infused NaCl was retained
neither in the fetus nor in the amniotic fluid, it has been suggested that NaCl was lost
from the fetal into the maternal compartment despite osmotic and concentration
gradients favoring the opposite direction of transfer (41).

Fetal sheep undergoing continuous drainage of fetal fluids in late gestation
attempt to maintain their salt-and water balance by a compensatory reduction in
renal sodium excretion. The fall in fetal renal sodium excretion, however, accounted
for only about 11% of total sodium conservation, the rest of the compensation was
achieved by the mother (42).

All these observations can be regarded as strong evidence that the fetal sodium
and volume homeostasis is effectively regulated and when challenged by depletion
or loading feto-maternal control mechanisms comes into operation to restore
volume and salt balance to normal. The control of fetal homeostatic mechanisms
operating to limit or enhance salt and fluid flux across the kidney or fetal mem-
brane barriers has not been clearly defined. However, there have been reports that in
addition to the traditional volume regulatory hormones, prolactin plays an impor-
tant role. Namely, fetal prolactin has been shown to be released in response to
increasing cord serum sodium concentration and osmolality. Fetal prolactin in
turn has a significant positive correlation with amniotic fluid sodium concentration
and osmolality but an inverse relationship with amniotic fluid volume suggesting
the suppression of hypotonic fetal urine excretion (43). The additional roles of
maternal and amniotic fluid prolactin, derived from maternal decidua in fetal-
amniotic fluid salt and water balance, have also been proposed (44). In good agree-
ment with these findings we have demonstrated significantly elevated plasma pro-
lactin levels in full-term newborn infants presenting with idiopathic edema (45)
and an increase in plasma prolactin in sodium-depleted low-birth weight premature
infants and its restoration to normal when supplemental sodium was given (46).

BODY WATER COMPARTMENTS AND INITIAL WEIGHT LOSS

Soon after birth, redistribution of body fluid compartments occurs, which is a subject
of controversy. Most authors agree that early postnatal weight loss corresponds to the
isotonic contraction of ECW and the disposal of excess sodium and water through the
kidney (47,48). It is greater and lasts longer in infants with less advanced maturation
(49). The weight loss and the contraction of ECW is a physiological adaptation to
extrauterine life rather than dehydration or starvation, in as much as body solids
increase and nitrogen balance is positive during the period of weight loss. Longitu-
dinal studies to assess changes in body composition of preterm neonates with and
without respiratory distress syndrome (RDS) during the immediate postnatal period
support this notion. Providing adequate nutritional support, postnatal weight loss
and loss of TBW is accompanied by a steady increase in the accretion of body solids.
The rate of increase, however, proved to be greater in healthy preterm infants than
in those with RDS (50). Contrasting reports have been published by others showing
some evidence for tissue catabolism and for failure to gain solids (51-54).

In addition to renal excretion a fluid ‘shift’ from ECW to ICW has also been
described, but this is more likely a result of ECW loss than growth in cell mass (55).

In low-birth weight premature infants, the initial weight loss of 15% or more
is confined to the extravascular ECW. Plasma volume remains unchanged, and
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there are no clinical signs of dehydration or hypovolemic circulatory failure. Plasma
protein levels that would reflect a shift in oncotic pressure differences favoring water
loss from interstitium into the vascular space do not change (56).

Renal salt wasting and hyponatremia during the early postnatal weight loss in
low-birth weight prematures is not compatible with isotonic contraction of ECW
but rather it indicates that these infants are not capable of maintaining the volume
of their ECW within the physiological limits.

Cheek has developed the concept that there was a significant decrease in cell
water content rather than in ECW during the first days of life (57). MacLaurin (58),
using thiocyanate as a marker for ECW, identified ICW as the source of neonatal
water loss. In this study, ICW fell in parallel with TBW, while ECW rose slightly and
plasma volume remained constant. He argued that ECW is more effectively main-
tained than ICW during adaptation to early extrauterine life. In good agreement
with these observations Coulter and Avery (59) and Coulter (60) demonstrated a
paradoxical reduction in hydration of fat-free (FF) body mass (mL water/100g FF
body mass) in neonatal rabbit pups, which correlated with increasing weight gain
during the first 72 h of life. The extent of relative reduction in tissue water varied
considerably among individual tissues; the greatest losses were observed in the skin
(24%) and skeletal muscle (5-8%). Whereas lean body mass and skin and skeletal
muscle water related inversely to weight gain and fluid intake, the liver and brain
related directly. Based on these findings, the authors concluded that there is an ICW
reservoir located mainly in the skin and muscle from which water is released in a
regulated manner according to the actual need. Thus when sufficient fluid intake is
provided, the superfluous ICW is rapidly released and excreted. However, when
fluid intake is restricted, the release is considerably slower and contributes to
maintaining circulating plasma volume (59). It has been claimed that prolactin is
involved in the regulation of these processes (60).

The mechanisms triggering and controlling the process of initial weight loss have
not been clearly established. Recently it has been proposed that the postnatal fall in
pulmonary vascular resistance and the subsequent increase of left atrial return result
in the release of atrial natriuretic peptide (ANP), which induces sodium chloride and
water diuresis (61,62). However, plasma ANP does not correlate with either urinary
flow rate or urinary sodium excretion (6). Furthermore, the effective circulating
blood volume in healthy term infants varies directly with the ECF volume.

PHYSICAL WATER COMPARTMENTS

To reconcile the apparently conflicting views on the source of neonatal water loss, a
concept has been recently put forward implying that not only the compartmenta-
lization but also the mobility of tissue water is of importance in neonatal body fluid
redistribution. Accordingly, motionally distinct water fractions have been estab-
lished; the free bulky water and the relatively constrained, slow-motion bound
water. From this latter fraction water can be liberated in a regulated manner
according to the actual need of volume regulation irrespective of its location in
the cellular or extracellular phase (63).

The Principle of Physical Water Compartments

The term ‘physical water compartments’ designates the physical state of tissue water
and implies interactions between dipole water molecules and tissue biopolymers
including proteins and glycosaminoglycans. The interaction of the polar solid sur-
face of intra-or extracellular macromolecules with water results in the formation of
the dynamic structure of polarized water multilayer. The degree of water polariza-
tion depends on the number of exposed active, polar groups of the water polarizing



macromolecules. The first oriented layer of water molecules on the surfaces can
induce a second layer to orient, the second will likewise influence the third and so
on. As a result, a picture of hydrophylic surfaces bounded by a coat of structured
water emerges. The range of interactions generating the polarized water multilayer
has been variously suggested extending from nanometers to several micrometers.
With respect to the electrical polarization and spatial orientation of tissue water,
intra-and extracellular macromolecules, therefore, create microcompartments with
different size and stability. The extent of water polarization is assumed to be pro-
portional to the limitation of tissue water mobility (64,65).

Determination of Motionally Distinct Water Fractions

H'-NMR measurements have been applied to assess quantitative changes in tissue
water mobility since it provides an estimate of the physical state of tissue water,
including volume fraction, proton residence time and intrinsic magnetic relaxation
rate within the compartments. The theoretical basis for this estimate is that the
magnetic relaxation rates for ordered (bound) water protons are faster than those
for non-ordered (free) water protons. For quantitative assessment of tissue water
fractions with different mobility multicomponent analysis of the T, relaxation
decay curves has been applied. The free induction decay of the proton relaxation
process follows an exponential function. This function can be described by a multi-
exponential equation, provided that in the tissues studied there are water compart-
ments with different rates of relaxation and these compartments are not
interdependent at the time of measurement. Biexponential analysis of the T, relax-
ation curves allows us to estimate the bound and free water fractions by determin-
ing the fast and the slow components of the curves. Using triexponential analysis,
further partition of the T, curves is possible and a distinction can be made between
the fast, middle and slow components corresponding to the tightly bound, the
loosely bound, and the free water fractions (66).

Physical Water Compartments during the Early
Postnatal Period

In a series of recent studies we attempted to quantitate the free and bound water
fractions in the skin, skeletal muscle, brain, and liver of two groups of newborn
rabbits during the first 3—4 days of life. Rabbit pups of one group were nursed conven-
tionally by their mothers, suckling ad libitum while the other group included pups
separated from their mothers and completely withheld from fluid intake (67,68).

Biexponential analysis of the T, relaxation curves revealed that the bound
water fractions amounted to 42—47% in the skin, 50-57% in the muscle, and
34-40% in the liver, respectively, of the total tissue water. This pattern of distribu-
tion did not change either with age or fluid intake. By contrast, the percent con-
tribution of bound water fraction in the brain fell progressively from 61% at birth
to 3—4% at the age of 72-96 h. In response to complete fluid deprival the reduction
of bound water fraction was accelerated to attain a value of as low as 4% already on
the first day of life (Fig. 2-2).

Using triexponential analysis we found that most of the skin (48—64%) and
muscle water (54-64%) is loosely bound followed by the free (skin: 26-45%,
muscle: 25-32%) and tightly bound water fractions (skin: 6-14%, muscle:
10-16%). Postnatal age and fluid intake had no apparent influence on this pattern
of partition. Interestingly, in the liver, more water was tightly bound than in the
other tissues, this fraction increased from 14% at birth to 26-33% later on, mostly
at the expense of loosely bound water fraction. The postnatal increase of the tightly
bound fraction proved to be more pronounced in the starving pups. In the brain
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Figure 2-2 Relaxation times and partition of brain water fractions according to their mobility as derived from the
biexponential analysis of T2 decay curves in newborn rabbits nursed conventionally (group ) and completely withheld
from fluid intake (group II). Symbols [J = fast-bound, m = slow-free components. Upper panels represent absolute values;
lower panels represent percent distribution of different water fractions. Data are given as mean +SE. (From Berényi E,
Repa |, Bogner P, Doczi T, Sulyok E: Water content and proton magnetic resonance relaxation times of the brain in
newborn rabbits. Pediatric Research 43:421-425, 1998, with permission.)
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loosely bound water (48-94%) also predominated over the free (3—49%) and tightly
bound water fraction (3-29%). Starving pups responded to fluid deprivation with a
3- to 6- fold decrease in the tightly bound water and with a simultaneous 4-fold
increase in the free water fractions.

The postnatal increase of the free water fraction can be regarded as a supportive
evidence for restructuring brain water in order to maintain brain volume.

The different water mobility in individual newborn rabbit tissues and its
response pattern to complete withdrawal of fluid intake appear to be the result
of the differences in water content, water-free chemical composition, qualitative or
quantitative alterations in macromolecular compounds and metabolic activity of
the tissues investigated.

Role of Hyaluronan (HA) in the Perinatal Lung
and Brain Water Metabolism

Hyaluronan (HA), with its polyanionic nature and gel-like properties, has been
claimed to be the major macromolecular compound controlling water mobility
and water balance in the lung (69). During the fetal and neonatal periods HA
concentration in the lung tissue is elevated and inversely proportional to the matu-
rity of the neonate. Its role as a determinant of tissue water content during pul-
monary adaptation has been established (70,71).

Recently, parameters of lung water metabolism and lung HA concentrations
have been studied simultaneously in the late fetal and early postnatal periods. It has



been demonstrated that the T,-derived free water fraction increased, whereas the
bound water fraction decreased progressively with advancing maturation. HA cor-
related positively with total lung water but not with the bound water fraction. The
elimination of lung fluid, therefore, is associated with an increase in free water at
the expense of bound water fraction.

The underlying mechanisms of the release of water molecules from macromo-
lecular bindings remain to be established as HA does not appear to be directly
involved in this process (72).

Parameters of brain water metabolism and brain HA concentration undergo
similar developmental changes. With increasing maturation the motionally con-
strained bound water is restructured to freely moving water fraction and it proves
to be independent of total brain water and tissue HA content (73).

On the basis of these observations one can conclude that in addition to the
well-defined channel-mediated water transport and a reduction in ECW, the redis-
tribution of the bound to free water fraction is an important but still unappreciated
mechanism of the physiological dehydration of immature lung and brain.

Role of Hyaluronan in Neonatal Renal Concentration

The possible involvement of renal papillary HA in renal water handling has also
been proposed. A large amount of HA is accumulated in the inner medulla and
papilla that limits water flow by influencing interstitial hydrostatic pressure (74,75).

Inducing water diuresis by increased body hydration results in elevated HA
content in renal papilla, whereas opposite changes are seen after water deprivation.
As a result, renal papillary HA positively correlates with urine flow rate and there is
an inverse relationship of papillary HA to urine osmolality. These findings support
the notion that increased papillary interstitial HA can antagonize renal tubular
water reabsorption (76).

In the light of these observations it is relevant to postulate that the impaired
concentration performance of the immature kidney can be accounted for, not only
by the decreased corticopapillary osmotic gradient and diminished renal tubular
responsiveness to arginine vasopressin (AVP), but also by the markedly elevated HA
content-related limited water flow in the neonatal renal papilla. This additional
mechanism may be of great importance in neonatal adaptation when excess water
needs to be excreted (77).

SODIUM HOMEOSTASIS

Sodium chloride balance is normally maintained by renal sodium conservation and
excretion over a broad range of intakes. Newborn infants are limited in conserving
sodium when challenged by sodium restriction and in excreting sodium when
challenged by a sodium load.

Renal Sodium Excretion under Basal Conditions

In the first week of life, urinary sodium excretion and fractional sodium excretion,
in particular, are high and are inversely proportional to the maturity of the neonate
(78-82) (Fig. 2-3). Premature infants of less than 35 weeks’ gestation have an
obligatory sodium loss with subsequent negative sodium balance, which is believed
to be a physiologic measure for adjustments to extrauterine existence. It is assumed
to result from isotonic contraction of expanded ECW present at birth and the
disposal of excess extracellular sodium through the kidney. This concept has been
supported by the observation that the practice of giving a high fluid and sodium
intake to replace water and sodium loss was associated with increased incidence
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tion between fractional sodium excretion and gestational

26 28 30 32 34 36 38

! ! ! ! ! age. (From Siegel BR, Oh W: Renal function as a

marker of human fetal maturation. Acta Paediatrica
Gestation (weeks) Scandinavica 65:481-485, 1976, with permission.)

g-P..* oo

of patent ductus arteriosus (PDA), cardiac failure, bronchopulmonary dysplasia
(BPD), necrotizing enterocolitis (NEC), and intracranial hemorrhage (ICH), all
conditions known to relate to fluid overload and protracted expansion of ECW.

Tang et al (50) have shown that loss of body water after birth occurs to the
same extent in healthy preterm infant and in babies with RDS and is unrelated to
the volume of fluid administered.

Bell and Acarregui (83) reviewed the results of randomized trials on water
restriction and BPD, and concluded that although there is a trend for lower inci-
dence of BPD in preterm infants who received restricted fluid intake during the first
days of life, the difference is not statistically significant. Based on the result of this
metaanalysis, the most prudent prescription for water intake to premature infants
would seem to be careful restriction of water intake so that physiological needs are
met without allowing significant dehydration.

Recently Oh et al (84) demonstrated that higher fluid intake and less weight
loss during the first 10 days of life were associated with an increased risk of BPD.

Sodium, along with chloride concentration in plasma, often falls to low levels,
and urinary sodium excretion remains high relative to plasma sodium. It has
become apparent, therefore, that the redistribution of body fluid compartments
alone does not account for the high rate of urinary sodium excretion, but rather
may be caused by renal immaturity (85-87).

This contention is supported by the gestational age-related changes in sodium
balance and in the activity of the renin-angiotensin-aldosterone system (RAAS) in
one-week-old newborn infants with gestational ages of 31-41 weeks. It has been
demonstrated that in response to renal salt wasting and to the subsequent negative
sodium balance, premature infants augmented their plasma renin activity above
values found for full-term infants. Plasma renin activity correlated positively with
urinary sodium excretion, but negatively with sodium balance. Plasma aldosterone
concentration did not change with gestational age; urinary aldosterone excretion,
however, increased steadily as the gestation advanced. The clear dissociation
between plasma renin activity and aldosterone status strongly suggests that the
adrenals of premature infants do not respond adequately to stimulation in the
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Figure 2-4 Sodium balance and the activity of the renin-angiotensin-aldosterone system in one-
week-old newborn infants with gestational ages of 30-41 weeks. PRA=plasma renin activity,
PA=plasma aldosterone concentration, UAE=urinary aldosterone excretion. (From Sulyok E,
Németh M, Tényi J et al: Relationship between maturity, electrolyte balance and the function of
the renin-angiotension-aldosterone system in newborn infants. Biology of the Neonate 35:60-65,
1979, with permission.)

first week of life. Urinary aldosterone excretion was found to relate inversely to
renal sodium excretion, but directly to sodium balance (Fig. 2-4). These findings
indicate that the improvement of renal sodium conservation and establishment of
positive sodium balance with increasing maturation is causally related to aldoster-
one secretion and/or renal tubular aldosterone-reactivity (88).

Clinical and experimental studies, attempting to define the nephron segments
responsible for urinary sodium loss, indicate that the higher fractional sodium
excretion in premature infants is caused by deficient proximal and distal tubular
reabsorption of sodium. With advancing gestational and postnatal ages, significant
improvement occurs in renal sodium conservation (89,90).

Aldosterone-mediated distal reabsorption improves more rapidly to keep up
with the sodium load presented to this nephron site (91,92). According to the
concept of glomerulotubular imbalance, there is a morphologic and functional
preponderance of glomeruli to proximal tubules in immature nephrons.
Consequently, it is argued that a greater fraction of glomerular filtrate escapes
proximal tubular reabsorption (93,94).

Indeed, in the neonatal kidney the volume of proximal tubules (the membrane
area available for reabsorption), the net oncotic pressure favoring reabsorption
and the capacity of transporters involved in active sodium reabsorption are
reduced (95-97).

It is of note, however, that the distal nephron also exhibits immature sodium
transport characteristics consisting of high passive permeability, low baseline active
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transport, and mineralocorticoid unresponsiveness with low density and activity of
aplical Na™ channels (98,99).

Molecular Basis of Proximal Tubular Sodium Reabsorption

The sodium transporting capacity of the proximal tubule undergoes
maturational changes. Most of the luminal sodium uptake is mediated by
the Na'/H" exchanger (NHE) via electroneutral exchange of extracellular Na*
for intracellular H'. The NHEs are a widely distributed family of transport proteins
containing six members (NHE 1-6). They have 10-12 transmembrane span-
ning domains with an intracellular C-terminal region. Their amino acid sequences
show 45-65% homology. The six isoforms vary in terms of cellular location to
the apical or basolateral membrane, amiloride sensitivity and mode of
regulation (100).

NHE3, which predominantly mediates sodium-dependent apical proton secre-
tion in the proximal tubules, is stimulated by the low intracellular sodium gener-
ated and maintained by basolateral Na*-K"-ATPase. Membrane vesicles isolated
from animals at different stages of maturation and in vitro microperfusion studies
using neonatal juxtamedullary proximal convoluted tubules have shown a lower
rate of bicarbonate transport, decreased Na'-K'-ATPase and NHE activity in
immature compared to mature animals (96,97,101).

The postnatal maturation of NHE and the subsequent improvement of bicar-
bonate transport may be accelerated by adrenocortical steroid stimulation of either
NHE and Na*-K*-ATPase or direct, receptor-mediated angiotensin II stimulation
of NHE. More recently, parallel maturation of apical NHE activity, NHE3 mRNA
expression and NHE3 protein levels has been demonstrated, which can be acceler-
ated with glucocorticoids in newborn rabbits, but not with angiotensin II in fetal
sheep (102,103). Furthermore, thyroid hormones and the surge in circulating cat-
echolamine levels and increased sympathetic nerve activity at birth have also been
claimed to enhance NHE activity (104,105).

As glucocorticoids upregulate o-adrenergic receptor mRNA expression in prox-
imal tubules glucocorticoids may also potentiate the effect of catecholamines to
increase NHE activity (106). On the other hand, dopamine inhibits NHE-mediated
sodium uptake by proximal tubule segments and tonic inhibition of fetal proximal
tubular NHE activity by dopamine has been documented (107).

It is of note that the progressive increase in renal Na"™-H" exchange with
advancing gestational and postnatal age was described long before the discovery
of the NHE system (108).

Another way for sodium entry into the proximal tubular cells is the sodium-
dependent phosphate co-transport system (Na-Pi). The transport is electrogenic
and involves the co-transport of three sodium ions and one phosphate anion. Three
distinct isoforms of mammalian Na-Pi (1-3) have been identified. All are expressed
in the proximal tubule cells, but Na-Pi2 is exclusively located in the brush border
membrane and has a predominant role in proximal tubular Pi reabsorption. It has
been documented that the transport rates of Na-Pi were substantially higher in
brush-border membrane vesicles obtained from newborns than those from adults.
The high transport capacity of the Na-Pi co-transport system in the newborn
kidney, however, is associated with low adaptability to changes in dietary Pi
intake. Interestingly, the expression of the Na-Pi mRNA levels in newborns was
similar or lower than those in adult rats, suggesting that the increased protein levels
and activity of the co-transporter early in life may be accounted for by post-tran-
scriptional regulation. Parathyroid hormone has been shown to inhibit, while
growth hormone and insulin-like growth factor increase the Na-Pi-mediated
sodium and phosphate uptake (109).



Sodium uptake by the proximal tubule cells can also be achieved by Na-amino
acid and Na-glucose co-transporters located in the brush border membrane.
Sodium-coupled amino acid and glucose transport are developmentally regulated
having low activity during the fetal/neonatal period followed by a steady increase as
the maturation progresses. The limited co-transport of Na with amino acids and
glucose is responsible for the low threshold of amino acid and glucose reabsorption
and contributes to the generalized aminoaciduria and glucosuria frequently seen in
early life. On the other hand, it appears to constrain quantitatively important Na
influx into the brush-border membrane vesicles, thereby to diminish proximal
tubular sodium reabsorption (110).

Molecular Basis of Distal Tubular Sodium Reabsorption

There have been several reports to reveal developmental regulation of sodium
transport in the cortical collecting duct (CCD), a nephron segment that plays an
important role in determining sodium excretion in the final urine. Vehaskari (94),
using isolated perfused rabbit CCD at three different postnatal ages, has found that
the maturation of sodium transport occurs in two stages: first the high passive
sodium permeability decreases to mature levels during the first two weeks of life,
followed by the second stage, an increase in active transport capacity and simulta-
neous development of mineralocorticoid responsiveness. Vehaskari assumed that
the immaturity of active sodium transport may be attributed to intracellular
mechanisms that limit transcellular sodium flux. These may include (1) incomplete
polarization of the principal cells, (2) decreased basolateral Na*-K"-ATPase activity,
(3) decreased apical Na permeability due to a decreased number of Na channels,
and (4) decreased conductance of the existing channels.

The amiloride-sensitive epithelial sodium channel (ENaC) is made of three
homologous subunits, named o, B, and y ENaC. The o ENaC subunit expressed
alone is for channel function and can drive sodium absorption. The B and vy
subunits have been demonstrated to stabilize the channel and to allow proper
insertion into the membrane. The expression of the three subunits together induces
a multiple increase in the amiloride-sensitive sodium flux compared with the o
ENaC alone (111). The expression profile of o ENaC mRNA is very similar to that
of o;Na*-K"-ATPase mRNA, a constituent of the sodium pump involved in active
transepithelial sodium transport. During gestation there is a gradual rise in the
renal expression of both o ENaC and o; Na'-K"-ATPase mRNA, which reaches a
plateau after birth. Furthermore, o ENaC mRNA correlates directly with o; Na*-
K'-ATPase mRNA, suggesting that the renal expression of these transporters is
regulated by common factors during the perinatal period (112).

Further studies to explore the cellular mechanisms of the limitation of active
sodium transport in the distal nephron have shown that in microdissected rat
nephron segments all three ENaC mRNA subunits were exclusively detected from
the distal convoluted tubule to the outer medullary collecting duct. The levels of
their expression, however, proved to be very low during the late fetal period, but
they increased rapidly to reach adult level within 24-72 hours after birth. The
authors have suggested that the low ENaC subunit gene expression is a potentially
limiting factor in Na transport in the very immature kidney only; impaired trans-
lation and/or impaired targeted trafficking of the channel protein may also be
implicated (113).

To get some more insight into the underlying mechanisms of the low net
sodium absorption by the developing CCD, intensive research has been performed
on the apical membrane ion conductance and channel expression during the late
fetal and early postnatal period. It has been clearly demonstrated that the low rate
of sodium absorption in the early neonatal period can be attributed to the paucity
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of conducting apical ENaCs in principal cells of the CCD and to the lower open
probability of these channels in the first then after the second week of life (114).

A markedly increased abundance of the transcripts of all three ENaC subunits
has been observed in the last 3—4 days of fetal life in rats. After birth only modest
changes could be detected with increasing o and decreasing B and 7y subunits.
Interestingly, as the kidney matures the expression of the ENaC subunits is redis-
tributed from the inner medullary collecting duct to the CCD (115).

The perinatal upregulation of ENaC activity appears to be related to the peri-
natal surge of adrenocortical steroid hormones because the trend and time course
of the two events run parallel. In contrast to this notion the developmental expres-
sion of the three subunits of ENaC did not differ between corticotropin-releasing
hormone knockout mice and wild type animals, indicating that the endogenous
corticosteroids have no influence on the perinatal expression of ENaC. Interestingly,
exogenous, synthetic glucocorticoids (Dexamethasone) significantly enhanced pre-
natal expression of a-subunit but did not affect the expression of B and y subunits
of renal ENaC (116).

The different response is assumed to be the result of metabolization of the
endogenous glucocorticoids by the kidney. In fact, abundant 11 B-hydroxysteroid
dehydrogenase type 2 mRNA expression has been noted in fetal mouse kidney, so it
is relevant to suggest that this enzyme inactivates endogenous glucocorticoids and
by co-localizing with mineralocorticoid receptors is involved in protecting steroid
receptors and in controlling glucocorticoid action in developing renal tissues (117).

In addition to the ENaC expression, the ontogenetic expression patterns of
other sodium transport proteins have also been examined to define the sodium
entry pathways during nephrogenesis. Using high-resolution histochemical techni-
ques and in situ hibridization these transport proteins have been found to begin to
be expressed in early nascent tubular segments. Along with the structural differen-
tiation and segmental specialization of this distal nephron, cells committed to active
sodium transport exhibit transporters including bumetanide-sensitive Na-K-2Cl
co-transporter, Na-Cl co-transporter and Na/Ca exchanger (118). The physiological
significance of the transcription of these transport proteins early during develop-
ment before the excretory function of the kidney is established needs to be defined.

Other Factors Influencing Renal Sodium Handling

In addition to renal immaturity, any increase in GFR, urine output, and fractional
sodium excretion contributes to renal salt wasting. Lorenz et al (120) identified
three distinct phases of fluid and electrolyte homeostasis in low-birth weight pre-
mature infants with or without RDS during the first days of life. The low urine
output of the first day (prediuretic phase) is followed by spontaneous diuresis and
natriuresis during the second and third days independent of fluid intake (diuretic
phase). The onset, duration, and extent of diuresis appear to be variable. The high
rate of urine flow and sodium excretions is assumed to be the result of abrupt
increases of GFR and fractional sodium excretion subsequent to the reabsorption of
residual fetal lung fluid and expansion of extracellular space. During the postdiure-
tic phase GFR remains unchanged, and urine flow and sodium excretion decrease to
values intermediate between those observed in the prediuretic and diuretic phases
and begin to vary appropriately in response to changes in fluid intake (119,120).

Premature infants, receiving a high intravenous fluid load, have a high renal
sodium loss and an exaggerated sodium deficit. To maintain sodium balance and
normal plasma sodium level with intravenous infusions, sodium and fluid intake
should be restricted or extra sodium should be given.

Bueva and Guignard (121) also concluded that by providing restricted fluid
intake with low sodium (1-2 mEg/kg/day), premature infants with birth weight of



1000-1500 g have fractional sodium excretion not higher than 2.2% and are able to
maintain sodium balance. In this group of preterm neonates plasma sodium con-
centration, however, fell to a level of 132 mEq/L at postnatal age of 15-16 days.
In their view the high rate of sodium excretion is iatrogenic in nature and may be
due to the liberal fluid intake. The concept, therefore, that salt wasting in preterm
neonates is the result of renal immaturity and NaCl supplement should be
given to prevent or correct sodium depletion is wrong. In their study fluid
intake was 80 mL/kg on the first day and then increased by 20 mL/kg/day to reach
150 mL/kg/day by the end of the first week.

More recently, Delgado et al (122) conducted a longitudinal prospective study
of very low birth weight premature infants with gestational age of 23-31 weeks to
measure parameters of sodium balance weekly for 5 weeks. Fluid intake did not
exceede 150 mL/kg/day in any gestational and postnatal age group and sodium
intake was also kept at a relatively low level of less than 4 mEq/kg/day. An inverse
relationship was found between fractional sodium excretion and gestational age,
and fractional sodium excretion fell progressively in each age group with increasing
postnatal age (Fig. 2-5). A state of positive sodium balance was not consistently
detected until after ~32 weeks of gestational age. Unfortunately, the postnatal
course of plasma sodium was not presented, but the unique value of this report
is the measurement of o-ENaC mRNA expression in human kidney homogenates
obtained from fetuses of 20-36 weeks’ gestation. Most importantly, they could
demonstrate for the first time the developmental regulation of the expression
of a-ENaC expression, the channel protein that mediates the final excretion of
sodium during gestation in humans. They identified a significant inrease of
~25% in o-ENaC mRNA abundance between 20 and 36 weeks of gestational age.

This study is of primary importance to underscore that inefficient sodium
handling is an intrinsic feature of the immature kidney, albeit variations in
sodium and fluid intake may modify the rate of urinary sodium excretion and
subsequently the sodium balance.

As current clinical practice of fluid management of low-birth weight premature
infants is quite variable, it is imperative to establish clinical and laboratory para-
meters that dictate sodium and water intake to meet the optimal needs of infants at
various gestational and postnatal ages.

Several approaches have been applied to assess liberal or restricted fluid therapy
including determination of urine flow rate, osmolality and sodium excretion, body
weight changes with or without plasma sodium levels, and measurements of ECW,
TBW and body solids. Occasionally, hormone parameters controlling salt- and
water-balance have also been determined. Another approach is to relate fluid ther-
apy to the incidence, severity and mortality of neonatal pathologies known to be
associated with fluid-overload. Using different approaches different conclusions
could be drawn. However, by integrating the available data, a unified concept
may emerge which could be considered for planning neonatal fluid therapy.

However, the renal responses to variations in sodium and water intake are often
unpredictable, therefore individualized fluid and electrolyte therapy is needed
(Table 2-3).

Renal Sodium Excretion in Response to Salt Loading

The renal response of the newborn to salt loading is blunted compared with that of
the adult. Low glomerular filtration rate (GFR) is a limiting factor, although the
difference in sodium excretory response between newborns and adults still exists
when correction is made for GFR. Studies using free water clearance and the tech-
nique of distal nephron blockade have identified the distal nephron as the site
where fractional sodium reabsorption increases as development proceeds (123,124).
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Table 2-3 Daily Total Fluid Intake in Premature Infants with Birth Weight less
than 1500 g during the First 10 Days of Life (mL/kg)

Neonatal Research Network

BPD-free survivors Death or BPD
Age
(days) lowa Lausanne Intake Weight loss (%) Intake Weight loss (%)
1 65-75 80 no data no data
2 75-80 100 118 0.4 136 0.1
3 90-95 120 134 3.8 158 2.8
4 140 147 7.3 170 6.7
5 150 154 9.7 171 8.1
6 150 157 8.7 169 7.4
7 120-130 150 156 8.1 165 6.3
8 130 150 153 6.4 163 4.7
9 130 150 152 4.7 159 3.3
10 ~135 150 150 3.1 158 1.8

From Bell EF, Acarregui MJ: Restricted versus liberal water intake for preventing morbidity and mortality in preterm
infants. Cochrane Database System Review, CD 000503, 2001.

Bueva A, Guignard J-P: Renal function in preterm neonates. Pediatric Research 36:572-577, 1994.

Oh W, Poindexter BB, Perritt R et al: Association between fluid intake and weight loss during the first ten days of life
and risk of bronchopulmonary dysplasia in extremely low birth weight infants. Journal of Pediatrics 147:786-790, 2005.

Initial weight loss of no more than 12-15% of birth weight was allowed. In the Neonatal Research Network the
study subjects had mean birthweight and gestational age of 736 g and 25.4 weeks in the bronchopulmonary dysplasia
(BPD) group and 815g and 26.7 weeks in the BPD-free survivors group.

The augmented distal tubular sodium transport is assumed to be mediated by
the high concentration of plasma aldosterone. This assumption is supported by the
diminished response of the renin-angiotensis-aldosterone system to suppression by
volume expansion with isotonic saline infusion (125). However, in the newborn
dog, most of the increase in sodium load to the distal nephron, which occurs during
NaCl expansion, is reabsorbed in the thick ascending limb of the loop of Henle, and
it is independent of aldosterone stimulation (126).

When a dose of 0.12 g/kg NaCl is administered orally to premature and term
neonates during the first week of life, a significantly higher natriuretic response
occurs in premature infants of 29 to 35 weeks’ gestation than in term infants. When
the natriuretic response to salt challenge is followed in a premature infant until its
expected term, the response diminishes to a value characteristic for term neonates.
However, the renal capacity to excrete a sodium load is still much lower in pre-
mature infants than in children 8-14 years of age (80,127).

The postnatal development of the natriuretic response to salt challenge is
accelerated by dietary manipulation. Chronic sodium loading augmented a natri-
uretic response to acute volume expansion in pre-weaned rats, but the renal
response is incomplete and independent of GFR and plasma ANP levels (128).

Infants receiving a high-salt diet before being given a salt load have a greater
capacity to excrete sodium than those on a low-salt diet. In some studies sodium is
more rapidly excreted when given as NaHCOj; than as NaCl. Others have found
no difference in the rate of excretion of sodium as bicarbonate versus sodium
as chloride in response to loading doses in the dog. However, the mechanism
of natriuresis is probably different. With sodium chloride loading, sodium
delivered to the distal nephron is reabsorbed with chloride in the thick ascending
limb of Henle’s loop, whereas with sodium bicarbonate loading, sodium is
reabsorbed in the late distal and cortical collecting tubules in exchange for
potassium and H' (129).
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It is of interest that bicarbonate excretion appears to be largely independent of
sodium excretion during the period of spontaneous diuresis. Bicarbonate is effec-
tively retained and the major anion accompanying excreted sodium is chloride, not
bicarbonate (130).

Intestinal Sodium Transport

Sodium absorption from the gastrointestinal tract is efficient. Fecal sodium excre-
tion is usually less than 10% of the intake in very-low-birth weight premature
infants and does not vary significantly with age over the period of 2—7 postnatal
weeks (86).

Al-Dahhan et al (131), investigating the development of intestinal sodium
handling, report that stool sodium loss correlates inversely with postconceptional
age and parallels urinary sodium excretion, although at much lower absolute values.
By contrast, experimental evidence suggests that amiloride-sensitive, electrogenic
sodium absorption in the distal colon is more efficient in the newborn than in adult
rabbits, and it is assumed to be accounted for by the high circulating aldosterone
levels in the neonate (132,133).

Studies on the ontogeny of colonic sodium transport in early childhood have
shown the highest sodium absorption rate in preterm infants with gestational age of
30-33 weeks. This decreases in parallel with the fall of plasma aldosterone as ges-
tational and postnatal ages advance. It has been postulated, therefore, that the
maturation of colonic sodium absorption precedes that of the renal tubular
sodium reabsorption, and it functions as a major self-conserving mechanism that
counterbalances urinary sodium loss (134).

DISTURBANCES IN PLASMA SODIUM CONCENTRATIONS

Early-Onset Hyponatremia

Hyponatremia (plasma sodium less than 130 mEq/L), occurring in the first week of
life, is designated as an early type of hyponatremia. It is attributed to water reten-
tion, but sodium depletion may also contribute. It occurs in association with exces-
sive free water infusion into the mother, with perinatal pathology causing
nonosmotic release of antidiuretic hormone (ADH) (135), and with salt-restricted
parenteral fluid regimen (136).

Placental permeability to sodium in sheep fetuses increases as gestation pro-
gresses so that, prenatally, free water is more likely to be retained early in gestation
when ewes are given excess free water (137).

Infants born to mothers on a diet deficient in sodium are also at risk for early
hyponatremia (138).

Late-Onset Hyponatremia

This is usually the result of a combination of inadequate sodium intake, renal
salt wasting, and free water retention. Accordingly, its incidence, severity, and dura-
tion are influenced by the maturity of the neonate and the feeding protocol applied.
In the early study by Roy et al (87), when fluid intake was liberal (150-200 mL/kg
per day) and only 1.6 mEq/kg per day sodium was given, late hyponatremia
occurred in 30-40% of very-low-birth weight infants (Fig. 2-6). When the
daily sodium intake was increased to 3 mEq/kg, late hyponatremia was reduced
to less than 10% and was practically eliminated when sodium intake was further
increased (86,87).
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Shaffer and Meade observed lower plasma sodium concentration in infants
receiving 1 mEq/kg per day than in those receiving 3 mEq/kg per day sodium
over 30 days; however, the pattern of sodium balance remained similar (139).

Lorenz et al (140) maintained plasma sodium in the normal range when they
administered a low sodium intake (about 1 mEq/kg per day) and restricted fluid (60
to 80 mL/kg per day), resulting in a weight loss of 13—15%. This approach tested the
hypothesis that hyponatremia is accounted for mainly by the high-volume formula
intake, natriuresis, and associated water retention. These authors conclude that,
given the lack of adverse effects of their low sodium and free water regimen and
the absence of hyponatremia, this regimen was appropriate for very-low-birth
weight infants. They concluded that no sodium supplement is needed.

Costarino et al (136) compared a salt-restricted parenteral fluid regimen with a
sodium-supplemented maintenance regimen (3—-4 mEq/kg per day) for the treat-
ment of very-low-birth weight infants during the first 5 days of life. Maintenance
sodium intake resulted in a nearly zero sodium balance, whereas sodium-restricted
infants continued to excrete urinary sodium at a high rate, which promoted more
negative balance. No differences were noted between the two groups in urine
output, GFR, urinary sodium excretion, and osmolar clearance. However, serum
sodium concentrations were significantly higher in maintenance infants than in
restriction infants despite the increased fluid intake in the former. Clinical outcome
was not affected by sodium intake except for the lower incidence of bronchopul-
monary dysplasia in the sodium-restricted group. The authors conclude that
sodium intake should be restricted and the least amount of intravenous fluid

43

14

JLVNOIN ANV SNL34 FHL NI INSINOEV 13N INNIAOS 40 SLO3dSV 1VN3IY



ELECTROLYTE BALANCE DURING NORMAL FETAL AND NEONATAL DEVELOPMENT

44

should be provided to maintain serum sodium concentration in the normal range.
However, their study was limited to the first week of life, and the authors did not
obtain reliable information toward defining sodium requirements during the
second and third weeks, a period of rapid growth, when late hyponatremia devel-
ops. In fact, longitudinal studies reveal that preterm infants on a low-sodium diet,
who have renal salt wasting, sustain a protracted sodium loss. In this setting, limit-
ing water intake does not address the sodium deficit; it aggravates volume
depletion.

The study by Wilkins (141) argues against sodium restriction; low-birth weight
infants excreted excessive amounts of sodium and severe sodium depletion devel-
oped during the first 2 weeks, regardless of plasma sodium concentration. However,
after some initial increase plasma sodium fell progressively and often culminated in
profound and prolonged hyponatremia.

Interestingly, Shaffer et al (142) noted late hyponatremia in association with
reduced ECW in 6 out of 18 infants who were born at 32 weeks’ gestational age.
This finding indicates that endocrine reactions often do not normalize sodium and
water balance but lead to sodium chloride losses. Consequently, sodium chloride
supplements are needed.

In a randomised controlled trial Hartnoll et al (143,144) compared the effects
of early (on 2nd day after birth) and delayed (when weight loss of 6% of birth
weight was achieved) sodium supplementation of 4 mmol/kg/day on body compo-
sition and sodium balance in infants of 25-30 weeks’ gestational age. In the delayed
group there was a significant reduction in TBW and ECW by the end of the first
week whereas body solids accrued more rapidly in the early group. By day 14
significant differences in body composition were no longer seen. Sodium balance
was negative in both groups after the first day and fractional sodium excretion did
not differ. It was concluded that early supplementation can delay the physiological
water loss, which may cause an inreased risk of continuing oxygen requirement not
mediated by alterations in pulmonary artery pressure, but rather by retaining inter-
stitial lung fluid, lowering lung compliance and exacerbating respiratory
compromise.

Our own supplementation policy proposes to give extra sodium at a dose of 3-5
mmol/kg/day and 1.5-2.5 mmol/kg/day for 8-21 days and 22-35 days, respectively.
Delayed sodium supplementation does not interfere with cardiopulmonary adapta-
tion but ensures positive sodium balance and maintains normal plasma sodium
concentrations. Moreover, supplemental sodium prevents the excessive activation
of renin-angiotensin-aldosterone system (RAAS), and plasma renin activity,
plasma aldosterone concentration and urinary aldosterone excretion remain
within the limits characteristic for healthy full-term neonates (145); (Fig. 2-7).

Reduction of flow-dependent urinary sodium excretion (146) and maintaining
positive sodium balance by providing restricted fluid intake may carry the risks that
the sodium requirements for growth are not met. Moreover, under the conditions
of low sodium and fluid intake a positive sodium balance can be achieved by
excessive activation of RAAS only, which indicates some extent of volume deple-
tion, marginal somatic stability and still undefined long-term consequences.

Early Hypernatremia

In early hypernatremia, plasma sodium exceeds 150 mEq/L. Repeated administra-
tion of hypertonic sodium bicarbonate solution to ‘correct’ acidosis in critically ill
low-birth weight neonates who have compromised renal function is the most
common cause of neonatal hypernatremia. This hypernatremia can be reduced or
avoided by decreasing the concentration of the sodium bicarbonate given and the
amount infused. Very-low-birth weight infants are also at risk for developing



Figure 2-7 Postnatal development plasma renin activ-
ity (PRA), plasma aldosterone concentration (PA) and
urinary aldosterone excretion (UAE) in premature infants
with and without NaCl supplementation during the first
six weeks of life. (From Sulyok E, Németh M, Tényi |,
Csaba IF, Varga L, Varga F: Relationship between the
postnatal development of the renin-angiotensin-aldos-
terone system and electrolyte and acid-base status of
the NaCl-supplemented premature infants. In Spitzer A
(Ed.): The kidney during development. Morphology and
function (pp 272-281). New York: Masson Publishing,
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hypernatremia from extremely high insensible water loss. This is augmented when
radiant warmers and phototherapy are used (147) and by the limited ability of the
immature kidney to concentrate urine and reabsorb free water (148).

Attempts should be made to reduce insensible water loss, to carefully monitor
water balance, and to adjust water intake appropriately to prevent hypernatremia.
Hypernatremia occasionally occurs after the first week of life in premature infants
who are receiving NaCl supplementation and inadequate free water.

Clinical Consequences of Inadequate Sodium Intake

Premature infants fed breast milk or those fed low-sodium formula and develop
renal salt wasting often become sodium depleted and hyponatremic. Premature
infants with late hyponatremia generally are asymptomatic. However, some develop
apnea and neurological symptoms such as irritability and convulsion.

Sodium chloride makes a major contribution to plasma osmolality. As a result,
the fall in plasma sodium is accompanied by a parallel decline in plasma osmolality.
A decrease in cell solute content, which occurs in chronic hyponatremia, lowers the
increase in cell volume that initially occurs with hyponatremia. The concentrations
of intracellular organic osmolytes decrease; these include taurine, myoinositol,
phosphocreatine, glutamate, glutamine, and glycerophosphorylcholine. Central
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AVP and ANP have also been shown to participate in brain volume regulation.
When the brain is exposed to severe hyponatremia AVP accelerates, while ANP
reduces cellular water accumulation (149). AVP action is V,-receptor mediated
and it has been claimed to stimulate water flux via AQP4, the brain-specific
water channels, directly (150).

It has also been proposed that the V,-receptor is coupled with the sodium
channel and AVP primarily enhances cellular sodium uptake, which is followed by
the passive, osmotically-driven channel-mediated water transport. This possibility
is supported by the observations that specific blockers of the sodium channel
(benzamil, amiloride, amiloride analogues) prevent cellular swelling and an increase
in brain water content (151,152). These findings may have relevance to hypona-
tremic premature infants because, during the period of early or late hyponatremia,
preterm infants may encounter increased AVP secretion (153).

During correction of hyponatremia, the reaccumulation of organic osmolytes is
delayed following the return of plasma sodium to normal. Rapid correction of
hyponatremia may be associated with neurologic lesions, typically designated as
central pontine myelinolysis, although sustained deprivation of organic solute alone
may also have adverse effects (154).

Central pontine myelinolysis is a rare condition characterized by a symmetri-
cally sited central pontine lesion with a loss of myelin and an absence of inflamma-
tion. Its pathogenesis is not clearly defined, however there have been reports
implicating apoptosis-mediated death of oligodentrocytes as a significant contrib-
utor to the demyelination. Pro-apoptotic markers have been detected in glial cell
cytoplasm and there is evidence of activated caspaces to initiate proteolytic
cascade (155).

Others have assumed the role of blood-brain barrier disruption, activation of
the complement cascade, complement-induced oligodentrocyte lysis and immuno-
logical destruction of white matter in the process of demyelinolysis (156). This
immune-mediated mechanism is supported by the prevention of blood-brain bar-
rier disruption and of the severe neurological impairment when dexamethasone
treatment was applied (157).

Sodium deficiency during gestation in rats is associated with impaired brain
growth and alterations in brain cholesterol, protein and RNA content (158).
Accordingly, there are data indicating that neonatal sodium deficiency may have
unfavorable influences on later development of cognitive and mental functions
(159) and severe hyponatremia may be a risk factor for sensorineural hearing
loss (160).

Sodium depletion has been associated with retarded growth in height and
weight in animals and humans. Young rats with diet-induced sodium deficiency
have reduced RNA concentrations and exhibit decreased rates of protein synthesis
in skeletal muscle (161).

It has been suggested that ECF volume contraction and hyponatremia reduce
growth factor-stimulated Na*-H" exchange activity, decrease muscle intracellular
pH, and impair DNA synthesis and cell growth (162). Premature infants with late
hyponatremia have been shown to have reduced concentrating performance due to
the blunted renal response to AVP. The limited renal tubular sodium reabsorption
and the hyponatremic state may hinder the establishment of intrarenal osmotic
gradient and impair renal response to AVP, thus preventing excessive water reten-
tion and further worsening of hyponatremia (163).

Since Barker et al (164) put forward the hypothesis of fetal origin of some adult
diseases many studies have been published to confirm the association of low birth
weight and hypertension in adult life. In spite of the great progress that has been
made in our understanding of the effect of fetal programming on subsequent
organ function and adult disease, the underlying mechanisms still remain to be



clearly established. Several lines of evidence have been provided, however, that a
reduction in nephron number, enlargement of glomerular volume, alterations in
renal sodium handling and adrenocortical hormones are likely to have an impact
on blood pressure (165).

It is also to be considered that in low-birth weight premature infants the
responses of salt-retaining hormones to renal salt-wasting and sodium depletion,
in particular the excessively activated renin-angiotensin-aldosterone system, may
have far-reaching consequences on the later course of blood pressure control (166).
This assumption awaits exploration.

Clinical Consequences of Excessive Sodium Intake

Excessive use of hypertonic sodium bicarbonate for the correction of severe met-
abolic acidosis associated with perinatal asphyxia and RDS causes hypernatremia,
which increases the risk of neonatal intracranial hemorrhage. The rapid osmotic
shift of fluid from ICW leads to cell dehydration, brain shrinkage, and tearing of the
cerebral capillaries (167).

In immature animals cerebral cell volume regulation is well developed to main-
tain brain size in the face of hypernatremic stress. The elevated brain water content
is associated with increased concentration of osmoprotective molecules. During
development there is a parallel decline in brain water, total electrolyte, and organic
osmolyte contents. The percentage contribution of inorganic solutes to osmopro-
tection is greater than that of organic solutes in immature animals than in adult
animals and among the individual organic osmolytes taurine is the most prominent
cerebral osmolyte. In support of this notion taurine levels are elevated in the
immature brain and cerebral taurine best correlates with brain water content in
normonatremic developing animals (12).

High fluid and sodium chloride administration, which offsets the physiological
contraction of ECF volume in the first week of life, has severe consequences that
include inducing PDA, cardiac failure, BPD, ICH, and NEC. A second problem is
that low-birth weight infants, who are fed formula with extra sodium chloride to
promote growth, retain salt and water, as evidenced by AVP-mediated reduction in
free water clearance (168) and development of delayed-onset peripheral edema,
signs of increased intracranial pressure, and congestive heart failure (169).

In full-term newborn infants variations in sodium intake had immediate and
long-term effects on blood pressure. Infants kept on low sodium during the first six
months of life encountered lower blood pressure at the end of the trial and 15 years
later (170).

In view of the widespread untoward clinical consequences of inadequate or
excessive sodium intake, sodium supplementation in low-birth weight neonates
should be tailored to their individual needs, determined by close monitoring of
sodium and water balance and some relevant endocrine parameters. The optimal
timing, dosage, and route of sodium supplementation remain to be established.

SODIUM HOMEOSTASIS AND ACID-BASE BALANCE

Recent studies from our laboratory provided evidence that acid-base regulation and
renal sodium handling are closely related in the neonatal period (171).

The limited capacity of the immature kidney to excrete H is associated with an
obligatory sodium loss. The maturation of renal acidifying processes with increas-
ing gestational and postnatal age results in a progressive increase in renal Na*-H"
exchange and in a steady decline in sodium excretion.

Furthermore, metabolic acidosis has been shown to enhance renal sodium
excretion and the acidosis-induced urinary sodium loss has been found to follow
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a developmental pattern; the lower the birth weight and the younger the age of the
neonate, the less pronounced was the sodium excretory response.

Renal salt wasting, in turn, has been shown to contribute to the development of

late metabolic acidosis, as indicated by:

(a) significantly negative correlation between the renal threshold for bicarbon-
ate reabsorption and urinary sodium excretion;

(b) the similar trend and time course of late metabolic acidosis and late hy-
ponatremia due to the low rate of renal sodium reabsorption in exchange
for H'; and

(c) metabolic acidosis in premature infants was less severe when supplemental
NaCl was given to prevent sodium depletion and late hyponatremia.

All these observations are in line with the low activity of renal NHE3 in early

life and its steady rise with advancing maturation.
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Chapter 3

Potassium Metabolism

John M. Lorenz, MD

Normal Metabolism
Developmental Physiology
Clinical Relevance

NORMAL METABOLISM

Total body potassium (K) in an adult male is about 50 mmol/kg of body weight and
is influenced by age, sex, and, very importantly, muscle mass. Approximately 98%
of the total body K is found in the intracellular fluid (ICF) space at a concentration
of 100-150 mmol/L, depending on the cell type. This high intracellular [K'] is
essential for many basic cellular processes. In plasma water, the concentration of K
is only 3.5-5 mmol/L. (In interstitial fluid water, with which ICF K is in equili-
brium, [K"] is 7-8% higher due to the Gibbs-Donnan equilibrium.) This steep [K*]
gradient from the ICF to extracellular fluid (ECF) compartment is maintained by
active transport of K into the cell in exchange for sodium, which is mediated by
sodium-potassium-triphosphatase (Na",K*-ATPase) in the cell membrane. Most of
the total body K is contained in muscle. This gradient is the major determinate of
the resting membrane potential across the cell membrane, affecting muscle excit-
ability and contractility.

Figure 3-1 shows the distribution and regulation of total body K in the
normal adult.

K homeostasis requires appropriate internal distribution of K and maintenance
of an appropriate external K balance. Regulation of the internal K balance refers to
the regulation of the critical concentration K gradient across cell membranes.
Regulation of the external K balance refers to the regulation of total body K content.
While maintenance of total body K balance is dependent on excretion of K, pre-
dominantly by the kidney, this is a relatively slow process. In the adult, daily K
intake (~ 100 mmol/day) exceeds the total K content of the ECF and only ~ 50% of
oral K load is excreted in the following 4—6 hours. Of the retained K, 80-90% is
rapidly transported from the ECF to the ICF space. Thus, life-threatening hyper-
kalemia would result were it not for the temporary, but rapid, extracellular to
intracellular translocation of the transient excess of K.

Regulation of Internal K Balance (1)

The regulation of K distribution across cell membranes is critical for cellular func-
tion. Uptake of K into cells is active in exchange for Na driven by Na*,K"-ATPase,
whereas the efflux of K from the cell is passive and depends on the type, density and
open probability of K specific channels in various cell types. Figure 3-2 illustrates
the factors affecting internal K balance. An increase in plasma [K+] decreases the



External balance Internal balance

Intake
100 mEq ICF
3500 mEq
(140-150 mEq/L)
(>95%)
ECF Plasma Muscle
70 mEq 17 mEq D
Stool (35-5.5 (35-55 | «—> 2 g
10 mEq
mEqg/L) mEg/L) >
(2%) (0.5%)
Liver
250 mEq
Bone
300 mEq
Excretion
Erythrocytes
90 mEq 250 mEq

Figure 3-1 Total body K distribution and regulation in a 70 kg adult under normal conditions.
(From Williams ME, Epstein FH: Internal exchanges of potassium. In Seldin DW, Giebisch G (Eds):
The Regulation of Potassium Balance (pp. 3-29). New York: Raven Press, 1989, with permission.)

concentration gradient against which the Na*,K*-ATPase pump must operate and
thereby favors cellular uptake of K. A decrease in plasma [K"] decreases cellular K
uptake by increasing this concentration gradient.

Insulin stimulates the cellular uptake of K by hepatocytes and muscle cells,
independent of its affect on glucose transport, by inducing an increase in Na*,K*-
ATPase activity. Beta-adrenergic stimulation promotes K uptake by hepatocytes,
skeletal, and cardiac muscle via beta-2 receptors. Conversely, beta-adrenergic block-
ade impairs cellular uptake of K. Insulin and the beta-adrenergic system are

Intracellular Hypokalemia Dietary K*
fluid Acidemia intake
Hyperosmolality 100 mmoles/day
Ischemia; cell damage
Muscle cells o-adrenergic agonists
3,000 Heavy exercise
mmoles
Liver cells K+ movement ECF
200 into and out of cells 65
mmoles mmoles
Red blood Hyperkalemia
cells Alkalemia
235 mmoles B-adrenergic agonists
insulin
Urine Stool
92 mmoles 8 mmoles
per day per day

Figure 3-2 Factors influencing the distribution of K between the ICF and ECF compartments.
(After Schafer J: Renal regulation of potassium, calcium and magnesium. In Johnson LR (Ed.):
Essential Medical Physiology (pp. 437-446). Amsterdam/Boston: Elsevier Academic Press, 3rd
edn, 2003, with permission.)
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important components of the extrarenal defense against hyperkalemia and act in
both physiological and pathological concentrations. Alpha-adrenergic receptor
stimulation promotes efflux of K from hepatocytes. The role of aldosterone in
modulating internal K balance is uncertain.

Acute administration or the production of acid with an associated anion to
which the cell membrane is relatively impermeable (i.e., exogenous hydrochloric
acid, ammonium chloride or endogenous acidosis of uremia) promotes K efflux
from cells (2). In this situation, K and sodium (Na) exit the cell in exchange for the
excess ECF protons, which are buffered intracellularly, in order to maintain elec-
troneutrality across the cell membrane. However, with organic acidemia (e.g., lactic
acidemia), the associated anion diffuses into the cell more freely and thus is not
associated with K efflux. During respiratory acidosis the increment in plasma [K+]
for any given change in pH is greater than with organic acidemia, but less than with
mineral acidemia. An increase in the diffusion of bicarbonate (HCQ3) into cells as
the result of an increase in plasma [HCO; ], independent of ECF pH, may be
associated with the concomitant uptake of K. Respiratory alkalosis does not pro-
mote much shift of K across cell membranes.

The shift of water out of cells with severe ECF hyperosmolarity increases the
intracellular [K"], promoting K efflux from cells. Impairment of Na",K"-ATPase
activity by hypoxia (or loss of Na*,K*-ATPase activity with cell death) results in the
movement of K out of the cell down its concentration gradient.

Regulation of External K Balance

Total body K content is a reflection of the balance between K intake and output.
K intake depends on the quantity and type of intake. Under normal conditions the
average adult takes in about 50-100 mmol of K per day, about the same amount as
Na. K output occurs through three primary routes: urine, gastrointestinal tract,
and skin.

Secretion T

K intake
ALDO, ADH Reabsorption T

Flow T
Alkalosis

Regulatory mﬂuences .

R

65% R /Prlnmpal
DCT
/ f ’ \.' CCT cell

CCT' N
5% J-- N \Intercalated
MCD S cell

Figure 3-3 Summary of K transport along the nephron. Arrows demonstrate the direction of net
K transport. The percentages of the filtered K load remaining at specific nephron sites are shown.
The collecting duct system is indicated by the hatched portion of the nephron. R, reabsorption;
S, secretion; PCT, Proximal convoluted tubule; TAL, thick ascending limb of the loop of Henle; DCT,
distal convoluted tubule; ICT, initial connecting tubule; CCT, cortical collecting tubule; MCD, med-
ullary collecting duct; ALDO, aldosterone; ADH, antidiuretic hormone. (From Giebisch G, Wang W:
Potassium transport from clearance to channels to pumps. Kidney Int 49: 1624, 1996, with
permission.)
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Figure 3-4 Cell models of K transport along the nephron. Transport across the apical membrane
is different in each nephron segment or cell type, but basolateral membrane transport is similar.
TAL, thick ascending limb of the loop of Henle. (From Giebisch G, Wang W: Potassium transport
from clearance to channels to pumps. Kidney Int 49: 1624, 1996, with permission.)

Renal K Excretion (3)

The kidney is the major excretory organ for K and primarily responsible for the
regulation of external K balance. K is freely filtered across the glomerulus. As
shown in Fig. 3-3, 60-70% of the filtered K is reabsorbed in the proximal tubule.
Reabsorption in this tubular segment is the result of solvent drag (dependent on
active Na transport and a high permeability of the paracellular pathway to K) and by
the positive transepithelial voltage in the second half of this segment (Fig. 3-4). Net K
reabsorption continues in the loop of Henle. In the thick ascending limb of the loop
of Henle, K is reabsorbed across the apical cell membrane by means of a Na*,K*-Cl
co-transporter. This co-transporter is driven by the electrochemical gradient gener-
ated by Na",K"-ATPase in the basolateral membrane, which favors Na entry across
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the luminal membrane (Fig. 3-4). Reabsorption in this nephron segment results in
the delivery of only 10% of the filtered K to the distal renal tubule (Fig. 3-3). Thus, the
balance of regulated, active K secretion and regulated, active K reabsorption in the
distal tubule, specifically in the late distal tubule and cortical collecting tubule (CCT),
determines the magnitude of renal K excretion (4). Principle cells are responsible for
K secretion and intercalated cells are responsible for K reabsorption in the late distal
tubule and CCT.

K secretion by principle cells is effected by the active exchange of K for Na across
the basolateral membrane, driven by Na*,K"-ATPase (Fig. 3-4 and Fig. 3-5). A lumen
negative voltage is generated across the late distal tubule and CCT by the apical entry
of Na into the principle cell down its concentration gradient via epithelial sodium
channels (ENaCs), driven by the extrusion of Na from the principle cell across the
basolateral membrane by Na*,K"-ATPase. Intracellular K passively diffuses down a
favorable electrochemical gradient via K channels in the apical membrane. Under
baseline conditions, K transverses the apical membrane of the principle cell via an
ATPase sensitive, small conductance (SK) channel with a high open probability.
Maxi-K channels are high conductance K channels in the apical membrane, but
are present at low density and low opening probability under baseline conditions.
SK channels are responsible for baseline K secretion, whereas flow dependent K
secretion (see below) is thought to be mediated by maxi-K channels. The magnitude
of transport of K across the principle cell, then, is determined by the electrochemical
gradient across the late distal tubule and CCT and the permeability of the apical
membrane of the principle cell to Na and K. The latter are a function of the number
and open probability of ion specific apical membrane channels. Therefore, K secre-
tion in the late distal tubule and CCT is regulated by factors that affect the electro-
chemical gradient or apical membrane permeability to Na or K. Since urinary K
excretion is largely the result of K secretion in the late distal tubule and CCT under
most conditions, these factors then determine urinary K excretion.

An acute increase in plasma [K'] as the result of K intake produces a more
favorable electrochemical gradient for K secretion in the late distal tubule and CCT,
increases the density of SK channels, and stimulates aldosterone secretion.
Aldosterone stimulates K secretion in the late distal tubule and CCT by increasing
the density of ENaCs and increasing Na',K'-ATPase activity in the basolateral
membrane of principle cells. Na*,K"-ATPase activity is coupled to SK density in

Aldosterone, T distal Na* delivery,

K* loading, alkalosis, vasopressin

T Lumen-negative T K secretion )

voltage Peritubular
space

Principal cell

Nat
Tubule \_* —> 3Na* 3Na+
lumen Na* Z

2K+
K+ \$~L

CI- >» ClI-

Voltage _
_35mV 70 mV 0mV

Figure 3-5 Cell model of a principle cell with overview of factors known to regulate K secretion.
(From Giebisch GH: A trail of research on potassium. Kidney Int 62:1498, 2002, with permission.)



the apical membrane—increased pump activity increases SK density and decreased
pump activity decreases SK density. A chronic increase in K intake results in increased
capacity of the principle cell for K secretion—a process referred to as K adaptation. It
results from an increase in the density of SK channels, increased activity of ENaCs, and
increased Na",K"-ATPase activity in the basolateral membrane. These changes are
independent of aldosterone, but depend on increased plasma [K'].

K secretion is strongly stimulated by an increase in the tubular fluid flow rate
in the late distal tubule and CCT. This is the result of both a more favorable electro-
chemical gradient and increased permeability of the luminal membrane to K. The
higher the tubular flow rate, the slower the rise in [K"] along the late distal tubule and
CCT as secreted K is more rapidly diluted in the greater volume of tubular fluid
transversing the late distal tubule and CCT. Any associated increase in Na delivery to
the late distal tubule and CCT also increases the concentration gradient driving Na
across the apical membrane. High tubular flow rates also increase the permeability of
the principle cell membrane to K by activating maxi-K channels (5).

Acute metabolic acidosis reduces K secretion by decreasing [K'] in the prin-
ciple cell, which reduces the electrochemical gradient for K secretion, and by
increasing tubular fluid acidity, which inhibits apical SK activity. The effect of
chronic metabolic acidosis is complex; it depends on associated changes in filtered
chloride (Cl) and HCOs, distal tubular flow rate, and aldosterone. Acute respiratory
and metabolic alkalosis stimulate K secretion in the late distal tubule and CCT by
increasing tubular fluid pH. The latter increases the permeability of the apical
membrane of the principle cell to K by increasing the duration that SK channels
remain open. A K-Cl co-transporter in the apical membrane may also be involved
in the increase in K secretion in response to metabolic alkalosis. While mediating
only a modest amount of K secretion at physiological tubular fluid [Cl™], this co-
transporter is activated when the tubular fluid [HCO; ] or pH rises (6). Metabolic
alkalosis also stimulates the basolateral uptake of K.

Vasopressin has both apical and peritubular sites of action on the principle cell
that stimulate K secretion. It may stimulate SK channels and K-Cl co-transporters in
the apical membrane. It is unlikely that vasopressin is involved in the physiological
regulation of urinary K excretion. However, it may sustain K excretion in the face of
reductions in distal tubular flow rate, e.g. during extracellular volume contraction.

Intercalated cells in the late distal tubule and CCT primarily function in H'/
HCO;™ transport. However, under conditions of chronic K depletion, intercalated
cells reabsorb K, by the active exchange of a single K for a proton catalyzed by
hydrogen, potassium-triphosphatase in the apical membrane (Fig. 3-4). K depletion
increases the activity of the hydrogen, potassium-triphosphatase in the apical mem-
brane, decreases apical membrane K permeability (channel not shown in Fig. 3-4),
reducing the back leak K into the lumen down its electrochemical gradient, and
increases basolateral membrane K permeability. Both metabolic acidosis and Na deple-
tion also increase K'-H" exchange across the apical membrane of the intercalated cell.

Intestinal K Excretion

Under normal conditions loss of K through the gastrointestinal tract is only 5-10%
of dietary intake. The bulk of dietary K intake is reabsorbed in the small intestine.
Analogous to the kidney, gastrointestinal K output is primarily a balance of regu-
lated, active K secretion and regulated, active K reabsorption in the colon. Active K
secretion in the colon is driven by basolateral uptake of K via Na',K"-ATPase.
Movement of K across the apical membrane, down its electrochemical concentra-
tion gradient, occurs via a Na-K-2Cl co-transporter. K reabsorption is active,
mediated by a colonic apical K'-ATPase. Aldosterone, glucocorticoids, epinephrine,
and prostaglandins increase stool K content. Indomethacin and K depletion
reduce it.
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Intestinal K excretion assumes a significant role in maintaining external K
balance in severe renal insufficiency, when as much as 30-80% of K intake may
be excreted in the feces.

Sweat Gland K Excretion

Human excretory sweat [K'] is 5-~10 mmol/L, so K losses from the skin in sweat are
negligible under baseline conditions.

Plasma [K*]

Extracellular fluid (ECF) [K'] is a function of both internal and external K balance.
Since the ICF K pool is 50 fold that of the ECE, changes in internal K balance can
result in acute, dramatic, life threatening changes in ECF [K']. On the other hand,
changes in ECF [K*] as the result of changes in external K balance usually occur more
slowly and are buffered by homeostatic changes in internal K balance. As a result,
plasma [K'] concentration is a late indicator of changes in external K balance.

DEVELOPMENTAL PHYSIOLOGY

Unlike the adult, in whom K homeostasis requires that the external K balance be
zero, the external K balance must be positive for the growth of the fetus and
neonate. Change in fetal/neonatal total body K content during development is
shown in Fig. 3-6. This is a reflection, at least in part, of an increase in muscle
mass and ICF [K"] in muscle during development (7). K metabolism in the fetus
and neonate reflects this K requirement.

Rights were not granted to include this figure in electronic media.
Please refer to the printed book.

Figure 3-6 Total body K versus body weight. e, calculated as 0.0716 x body weight (g)0.906,
derived from neutron activation analysis of cadavers (live births nutritionally adequate mothers
surviving 1-10 days (Ellis KJ: Body composition of the neonate. In RM Cowett (Ed.): Principles of
Neonatal-Perinatal Metabolism (pp. 1077-1095). New York, 1998); A, chemical analysis of cadavers
(Widdowson EM, Dickerson JWT: Chemical composition of the body. In Comar CL, Bonner F (Eds):
Mineral Metabolism, Vol 2, Part A (pp. 2-247). New York/London: Academic Press, 1964); <,
sequential TBK by whole body 40K counting in 76 breast or formula fed, normally growing, term
infants at 0.5, 3, and 6 months of age (Butte NF, Hopkinson JM, Wong WW, Smith EO, Ellis KJ:
Body composition during the first two years of life: an updated reference. Pediatr Res 47:578-585,
2000).



Fetus

K is actively transported across the placenta from the mother to the fetus. The
plasma [K'] in the canine fetus nearly always exceeds maternal plasma [K']
under basal conditions (8). Human fetal plasma [K'] is also higher than
that of the mother’s at term, but not significantly so at 16-22 weeks (9). Thus,
maternal-placental-fetal K metabolism is appropriately geared towards supplying
the fetus with the K necessary for growth.

The fetus is also buffered against maternal K deficiency. Despite a 35% decrease
in plasma [K'] and 28% decrease in intercellular [K"] of skeletal muscle in preg-
nant female dogs fed a K deficient diet throughout gestation, there was no differ-
ence in fetal plasma [K'], fetal total body K, fetal dry weight, or litter size at
near term compared to controls (8). Despite a 50% decrease in plasma [K'] and
30% decrease in intercellular [K*] of skeletal muscle of rat dams fed a K deficient
diet from days 2—5 to day 21 of gestation, there was no change in fetal plasma [K*]
and only a 10% decrease in fetal TBK at 22 days of gestation (10). Similar results
were found when acute K deficiency was induced in rat dams at 14 or 16 days of
gestation by peritoneal dialysis with isotonic NaHCOj; (11). On the other hand, the
fetus does not seem to be buffered against excess maternal K. Serum [K'] of pups of
rat dams infused with KCI to maintain serum [K'] > 10 mmol/L for two hours also
exceeded 10 mmol/L (10).

Neonate
Internal K Metabolism

There are no data regarding whether there are quantitative differences between
the newborn and adult in the effect of factors controlling the distribution of
K between the ICF and ECF spaces. However, studies in newborns confirm that
B-catecholamine (12) and insulin administration stimulate the movement of K
from the ECF to ICF space (13,14).

Renal K Metabolism

Clearance studies in preterm infants and newborn dogs, micropuncture studies in
developing rodents, and in vitro microperfusion studies of single nephron segments
in the developing rabbit confirm that the distal nephron plays a major role in the
regulation of renal K excretion, as is the case in adults. In the newborn dog, urinary
K excretion is largely the result of amiloride-sensitive K secretion under basal
conditions and during K loading. Amiloride is known to selectively block
sodium conductance across the luminal membrane in the distal tubule. This
then suggests that urinary K excretion under basal and K loaded conditions is
largely the result of K secretion in the distal nephron (as is the case in the adult)
and that the cellular mechanisms of K secretion in this segment are similar to those
in the adult.

Even low birth weight (and presumably preterm) infants are capable of urinary
K excretion at a rate in excess of the rate of K filtration across the glomerulus during
K and/or NaHCOj; loading in the first month of life, indicating net tubular K
secretion (15). However, the rate of K excretion per unit body or kidney weight
during exogenous K loading is lower in the immature than mature animal (16). In
newborn infants, K secretion (as indicated indirectly by the calculated transtubular
K concentration gradient in the distal nephron) was lower in preterm infants (mean
GA 29.3 +2.7 weeks) in the first two weeks of life than in term infants under basal
conditions, but similar to that in 1-2 week old term infants during 3-5 weeks of life
(17). There was also a significant positive correlation between K secretion and
postmenstrual age in the preterm infants. However, the relevance of these results
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to the developmental changes in K secretory capacity is unclear, since no informa-
tion is provided about the rate of K administration. In general, the limited K
secretory capacity of the immature distal nephron is clinically relevant only
under conditions of K excess.

Data in newborn dogs suggest that K secretion in response to K loading is not
limited by basolateral Na*,K"™-ATPase activity (18,19). In vivo studies in suckling rats
indicate that [Na™] in distal tubular fluid is greater than 35 mmol/L (as in adult rats)
and, therefore, should not restrict K secretion (20,21). Plasma aldosterone concen-
tration is higher in preterm and term infants than in adults (22,23) and the density of
aldosterone binding sites, receptor affinity, and degree of nuclear binding of hor-
mone-receptor are similar in immature and mature rats (23). However, clearance
studies in the fetus and neonate and the immature and mature rat demonstrate a
relative insensitivity of the immature kidney to aldosterone (22-24), presumably due
to a post receptor phenomenon. Studies in developing rabbits suggest that K secre-
tion in the CCT in this species is limited by a paucity of SK channels (25). In a study
of single nephrectomy specimens from 20-36 week’ gestational infants, steady-state
expression of mRNA encoding the SK channel did not change during this period and
was only approximately a third of that in nephrectomy specimens from 7-month-old
subjects (26). This could be expected to result in a decreased K secretory capacity
of the immature distal tubule. Woda et al (5) have also shown the lack of response
to increased tubular flow rate in the developing rabbit as a result of the delayed
expression of maxi-K channels. However, the kaliuresis associated with postnatal
diuresis/natriuresis in preterm infants (27) and the development of hypokalemic
hypochloremic metabolic alkalosis in association with loop diuretic therapy in
the newborn (see below) suggest that this finding may not be relevant to the
human infant.

On the other hand, K reabsorption increased in parallel to the increase in the
filtered K load with increasing gestational age in a study of infants at 23-31 weeks of
gestation on days 4-5 of life, so that urinary K excretion remained low and
unchanged over this period of gestation (28).

Intestinal K Metabolism

There are no data regarding whether there are differences between the newborn and
adult in intestinal K transport. While the neonatal intestine is certainly capable of
reabsorbing dietary K, the capacity of the neonatal colon for net K secretion is
unknown. One study of fecal K excretion found that intestinal K excretion, con-
trolled for body weight, was similar in parenterally fed infants with a mean gesta-
tional age of 27 weeks and mean postnatal age of 4.8 days compared to that of
enterally fed infants with mean gestational ages of 32 or 39 weeks and similar
postnatal ages (29). However, significant differences in plasma [K'] and in the
magnitude and route of K intake during the study period, as well as the absence
of data about K intake prior to and during the study period, preclude conclusions
regarding developmental changes in intestinal K homeostasis.

CLINICAL RELEVANCE

Perturbations in internal or external K balance on usual K intakes (1-3 mmol/kg/
day) are unusual in the neonate except under few circumstances.

Hyperkalemia
Spurious Hyperkalemia

Hyperkalemia in the neonatal intensive care unit is most commonly spurious sec-
ondary to red cell hemolysis in the whole blood sample.



Non-oliguric Hyperkalemia

Plasma [K*] rises in the first 24—72 hours after birth in very premature infants, even
in the absence of exogenous K intake or renal failure (27,30,31). This increase results
from the transcellular movement of K from the ICF space to the ECF space. This shift
occurs at a time when the renal K excretion is restricted by the low GFR and relatively
low fractional excretion of Na, which limits sodium and water delivery to the distal
nephron (27). The reason for and appropriateness of this shift are not understood.
However, it is known to result in hyperkalemia in 25% to 50% of infants weighing less
than 1000 g at birth or born at less than 28 weeks’ gestation (27,32-37). The mag-
nitude of this shift correlates roughly with the degree of prematurity, but it does not
seem to occur (or at least is not clinically significant) after 30-32 weeks’ gestation
(34). The most effective strategy for managing non-oliguric hyperkalemia when renal
secretory capacity is so restricted is to stimulate the movement of K back from the
ECEF to ICF space with albuterol inhalation (12) or insulin (13,14) therapy.

Even without albuterol or insulin therapy, plasma [K'] falls with the onset of
physiologic diuresis and natiuresis, as the associated increase in delivery of water
and Na to the distal nephron results in marked kaliuresis. In fact, many infants with
non-oliguric hyperkalemia will become hypokalemic after the onset of diuresis and
natiuresis if K administration is not initiated as plasma [K*] declines (27).

Renal Failure

As in adults, acute severe reduction in GFR severely reduces water and Na delivery
to the distal nephron and thus restricts K secretion.

Loop diuretic
or
thiazide

Y

| NaCl reabsorption
JECV, | BP

Y ¢
T Aldosterone |T Catechols | | Alkalosis |

Y
| T K* partitioning | _
- into cells -
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Figure 3-7 Effects of loop and thiazide diuretics on internal K balance and K transport in the distal
nephron. (From Wilcox CS: Diuretics and potassium. In Seldin DW, Giebisch G (Eds): Regulation of
Potassium Balance (pp. 325-345). New York, Raven Press, 1989, with permission.)
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Hypokalemia

Loop and Thiazide Diuretics

Hypokalemia commonly results from loop and diuretic therapy (Fig. 3-7) (38).
This is primarily the result of the stimulation of distal K secretion by the increased
delivery of water and Na delivery. However, increases in aldosterone, catechola-
mines, vasopressin, and alkalosis (caused by contraction of the ECF) also results in
enhanced cellular uptake of K from the ECF space.

Alkalosis

The predominant cause of hypokalemia with metabolic or respiratory alkalosis is
negative external K balance. An increase in plasma [HCO; ] also produces a rapid
decrease in plasma [K'], which is due to enhanced cellular uptake of K from the
ECF space.
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Chapter 4

Acid-base Homeostasis in the

Fetus and Newborn

Istvan Seri, MD, PhD

Regulation of Acid-base Homeostasis: Respiratory Acidosis
Regulation of Acid-base Homeostasis: Metabolic Acidosis
Regulation of Acid-base Homeostasis: Respiratory Alkalosis
Regulation of Acid-base Homeostasis: Metabolic Alkalosis
Normal Acid-base Balance and Growth

Summary

This chapter provides information on the regulation of fetal and neonatal acid base
balance with a focus on the elimination of the acid load by the placenta, the lungs
and the kidneys and briefly discusses the impact of acid-base disturbance on fetal
and postnatal growth.

Hydrogen ion concentration is tightly regulated by the intra- and extracellular
buffer systems and respiratory and renal compensatory mechanisms. The normal
range of hydrogen ion concentration in the extracellular fluid is between 35 mEq/L
and 45 mEq/L, which translates to a pH of 7.35 to 7.45. Under physiologic circum-
stances, volatile and fixed acids generated by normal metabolism are excreted and
the pH remains stable (1). Carbonic acid is the most common volatile acid pro-
duced, and is readily excreted by the lungs in the form of carbon dioxide. Fixed
acids, such as lactic acid, ketoacids, phosphoric acid and sulfuric acid, are buffered
principally by bicarbonate in the extracellular compartment. The bicarbonate used
in this process is then regenerated by the kidneys in a series of transmembrane
transport processes linked to the excretion of hydrogen ions in the form of titratable
acids (phosphate and sulfate salts) and ammonium. Several aspects of the regula-
tion of acid-base homeostasis are developmentally regulated in the fetus and neo-
nate and thus differ from those in children and adults. These developmentally
regulated differences of acid-base homeostasis and their impact on fetal and post-
natal growth are reviewed in this chapter.

REGULATION OF ACID-BASE HOMEOSTASIS: RESPIRATORY
ACIDOSIS

In postnatal respiratory acidosis, unlike in fetal respiratory acidosis, immediate
activation of the pulmonary compensatory mechanism leads to enhanced elimina-
tion of carbon dioxide and the resulting fall in carbon dioxide concentration
increases the pH toward normal. The rapid activation of the respiratory compen-
satory mechanism is a result of the free movement of carbon dioxide across the



blood-brain barrier (2) leading to instantaneous changes in cerebrospinal fluid
(CSF) and cerebral interstitial fluid hydrogen ion concentrations.

Correction of Fetal Respiratory Acidosis

Fetal respiratory acidosis develops when prolonged maternal hypoventilation
occurs with maternal asthma, airway obstruction, narcotic overdosing, maternal
anesthesia, and magnesium sulfate toxicity. Fetal breathing movements increase,
and the fetal kidneys exert a maturation-dependent limited response by
reclaiming more bicarbonate in an attempt to restore the physiologic 20:1 ratio
of bicarbonate-to-carbonic acid, resulting in a return of the pH toward normal (3).
In the fetus, the renal compensation only has some limited physiologic significance
when respiratory acidosis develops due to prolonged maternal hypoventilation.

Correction of Postnatal Respiratory Acidosis

In the clinical setting, acute neonatal respiratory acidosis develops most frequently
in preterm infants with respiratory distress syndrome. Although stimulation of the
respiratory center in the brain by elevated interstitial carbon dioxide concentration
immediately increases respiratory rate and depth, carbon dioxide elimination by the
lungs is usually limited because of immaturity and parenchymal disease. As in the
fetus, the kidneys reclaim more bicarbonate in response to respiratory acidosis.
Especially during the first few weeks of postnatal life, however, renal compensation
is limited by the developmentally regulated immaturity of renal tubular functions.

REGULATION OF ACID-BASE HOMEOSTASIS:
METABOLIC ACIDOSIS

As in respiratory acidosis, the pulmonary gas exchange serves as the immediate
regulator of acid-base homeostasis when metabolic acidosis develops. However,
since bicarbonate crosses the blood-brain barrier by active transport mechanisms
(4) and since the central respiratory drive is triggered by the low steady-state values
of CSF and not plasma bicarbonate (2), a full activation of the respiratory acid-base
regulatory system only occurs a few hours after the development of metabolic
acidosis. This is different from the above-described truly immediate activation of
the respiratory acid-base regulatory system by respiratory acidosis.

Fetoplacental Elimination of Metabolic Acid Load

Fetal respiratory and renal compensation in response to changes in fetal pH is
limited by the level of maturity and the surrounding maternal environment.
However, although the placentomaternal unit performs most compensatory func-
tions (3), the fetal kidneys have some, though limited, ability to contribute to the
maintenance of fetal acid-base balance.

The most frequent cause of fetal metabolic acidosis is fetal hypoxemia owing to
abnormalities of uteroplacental function or blood flow, or both. Primary maternal
hypoxemia or maternal metabolic acidosis secondary to maternal diabetes mellitus,
sepsis, or renal tubular abnormalities is an unusual cause of fetal metabolic acidosis.

The pregnant woman, at least in late gestation, maintains a somewhat more
alkaline plasma environment compared to that of non-pregnant controls. This
pattern of acid-base regulation in pregnant women is present during both resting
and after maximal exertion and may serve as a protective mechanism from sudden
decreases in fetal pH. Maintenance of the less acidic environment during pregnancy
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appears to be achieved through reduced plasma carbon dioxide and weak acid
concentrations (3,5).

The placenta plays an essential role in the maintenance of fetal acid-base bal-
ance when metabolic acidosis develops. As mentioned earlier, fetal metabolic aci-
dosis most frequently occurs when abnormal uteroplacental function or blood flow
results in fetal hypoxemia. Fetal hypoxemia then causes a shift to anaerobic metab-
olism and large quantities of lactic acid accumulate. As hydrogen ions are buffered
by the extracellular and intracellular buffering systems of the fetus, pH drops as
plasma bicarbonate decreases. Because of the unhindered diffusion of carbon diox-
ide through the placenta (3), restoration of normal fetal pH initially occurs through
elimination of the volatile element of the carbonic acid-bicarbonate system via the
maternal lungs. However, as lactate and other fixed acids cross the placenta more
slowly (3), the onset of maternal renal compensation of fetal metabolic acidosis is
delayed. In addition, if fetal oxygenation improves, the products of anaerobic
metabolism are also metabolized by the fetus.

As there is no physiologic significance to respiratory compensation of metabolic
acidosis in utero, the finding that the respiratory control system in the fetus is much
less sensitive to changes in pH than in the neonate (6) has little practical importance.
Yet, a decrease in the fetal pH stimulates breathing movements in the fetus (7,8).

Finally, as for the role of the fetal kidneys in the maintenance of acid-base
balance, available evidence indicates that the fetal kidneys excrete both inorganic
(9-11) and organic acids (12) and are also able to generate bicarbonate (13,14).
Studies in fetal sheep have found age-dependent increases in glomerular filtration
rate (GFR), and urinary titratable acid, ammonium and net acid excretion (9).
A positive relationship also exists between changes in GFR and bicarbonate,
sodium and chloride excretions (9,11). Yet, the adaptive capacity of the fetal
kidney to changes in fetal acid-base balance is limited. In fetal sheep, the hydrochloric
acid infusion-induced metabolic acidosis results in increases in titratable acid,
ammonium and net acid excretion without significant changes in GFR or renal
tubular bicarbonate absorption (11). However, as mentioned earlier, under certain
conditions such as volume depletion (13) or recovery from mild hypocapnic hypoxia
(14), the fetal kidney has the ability to increase bicarbonate reabsorption. It is also
important to note that the vast majority of these data have been obtained in ani-
mal models and that there is only very limited information available concerning
renal acidification by the human fetus (15). In addition, the physiologic importance
of the adaptive fetal renal responses is limited compared to that in the postnatal
period because the acid load excreted in the fetal urine remains within the immediate
fetal environment and needs to be eliminated by the placenta or metabolized by
the fetus.

Indeed, amniotic fluid acid base status and electrolyte composition have been
shown to affect the fetus. When the effects of amnion infusion of physiologic saline
to those of lactated Ringer were compared in the fetal sheep, significant increases in
fetal plasma sodium and chloride concentrations were noted only in the physiolo-
gic-saline infusion group (16). In addition, fetal arterial pH decreased in the
physiologic-saline group and the change in the fetal pH was directly related to
the changes in plasma chloride concentrations. However, despite the significant
changes in plasma sodium and chloride concentrations and pH, fetal plasma elec-
trolyte composition and acid-base balance remained in the physiologic range, leav-
ing these findings with little clinical significance (16).

Postnatal Elimination of Metabolic Acid Load

The most frequent causes of increased anion-gap (lactic acid) metabolic acidosis in
the neonate are hypoxemia or ischemia secondary to perinatal asphyxia;



vasoregulatory disturbances and/or myocardial dysfunction caused by immaturity,
sepsis, or asphyxia; severe lung disease with or without pulmonary hypertension;
certain types of structural heart disease and volume depletion. Severe metabolic
acidosis caused by a neonatal metabolic disorder is rare but should always be
considered. Preterm neonates frequently present with a mild to moderate normal
anion-gap acidosis, which almost always is the consequence of the low renal bicar-
bonate threshold of the premature kidney (17-19). However, the use of carbonic
anhydrase inhibitors and parenteral alimentation, as well as the maturation related
decreased sensitivity to aldosterone have also been suggested to contribute to the
development of normal anion-gap acidosis in the neonate (17,20,21).

As mentioned earlier, in metabolic acidosis caused by the accumulation of
lactic acid, hydrogen ions are buffered by the intra- and extracellular buffering
systems and plasma bicarbonate concentration decreases and pH drops.
Restoration of pH toward normal initially occurs through elimination of the vol-
atile element of the carbonic acid-bicarbonate system via the lungs. This process
may be severely compromised in the sick preterm and term neonate with paren-
chymal lung disease.

The principal mechanism of renal compensation is the regulation of renal
tubular bicarbonate and acid secretion in response to changes in extracellular
pH. Although full activation of this system requires at least 2-3 days, changes in
renal acidification may be seen as early as a few hours following the development of
the acid-base disturbance. Although renal compensation is the ultimate mechanism
that adjusts the hydrogen ion content of the body, this compensatory function is
also affected by the immaturity of the neonatal kidneys (19,22). Both renal hemo-
dynamic and tubular epithelial factors play a role in the limited renal compensatory
capacity of the newborn.

Renal blood flow (RBF) significantly increases after the immediate postnatal
period and some of the renal vasodilatory mechanisms are functionally mature as
early as the 24th week of gestation (23). Similar to RBF, GFR is also low in the
immediate postnatal period and increases as a function of both gestational and
postnatal age (24,25). Indeed, the low GFR is considered as the primary hemody-
namic factor limiting the ability of the neonate to adequately handle an acid
load (19,22).

In addition, net renal acid excretion is regulated by several tubular epithelial
functions (19,26). In the proximal tubule, the following four transport mechanisms
regulate active acid extrusion and transepithelial bicarbonate reabsorption: the H*-
ATPase, the electrogenic Na*/3HCO;~ cotransporter, the Na*,K"-ATPase-driven
secondary active Na'/H' antiporter, and the Na*,K'-ATPase-driven tertiary
active Na"-coupled organic ion transporter (26). Because approximately 85-90%
of the filtered bicarbonate is reabsorbed in the proximal tubule (19,26), the func-
tion of these proximal tubular transporters determines the renal threshold for
bicarbonate reabsorption. The bicarbonate threshold is 18 mEq/L in the premature
infant and 21 mEq/L in the term infant, and it reaches adult levels (24-26 mEq/L)
only after the first postnatal year (17,18). In the extremely low gestational age
neonate, however, the renal bicarbonate threshold may be as low as 14 mEq/L.
Because renal carbonic anhydrase is present and active during fetal life (27), and
because its activity is similar in the 26-week-old extremely immature neonate to
that of the adult (28), a developmentally regulated immaturity in the function of
the above described proximal tubular transporters is most likely responsible for the
low bicarbonate threshold during early development. Indeed, both the activity and
the hormonal responsiveness of the proximal tubular Na*,K*-ATPase is decreased
in younger compared to older animals (29).

In addition to immaturity, medications used in critically ill neonates may also
affect proximal tubular bicarbonate reabsorption. For example, via inhibition of
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the proximal tubular Na™/H" antiporter (30), dopamine may potentially
decrease the low bicarbonate threshold of the neonate (31). Carbonic anhydrase
inhibitors also decrease proximal tubular bicarbonate reabsorption by limiting
bicarbonate formation and hydrogen ion availability for the Na'/H" antiporter.
By acting on several transport proteins along the nephron, furosemide directly
increases urinary excretion of titratable acids (phosphate and sulfate salts)
and ammonium (32). On the other hand, by inhibition of the activation of
aldosterone receptors, spironolactone indirectly decreases hydrogen ion excretion
in the distal tubule.

Under physiologic circumstances, the distal nephron reabsorbs the remaining
10-15% of the filtered bicarbonate via transport mechanisms similar to those of
the proximal tubule (26). However, the distal tubule lacks the carbonic anhydrase
enzyme (26). Net hydrogen ion secretion in the distal nephron continues after the
reabsorption of virtually all bicarbonate via active extrusion of hydrogen and
the ability of the distal tubular epithelium to maintain large transepithelial
concentration gradients for hydrogen and bicarbonate (26). Aldosterone is one of
the most important hormones influencing distal tubular acidification. By affect-
ing the function of several different transport mechanisms aldosterone
stimulates net hydrogen ion excretion in the distal nephron. However, the
premature neonate has a developmentally regulated relative insensitivity to
aldosterone (17,21).

Hydrogen ions are excreted in the urine in the form of titratable acids (phos-
phate and sulfate salts) and as ammonium salts, which are formed by the combi-
nation of hydrogen with ammonia (26). Because the major constituent of titratable
acid in urine is H,PO, ", drugs that decrease proximal tubular phosphate reabsorp-
tion, and thus increase the delivery of phosphate to the distal nephron, may
increase the renal acidification capacity of the neonate. Indeed, by inhibiting prox-
imal tubular phosphate reabsorption, dopamine has been shown to increase the
excretion of titratable acids in preterm infants (33). In addition, urinary excretion
of titratable acid and ammonium increases as a function of gestational and post-
natal age (19). However, because effective urinary acidification is usually acquired
by the age of one month even in premature infants, postnatal distal tubular hydro-
gen ion secretion is inducible independent of the gestational age at birth (34).

In summary, the renal response to metabolic acidosis in the immediate post-
natal period consists of attenuated increases in GFR, proximal tubular bicarbonate
reabsorption, and distal tubular net acid secretion. However, a significant improve-
ment in the overall renal response occurs after the first postnatal month, even in the
premature infant (22).

REGULATION OF ACID-BASE HOMEOSTASIS:
RESPIRATORY ALKALOSIS

Correction of Fetal Respiratory Alkalosis

Rather than causing fetal respiratory alkalosis, acute maternal hyperventilation
may lead to the development of fetal metabolic acidosis. The fetal acidosis
under these circumstances is the consequence of the acute decrease in placental
blood flow caused by the maternal hypocapnia-induced significant uterine vaso-
constriction (35). In these cases, restoration of maternal carbon dioxide levels
rapidly corrects both the abnormal uterine blood flow and the acid-base
abnormality in the fetus.

The physiologic hyperventilation of the pregnant woman causes a compensa-
tory decrease in maternal serum bicarbonate concentration to approximately
22 mM (3) without any apparent effect on the fetus (see above).



Correction of Postnatal Respiratory Alkalosis

Neonatal respiratory alkalosis occurs most often in the febrile non-ventilated neo-
nate or in cases with iatrogenic hyperventilation of the intubated preterm or term
infant. Rarely, respiratory alkalosis may be the presenting sign of a urea cycle dis-
order during the first days of postnatal life because the rising ammonia level may
initially stimulate the respiratory center in the brain. As for the renal compensation
of respiratory alkalosis, both urinary bicarbonate reabsorption and distal tubular
net acid excretion decrease and thus extracellular pH tends to return toward
normal. This renal compensation plays an important although somewhat limited
role in neonatal respiratory alkalosis.

REGULATION OF ACID-BASE HOMEOSTASIS:
METABOLIC ALKALOSIS

Correction of Fetal Metabolic Alkalosis

Although metabolic alkalosis is a very rare fetal condition, it may occur in hyper-
emesis gravidarum. As a result of the significant and lasting hydrogen chloride
losses, maternal renal compensation results in retention of bicarbonate to maintain
maternal anionic balance. Because bicarbonate is transported slowly across the
placenta, the development of fetal metabolic alkalosis lags behind that of the
mother. On the other hand, the maternal respiratory compensation (hypoventila-
tion with the ensuing hypercapnia) tends to restore normal pH in the fetus as
carbon dioxide is rapidly transported across the placenta.

Correction of Postnatal Metabolic Alkalosis

Metabolic alkalosis most frequently develops in the preterm neonate receiving
prolonged diuretic treatment for bronchopulmonary dysplasia. Although there is lit-
tle evidence that chronic diuretic management results in improved medium-
or long-term pulmonary outcome, the majority of neonatologists use this treatment
modality. If total body chloride and potassium content is not appropriately
maintained during chronic diuretic administration, severe metabolic ‘contraction’
alkalosis may develop, which also results in poor growth. The respiratory
response is a decrease in the rate and depth of breathing to increase carbon diox-
ide retention. This response may be interpreted as a sign of worsening pulmo-
nary condition in the ventilated preterm neonate and may inappropriately
trigger an increase in ventilatory support. Thus, respiratory compensation of
metabolic alkalosis may be ineffective if the intubated neonate is subjected to iat-
rogenic over-ventilation on the mechanical ventilator. As for the neonatal renal
compensation for metabolic alkalosis, urinary bicarbonate reabsorption and
distal tubular net acid excretion fall, resulting in a return of the extracellular pH
toward normal.

Finally, metabolic alkalosis can also result from a non-diuretic administration-
related loss of extracellular fluid containing disproportionally more chloride
than bicarbonate. During the diuretic phase of normal postnatal adaptation,
preterm and term newborns tend to retain relatively more bicarbonate than chlo-
ride (36). The obvious benefits of allowing this physiologic extracellular volume
contraction to occur clearly outweigh the clinical importance of a mild contraction
alkalosis developing during postnatal adaptation. Thus, no specific treatment
is needed in these cases, especially since, with the stabilization of the extracellular
volume status and the renal function with time, acid-base balance rapidly returns
to normal.
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NORMAL ACID-BASE BALANCE AND GROWTH

Growth is most accelerated during fetal life. The normal fetus grows from a weight
of 0.22 g at the 8th week of gestation to 3400 g at 40 weeks’ completed gestation
(37). The estimated energy density of each gram of body weight gained (or lost) is
23 kJ (5.6 kcal). However, in premature infants, especially if they are critically ill
and/or growth restricted, the energy density of the new tissue is estimated to be
higher than 5.6 kcal/g (38). For instance, in small-for-gestational-age infants at
approximately 5 weeks after birth, the total energy expenditure is estimated to be
20% greater than in appropriate-for-gestational-age controls (39).

Fetal growth can be negatively affected by several fetal and placento-maternal
conditions. Proven fetal conditions affecting fetal growth include certain genetic
conditions and infection of the fetus (40). Placento-maternal conditions with
demonstrated influence on fetal growth are primary placental insufficiency and
maternal diseases, nutritional status or substance abuse leading to secondary pla-
cental insufficiency, decreased fetal nutrient availability or direct fetal toxicity or a
combination of these harmful effects on fetal well-being (40).

Although, there is little direct evidence available to demonstrate an impact of
chronic fetal acid-base abnormality on fetal growth, a recent hypothesis implicates a
mild shift in the fetal acid-base status as the primary pathological factor for intra-
uterine growth restriction caused by placental insufficiency of any etiology (41).
From 18 weeks’ post-conception, growth restricted fetuses exhibit a greater degree
of mild acidemia than their appropriately growing counterparts (42). This acidemia
is attributed to the reduced perfusion and mild hypoxemia facing the growth-
restricted fetus as a result of the placental insufficiency. According to this hypoth-
esis, the small initial reduction in the pH negatively affects nitric oxide production
in the fetus and it is the decreased availability of nitric oxide that then plays a major
role in the ensuing growth restriction (41).

The following findings are in support of this hypothesis. As locally formed
nitric oxide regulates tissue perfusion and thus oxygen delivery and tissue growth
itself, it has been suggested to play a pivotal role in regulation of growth in the fetus
(40,41). In addition to its effect on oxygen delivery to the tissues, nitric oxide is an
anabolic factor. Indeed, it is necessary for normal growth of several tissues includ-
ing the bone and muscle and for the action of different hormones such as the
parathyroid hormone, vitamin D and estrogen known to be of importance in
fetal growth and development (43,44).

Interestingly, the enzyme responsible for generating nitric oxide from L-argi-
nine, the constitutive nitric oxide synthase (cNOS) is sensitive to changes in pH and
its activity decreases even with a mild shift in the pH toward acidosis (45). Thus, a
vicious cycle may develop in growth restricted fetuses, as the initial decrease in
blood flow and pH caused by placental insufficiency may lead to decreased cNOS
activity and thus nitric oxide production. Decreased nitric oxide production, in
turn, leads to further decreases in tissue perfusion and thus in pH, exacerbating the
decrease in local nitric oxide production (41).

In addition to being the source of locally generated nitric oxide, L-arginine also
serves as the source polyamines and L-proline. These compounds are generated by
the arginase enzyme and are important when growth and tissue repair processes
predominate. The function of this enzyme is also pH dependent (46) and the
proposed decrease in its activity in the growth retarded fetus may contribute to
further impairment of fetal growth.

Based on this information, it seems that elevating the pH in the fetus toward
normal and supplementing L-arginine to the mother may be a plausible approach
to attenuate the impact on fetal growth of the placental insufficiency-induced
decreased fetal oxygen delivery. However, due to the inherent difficulties associated



with attempts to effectively control fetal pH, no clinical trial has as yet attempted
this combined approach.

As for the neonate, the syndrome of late metabolic acidosis of prematurity is an
example of how postnatal growth can be affected by alterations in the acid-base
balance. This entity was first described in the 1960s, in which otherwise healthy
premature infants after a few weeks developed mild-to-moderate anion-gap acido-
sis and decreased growth rate. All of these infants were receiving high-protein cow’s
milk formulas, and demonstrated increased net acid excretion compared to con-
trols. This type of late metabolic acidosis is now rarely seen, probably because of the
use of special premature formulas and the changes made to regular formulas now
containing a decreased casein-to-whey ratio and lower fixed acid loads.

The diuretic administration-induced hypochloremic metabolic alkalosis is
another example of the impact of acid-base balance on postnatal growth. This
phenomenon is also associated with growth failure and may be a contributing
factor of poor outcome in infants with bronchopulmonary dysplasia (47). The
growth failure is most likely caused by the decrease in cell proliferation and dimin-
ished DNA and protein synthesis in response to intracellular alkalosis (48). Chronic
decrease in total body sodium resulting in a negative sodium balance may further
hinder the growth of these infants (49). Aggressive chloride and potassium supple-
mentation with relatively limited sodium supplementation decreases the risk for the
development of clinically significant severe contraction alkalosis associated with
chronic diuretic use in these patients.

SUMMARY

This chapter has reviewed the available information and the gaps in our knowledge
on how fetal and neonatal acid base balance is regulated and the impact of altera-
tions in acid-base balance on some aspects of fetal and postnatal growth. In the
future, a better understanding of the role of growth factors and their interaction
with the fetal acid-base status may result in improved early management of the
growth restricted fetus. This, in turn, may decrease the negative impact of growth
restriction on brain- and other organ-development.
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Chapter 5

Glomerular Filtration Rate

in Neonates

Jean-Pierre Guignard, MD e Jean-Bernard Gouyon, MD

Development of Glomerular Filtration
Assessment of GFR

Conditions and Factors that Impair GFR
Prevention of Oliguric States due to Low GFR

Ultrafiltration of plasma across permselective capillaries is the first step in urine
formation. This process starts with the development of the metanephros, around
the 10th week of gestation. The rate of glomerular filtration (GFR) increases pro-
gressively throughout fetal and postnatal life, to reach ‘adult’ mature levels by 1 year
of life. During the period of maturation, the function of the kidney is characterized
by elevated renal vascular resistance (RVR), low arterial renal perfusion pressure,
and low renal blood flow (RBF). The ultrafiltration process is maintained by a
delicate balance between vasoconstrictor and counteracting vasodilator forces.
This balance can be easily disturbed by various factors, resulting in transient or
permanent impairment in GFR. This chapter briefly reviews the maturation of
glomerular filtration, discusses the techniques available to assess GFR in the neo-
nate, and describes factors and agents that can impair, or protect, the maturing
glomerular filtration.

DEVELOPMENT OF GLOMERULAR FILTRATION

Glomerular ultrafiltration depends upon the net ultrafiltration pressure, which is
the difference between the hydrostatic and oncotic pressures across glomerular
capillaries. The low perfusion pressure and low glomerular plasma flow account,
at least in part, for the low levels of GFR present during gestation. For any given
ultrafiltration pressure, GFR will depend on the rate at which plasma flows through
the glomerular capillaries, as well as on the ultrafiltration coefficient (Ky). Ky is a
function of the total capillary surface area and of the permeability per unit of
surface area.

During the last months of gestation, GFR increases in parallel with gestational
age, up to the end of nephrogenesis around the 35th week of gestation (1). This
pattern of development reflects both an increase in the number of nephrons, and
the growth of existing nephrons. From the 35th week of gestation, the development
of GFR slows down up to the time of birth (Fig. 5-1). Postnatal maturation of renal
function is characterized by a striking increase in GFR, the value of which doubles
within the first two weeks of life (Fig. 5-2)(1). The velocity of this increase is
somewhat slower in the most premature infants. An increase in the glomerular
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Figure 5-1 Development of GFR as a function of conceptional age during the last 3 months of
gestation and the first month of postnatal life. The shaded area represents the range of normal
values. The postnatal increase in GFR observed in preterm (e-e) and term neonates (0-0) is sche-
matically represented. (After Guignard JP, John EG: Renal function in the tiny, premature infant.
Clin Perinatol 13:377, 1986.)

capillary surface area represents the main factor responsible for the postnatal
increase in GFR. Additional maturational changes that may contribute to the post-
natal maturation of GFR include: (a) an increase in pore size and glomerular
hydraulic permeability; (b) an increase in the effective ultrafiltration pressure;
and (c) a decrease in both afferent and efferent arteriolar resistance (2).

Vasoactive Factors

Several vasoactive agents and hormones modulate GFR and RBF (2). By acting on
the arcuate arteries, the interlobular arteries, the afferent and the efferent arterioles,
they regulate the glomerular hydrostatic pressure and the glomerular transcapillary
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Figure 5-2 Postnatal increase in glomerular filtration rate (GFR) in term and preterm infants. The
upper part of each column represents the deficit between the neonate’s glomerular filtration rate
and mature levels (100 mL/min per 1.73 m? ). Note that at the end of the first month of life, the
human neonate is in a state of relative renal insufficiency, as compared to adults. (After Guignard
JP, John EG: Renal function in the tiny, premature infant. Clin Perinatol 13:377, 1986.)



Table 5-1 Vasoactive Factors Regulating the Glomerular Microcirculation

Vasoconstrictors Vasodilators
Circulating hormones Circulating hormones
e Catecholamines e Dopamine

e Angiotensin Il
e Vasopressin
e Glucocorticoids

Paracrine + autocoids Paracrine + autocoids
e Endothelin o Nitric oxide
e Thromboxan A, e Acetylcholine
e Leukotrienes e PGI, +PGE,
e Adenosine e Bradykinin
e Adenosine

hydraulic pressure gradient. These agents can also modify the ultrafiltration coef-
ficient by two mechanisms: (a) a change in the capillary filtration area by contract-
ing the mesangial cells; (b) a change in hydraulic conductivity by decreasing the
number and/or size of the filtration slit pores. The main vasoactive forces modulat-
ing single nephron GFR (SNGEFR) are listed in Table 5-1. Two vasoactive systems,
the renin-angiotensin system and the prostaglandins (Fig. 5-3) play key roles in the
protection of the stressed kidney.

Angiotensin Il (Angio II)

This octapeptide is a very potent vasoconstrictor of the afferent and efferent arterioles,
acting on two types of receptors, the AT, and the AT, receptor subtypes. The AT,
receptors are widely distributed and appear to mediate most of the biologic effects of
Angio II. The exact role of the AT, receptors remains uncertain. Angio II acts on both
pre- and post-glomerular resistance, but appears to predominantly vasoconstrict the
efferent arteriole, thereby increasing the glomerular capillary hydrostatic pressure
while decreasing glomerular plasma flow rate (3). This mechanism serves to maintain
GFR when the renal perfusion pressure decreases to low levels. The action of Angio II
on the efferent arteriole is counterbalanced by intrarenal adenosine, an agent modu-
lating the tubuloglomerular feedback mechanism. When both Angio II and adenosine
are overstimulated, their combined action results in afferent vasoconstriction (4).

Prostaglandins (PGs)

The renal prostaglandins are potent vasoactive metabolites of arachidonic acid (5).
Under normal conditions, the renal prostaglandins are present in low concentra-
tions and exert only minor effects on the renal circulation and GFR. The vasodilator

Prostaglandins

.

RBF—> @

Figure 5-3 The physiological regulation of GFR
depends on two main factors: the afferent vasodilator
prostaglandins and the efferent vasoconstrictor ¢
angiotensin Il. RBF, renal blood flow; GFR, glomerular
filtration rate.
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prostaglandins are however of major importance in protecting renal perfusion and
GFR when vasoconstrictor forces are activated, as for instance during hypotensive,
hypovolemic and sodium depletion states or during congestive heart failure. The
prostaglandins protect GFR by vasodilating the afferent arterioles, and by dampen-
ing the renal vasoconstrictor effects of Angio II, endothelin, and sympathetic nerve
stimulation on the afferent arteriole (5).

Maturational Aspects of the Renin-angiotensin and
Prostaglandins Systems

THE RENIN-ANGIOTENSIN SYSTEM

Renin is found as early as the 5th week in the mesonephros and by the 8th week in
the metanephros. The plasma renin concentration and activity generated by the
fetal kidney are elevated (6). The plasma renin activity further increases after birth
before slowly decreasing through infancy. The factors controlling renin release
(macula densa, baroreceptor, sympathetic nervous system and hormonal mechan-
isms) are active in the fetus (6).

Elevated levels of Angio II are present in the fetus and remain high in the neo-
natal period. While AT, receptors predominate during embryonic and fetal life, they
rapidly decline after birth (7). AT, receptors predominate after birth and are found in
glomeruli, macula densa and mesangial cells, resistance arteries and vasa recta (8). In
addition to its AT;-mediated vasoconstrictor effects, Angio II promotes growth of the
renal vasculature (7). Blockade of the AT, receptors with losartan during fetal life
interferes with normal renal development and results in vascular malformations,
cystic dilatation of the tubules and a decrease in the number of glomeruli (9).
Blockade of AT, receptor by losartan in newborn rabbits induces a drop in GFR,
without affecting RBF (10), thus illustrating the major role of Angio II in regulating
and protecting GFR in kidneys perfused at low systemic arterial pressures.

THE PROSTAGLANDINS

Cyclooxygenases 1 and 2 (COX-1 and COX-2) are expressed in the fetal renal
vasculature, glomeruli and collecting ducts. COX-2 activity is highest after birth
(11). Interference with prostaglandins synthesis during fetal life leads to renal dys-
genesis with cortical dysplasia, cystic tubular dilatation and impaired nephrogenesis
(12). COX-2 is probably involved in this pathogenesis (13). While the PGs do
probably not regulate GFR in normal conditions, interference with PGs synthesis
may have deleterious effects in conditions associated with renal hypoperfusion.

ASSESSMENT OF GFR

Different methods, using various markers, have been used to assess GFR in neo-
nates. The most common measurement of GFR is based on the concept of ‘clear-
ance, which relates the quantitative urinary excretion of a substance per unit time
to the volume of plasma that, if ‘cleared’” completely of the same contained sub-
stance, would yield a quantity equivalent to that excreted in the urine. The clearance
C of a substance x is expressed by the formula:

C: Ux0 V/Px,

where Uy represents the urinary concentration of the substance, V the urine flow
rate, and Py the plasma concentration. For its clearance to be equal to the rate of
glomerular filtration, a substance must have the following properties: (a) it must be
freely filterable through the glomerular capillary membranes, that is, not be bound
to plasma proteins or sieved in the process of ultrafiltration; (b) it must not be
excreted by an extrarenal route; and (c) it must be biologically inert and neither



reabsorbed nor secreted by the renal tubules. Several substances, endogenous or
exogenous, have been claimed to have the above properties: inulin, creatinine,
iohexol, ethylenediaminetetra-acetic acid (EDTA), diethylenetriaminepenta-acetic
acid (DTPA) and sodium iothalamate. The experimental evidence that this is
true has been produced only for inulin.

Glomerular Markers

Several endogenous or exogenous markers have been used to assess GFR (Table
5-2). The markers used in neonates are described below:

Inulin

Inulin, an exogenous starch-like fructose polymer extracted from Jerusalem arti-
chokes, has an Finstein-Stokes radius of 1.5 nm, and a molecular weight (MW) of
approximately 5.2 kDa. It diffuses, as would a spherical body of such radius. Inulin
is inert, it is not metabolized, not reabsorbed and not secreted by the renal tubular
cells. Its clearance, consequently, reflects the rate of filtration only. Estimates of
inulin clearance provide the basis for a standard reference against which the route
or mechanisms of excretion of other substances can be ascertained.

INULIN As A MARkER oF GFR IN THE NEONATE

The hypothesis that inulin may not be freely filtered by the immature glomerular
barrier has never been confirmed, neither in animal nor in human studies (14).
Inulin has been used as a marker of GFR in human neonates, using three different
techniques to measure or estimate its clearance: (a) the urinary UV/P clearance;
(b) the constant infusion technique without urine collection and (c) the single
injection (plasma disappearance curve) technique.

Creatinine

Creatinine, the normal metabolite of creatine phosphate present in skeletal muscle,
has a molecular weight of 113 Da. The renal excretion of endogenous creatinine is
fairly similar to that of inulin in humans and several animal species. However, in
addition to being filtered through the glomerulus, creatinine is secreted in part by
the renal tubular cells.

Overestimation of GFR by creatinine clearance is usually more evident at low
GFRs. As GFR falls progressively during the course of renal disease, the renal tubu-
lar secretion of creatinine contributes an increasing fraction to urinary excretion, so
that creatinine clearance may substantially exceed the actual GFR. Secretion of
creatinine into the gut plays a role in this phenomenon.

While creatinine has been used for decades, the methods available for its
chemical determination are still biased by various interfering substances (15).
Improvement in measuring creatinine has been achieved by the use of newer
techniques such as high-performance liquid chromatography (HPLC), the gas

Table 5-2 Characteristics of the Glomerular Markers

Inulin Creatinine lohexol DTPA EDTA lothalamate
Molecular weight (Da) 5200 113 811 393 292 637
Elimination half-life (min) 70 200 90 110 120 120
Plasma protein binding (%) 0 0 <2 5 0 <5
Space of distribution EC TBW EC EC EC EC

DTPA, diethylenetriaminepenta-acetic acid; EC, extracellular space;
EDTA, ethylenediaminetetra-acetic acid; TBW, total body water.
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chromatography-isotope dilution mass spectrometry (Gc-IDSM) and the HPLC-
IMSD coupled technique (15).

Gas chromatography-isotope-dilution mass spectrometry (Gc-IDMS) is now
considered the method of choice for measuring true creatinine. It has an excellent
specificity and low relative SD (less than 0.3%) (15). A method coupling HPLC
with IDMS for the direct determination of creatinine has been developed recently
(16). The procedure is simple and speedy. It appears to offer the same advantage as
the Gc-IDMS technique.

While accurate and reproducible assessment of creatinine is mandatory, the
calibration of its measurement is not yet standardized to a gold standard in most
places, thereby leading to substantial variations between laboratories (15).

CREATININE AS A MARKER oF GFR IN THE NEONATE

The handling of creatinine by the immature kidney is unique, creatinine apparently
undergoing glomerular filtration and partial tubular reabsorption. In newborn
rabbits, the urinary clearance of creatinine underestimates the concomitantly mea-
sured clearance of inulin (17). This phenomenon is only present in the first post-
natal days and is probably explained by the passive reabsorption of the filtered
creatinine across immature leaky tubules. When water is reabsorbed along the
nephron, the concentration of filtered creatinine rises so that creatinine back-dif-
fuses into the blood according to its concentration gradient, thus raising its plasma
concentration. The clearance of creatinine has also been shown to underestimate
true GFR in very low birth-weight (VLBW) human neonates, thus suggesting the
occurrence of the same phenomenon in the human immature kidney (18).

The use of creatinine as a marker of GFR in neonates is not only hampered by
its specific handling by the immature kidney, but also as previously mentioned, by
technical difficulties related to its chemical determination. The Jaffe reaction is
indeed affected by interfering substances such as bilirubin, leading to spurious
overestimation of the true plasma creatinine.

lohexol

Iohexol is a non-ionic agent with a MW of 821 Da that appears to be eliminated
exclusively by glomerular filtration. A significant correlation has been observed
between the urinary clearance of iohexol and that of inulin in children (19).
Large studies to validate iohexol as a true glomerular marker are not yet available.
Iohexol has not been validated in neonates.

lothalamate Sodium

Iothalamate sodium has a molecular weight of 637 Da. It can be used as
125_radiolabeled or without radioactive label, its plasma concentration then
being assessed by X-ray fluorescence or by HPLC or, more recently, by capillary
electrophoresis. It is only minimally bound to proteins and its renal handling has
some similarities with that of inulin. Critical studies have however unequivocally
demonstrated that iothalamate is actively secreted by the renal tubules, and perhaps
also undergoes tubular reabsorption in humans and animal species (20). The agree-
ment between iothalamate and inulin clearances appears to be a fortuitous cancel-
lation of errors between tubular excretion and protein binding of the agent. The
substance does not consequently appear suitable for accurate estimation of GFR.
The use of iothalamate has not been properly validated in neonates. Radiolabeled
iothalamate should not be used in the first month of life.

99mTe.DTPA and >'Cr-EDTA

The use of radiolabeled markers is not recommended during the neonatal period.
This group of markers will thus not be discussed here.
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diffusion of creatinine across the placental barrier. (After Guignard JP, Drukker A: Why do newborn
infants have a high plasma creatinine? Pediatrics 103(4):e49, 1999.)

Techniques Used to Assess GFR in Neonates
The Plasma Concentration

The use of the plasma creatinine (P..,) concentration to estimate GFR
presents specific problems in the neonate. The neonate’s creatininemia is elevated
at birth, reflecting the maternal plasma creatinine concentration. A near perfect
equilibrium between the maternal and fetal plasma creatinine concentrations
has indeed been shown to occur throughout gestation (Fig. 5-4) (18). In preterm
infants, the elevated plasma creatinine further increases transiently to reach a peak
value between the second and fourth day of postnatal life (Fig. 5-5) (21,22).
Peak plasma creatinine concentrations as high as 195-247 pmol/L in 23-26
weeks gestational age (GA) neonates, and 99-140 pumol/L in 33-40 weeks GA
neonates have been recorded (Table 5-3) (22). This transient increase in the very
low birthweight neonates’ postnatal plasma creatinine concentration is probably the
consequence of creatinine reabsorption across leaky tubules, as suggested by studies
in piglets and newborn rabbits (17,18). It accounts for the observation that when
measured during the first week of life, the P, is highest in the most premature
infants (23).

_ - GA <27 w
- 140 GA 27-28 w
3 120 =+~ GA 29-30 w
g 100 ==GA 31-32w
2 80+
IS
‘g 60
Figure 5-5 Changes in serum creatinine in pre- S 40 4
term neonates during the first 52 h of postnatal % 20
life. Peak increases are observed on day 4 in the 3
most premature infants. (After Gallini F, Maggio L, O‘*r—TTTTTrTrTTrTTTTrT
Romagnoli C et al: Progression of renal function in 0123456 710172431384552

preterm neonates with gestational age <32 weeks.

Pediatr Nephrol 15:119, 2000.) Days of life
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Table 5-3 Changes in Plasma Creatinine over Time for Different
Gestation Groups

Group gestation Birth creatinine Peak plasma Time to peak plasma
age (week) (pmol/L)* creatinine (umol/L)* creatinine (h)*

23-26 67-92 195-247 40-78

27-29 65-89 158-200 28-51

30-32 60-69 120-158 25-40

33-45 67-79 99-140 8-23

*Range intervals. After Miall LS, Henderson MJ, Turner, AJ et al: Plasma creatinine rises dramatically in the first
48 hours of life in preterm infants. Pediatrics 6:104, 1999.
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Urinary Clearance (UV/P)
INULIN

The method based on the urinary clearance of inulin is the reference method.
Measurement of the urinary clearance of this exogenous marker is cumbersome,
however, because it requires its constant intravenous infusion and the precise col-
lection of urine. The method has been used in early developmental studies (1) to
define the maturation of GFR in relation to gestational and postnatal age (Fig. 5-1
and Fig. 5-2).

CREATININE

The urinary clearance of creatinine has been claimed to approximate the urinary
clearance of inulin in both preterm and term neonates. In premature infants, a cre-
atinine to inulin clearance ratio below 1 has often been observed, suggesting that
tubular reabsorption of creatinine also occurs in premature humans, as it does in
immature animals (17). Developmental studies based on the urinary clearance of cre-
atinine have produced valuable information on the maturation of GFR (1,23-25).

The Constant Infusion Technique without Urine Collection

The constant infusion technique (26) assumes that the rate of infusion of a marker
(x) needed to maintain constant its plasma concentration is equal to the rate of its
excretion. After equilibration of the marker in its distribution space, the excretion
rate must thus be equal to the rate of infusion (IR), hence the derived clearance
formula:

Ci,=U,eV/P,=1IR 0P,

The flow rate of the test solution containing the marker is expressed in mL/min
per 1.73 m?, so is the clearance C of the marker x.

The constant infusion technique, without urine collection, is attractive and has
been used in newborn infants. The results obtained in short term (a few hours)
infusion studies have produced conflicting results. When inulin was constantly
infused for 24 h, the results obtained by this technique were in reasonable agree-
ment with those obtained by the traditional urinary clearance (27,28). As a whole,
the infusion technique has the advantage of avoiding the need for urine collection,
but presents with the main disadvantage of requiring careful time-consuming
supervision of the long-duration infusion of inulin.

The Single Injection (Plasma Disappearance Curve) Technique

The mathematical model for this technique is an open two-compartment system.
The glomerular marker is injected in the first compartment, equilibrates with
the second compartment, and is excreted from the first compartment by glomer-
ular filtration. The plasma disappearance curve of the marker follows two



consecutive patterns. In the first phase, the agent diffuses in its distribution space
and its plasma concentration falls rapidly. In the second phase, when the equili-
bration has been reached the slope of the decline of the plasma concentration of the
marker basically reflects its urinary excretion rate.

The plasma disappearance curve method has occasionally been used in neo-
nates. A large overestimation of GFR by the single injection technique has been
repeatedly observed; it was ascribed to incomplete equilibration of inulin in its
distribution space during the study period (28,29).

Estimation of Creatinine Clearance from its Plasma
Concentration without Urine Collection

The concentration of endogenous markers such as creatinine increases when GFR
decreases. The increase in plasma creatinine is not linear however. Several attempts
have thus been made to develop reliable methods that will allow a correct estimate
of creatinine clearance (eC,.,,) from its plasma concentration alone, without urine
collection. A formula has been developed for children (30,31), which allows an
estimate of creatinine clearance (eC,,,;) derived from the patient’s creatinine
plasma concentration and body length:

eCerear = ke Length/Pcreat

Where k is a constant, L represents the body length and P,,,, the plasma creatinine
concentration. This formula is based on the assumption that creatinine excretion is
proportional to body length and inversely proportional to plasma creatinine (31).
The value of the constant k can be obtained from the formula k= eC. 0@ P rear/
Length. When Length is expressed in cm and P, in mg (%), the resulting eC,.,, is
expressed in mL/min per 1.73 m®. Under steady state conditions, k should be
directly proportional to the muscle component of body weight, which corresponds
reasonably well to the daily urinary creatinine excretion rate.

The Schwartz formula has been used in neonates (31). The mean value of k,
calculated in 118 low birth weight infants with a corrected age of 25-105 weeks, was
0.33+0.01. It rose to 0.45 in full-term infants up to 18 months (31). In spite of a
large scatter of normal values, the formula was claimed to be useful, because it
correlated well with the inulin single-injection technique (31). It is only unfortu-
nate that the keLength/P,,.,; formula has not been validated in neonates by com-
paring its results with those given by the standard Ue(V/P) inulin clearance. The
accuracy of the keLength/P,.,,; formula, as an estimate of GFR, has indeed been
questioned. In a study in infants younger than 1 year of age, the k value ranged
from 0.17 to 0.82 [15-72 when P, in pmol/L], and factor k was found to vary
markedly with the state of hydration (32). The ke Length/P..,.,, formula may be more
informative clinically than P, alone because the creatinine value, in addition to
renal function, is critically dependent on the percentage of muscle mass. Caution
should be exercised, however, when using the formula as an estimate of GFR in
studies aimed at defining renal pathophysiologic mechanisms in neonates.

The Special Case of Cystatin C: A Non Classical
Glomerular Marker!

Cystatin C, a non-glycosated 13-kDa basic protein, is a proteinase inhibitor
involved in the intracellular catabolism of proteins (33). It is produced by all nu-
cleated cells, freely filtered across the glomerular capillaries, almost completely
reabsorbed and catabolized in the renal proximal tubular cells (34). Being reab-
sorbed, cystatin C is not a classical marker of glomerular filtration, as strictly
defined (see Assessment of GFR). When using the particle-enhanced immuno-
nephelometry assay for its determination in blood, no interference from bilirubin,
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hemoglobin, triglycerides and rheumatoid factor could be observed (35). Cystatin C
has been claimed to be a reliable marker of GFR, independent of inflammatory
conditions, muscle mass and gender (36,37). In children aged 1.8-18.8 years with
various levels of GFR, serum Cystatin C has been found to be broadly equivalent
(38) or even superior (39) to P ., as an estimate of GFR. A very large recent study
of 8058 inhabitants of Groeningen questions, however, the advantages of cystatin C
(40). In this study, male gender, older age, greater weight, higher serum C-reactive
protein levels and cigarette smoking were all independently associated with higher
cystatin C levels after adjusting for creatinine clearance. Cystatin C has also been
shown to be a poor marker of GFR in pregnancy (41), in renal transplant patients
and/or in patients receiving corticosteroids (42—44) as well as in intensive care
patients (45). In a recent study in children cystatin C has also been shown to be
less reliable than the Schwartz formula in distinguishing impaired from normal
GFR (46).

Cystatin C as a Marker of GFR in Neonates

The handling of cystatin C by the immature kidney is not known. Cystatin C does
not appear to cross the placental barrier, and there is no correlation between
maternal and neonatal serum cystatin C levels (47). Cystatin C concentrations
are highest at birth, and then decrease to stabilize after 12 months of age (47)
(Fig. 5-6). Cystatin C is significantly higher in premature infants as compared to
term infants (36,48). In the study by Randers et al (37), mean values of 1.63 £0.26
mg/L (x£SD) were recorded during the first month of life, and of 0.95 + 0.22 mg/L
during months 1-12, and 0.72£0.12 mg/L after the first year of life.

The claim has been made (a) that the concentration of cystatin C offers a
greater sensitivity and reliability than creatinine in detecting an abnormal GFR in
newborn infants, and (b) ‘that unlike creatinine, cystatin C can be used to
assess GFR of the newborn and even the fetus’ (49). Such a statement is somewhat
ill-founded and there are numerous reasons to refute this conclusion:
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Figure 5-6 Box plot distributions showing plasma cystatin C values across the age groups. Dotted
lines indicate 95% confidence interval of adult range. Preterm babies born between 24-36 weeks
of gestation were 1 day old. (After Finney H, Newman DJ, Thakkar H et al: Reference ranges for
plasma cystatin C and creatinine measurements in premature infants, neonates, and older children.
Arch Dis Child 82:71, 2000.)



(a) the handling of cystatin C by the immature kidney is not known;

(b) the scatter of the serum cystatin C concentrations in neonates is very large,
so that it is unlikely that a useful formula will be established to reliably
estimate GFR at this age;

(c) because cystatin C is filtered and then reabsorbed and catabolized by the
proximal tubular cells, its plasma concentation will obviously be influenced
by changes in the rate of degradation of cystatin C by injured renal proxi-
mal tubular cells;

(d) the claim that cystatin C is a valuable marker of GFR has not been validated
by comparison to the gold standard, either in neonates or in children;

(e) the production and concentration of cystatin C may be influenced by
factors other than GFR, such as the serum C-reactive protein levels, thyroid
dysfunction or corticosteroid administration;

(f) measurement of cystatin C is considerably more expensive than that of
creatinine, by a factor of at least 12 (49).

Conclusion: Assessment of Renal Function in Neonates:
Which Method for Which Purpose?

Developmental Studies

When the purpose of performing clearance studies is to obtain basic information
on the physiological maturation of GFR, the use of reliable methods is mandatory.
The urinary clearance of inulin remains the method of choice. This method requires
timed-urine collection, by bladder catheterization or bag. The urinary clearance of
creatinine also requires timed-collection of urine, and blood sampling in the middle
of the urinary collection period. Valuable information has been obtained by this
technique. The need for urine collection can be avoided by using the constant inulin
infusion technique. In this case, inulin needs to be constantly infused for at
least 24 h, requiring careful supervision. When respecting the protocol strictly
(27,28), useful information can be obtained by this technique.

Other non-validated methods for measuring GFR should be avoided, as they
are unnecessarily complex without providing indisputable data.

Clinical Purposes

Simpler techniques can be used to estimate GFR for clinical purposes. When inter-
preted with caution, the serum creatinine concentrations can provide crude but
valid information on the neonates’ renal function. The transient ‘physiological’
increase in plasma concentrations occurring during the first days of very premature
infants should be taken into account when interpreting such concentrations. The
data published by Miall et al (22) and Gallini et al (21) should be used as reference
values for creatinine levels in very low birth weight infants. In doing so, sequential
measurements of the plasma concentration of creatinine can provide useful infor-
mation on the putative presence of renal insufficiency.

When a rough estimate of creatinine clearance is needed, the Schwartz formula
adapted for neonates (31) can be used. The formula is simple, and only requires mea-
surement of the neonate’s plasma creatinine and body length. The formula has
indeed been shown to provide useful data on the level of GFR. The value of
0.33 +/— 0.01 for constant k (when creatinine is expressed in mg%, and 29 when it
is expressed in pmol/L) will of course only be valid if the reference values for creat-
inine are the same in the laboratory where creatinine is tested and in the laboratory
where the value of factor k has been calculated (31). Ideally, each laboratory should
define its own value for constant k in a selected group of patients.
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The use of more sophisticated techniques for clinical purpose is not justified.
Such is the case for the single injection technique of inulin or iothalamate, and for
the plasma cystatin C concentration. The information they give is not accurate
enough to justify their complexity. They will not provide information that
cannot be obtained by the simple Schwartz formula.

CONDITIONS AND FACTORS THAT IMPAIR GFR

In human neonates, the major risk factors for developing acute renal insufficiency
are severe respiratory disorders and perinatal exposure to PGs synthesis inhibitors
(50-53).

Perinatal Asphyxia

Perinatal asphyxia is defined as a condition leading to progressive hypoxemia,
hypercapnia and metabolic acidosis. The pathogenesis of the hypoxia-induced vaso-
motor nephropathy has been studied in newborn rabbits and lambs. In the rabbit
model, isolated hypoxemia induces intense renal vasoconstriction with a conse-
quent decrease in GFR and in the filtration fraction (FF), and to a lesser extent
in RBE The observed decrease in FF suggests efferent arteriolar vasodilation, pre-
sumably as a consequence of intrarenal activation of adenosine (54), an endogenous
vasoactive agent known to vasodilate the efferent arteriole and to decrease the
intraglomerular pressure. The hypothesis that adenosine plays a key role in mediat-
ing the hypoxemic renal vasoconstriction was supported by the fact that theophyl-
line, a non-specific antagonist of adenosine cell surface receptors, prevented the
drop in GFR induced by hypoxemia in newborn rabbits (54). Such an effect was not
observed when enprofylline, a xanthine devoid of adenosine antagonistic proper-
ties, was administered instead of theophylline (55). Clinical studies using prophy-
lactic theophylline in high-risk asphyxiated neonates seem to confirm the putative
beneficial effect of theophylline in protecting GFR (see Theophylline below).

Non-steroidal Antiinflammatory Agents (NSAIDs)

Exposure to PGs synthesis inhibitors during fetal development can lead to severe
renal dysgenesis. Increased activity of the vasodilator PGs present during develop-
ment is necessary to protect the function of the immature kidney. By blunting the
effect of vasodilator PGs on the afferent arteriole, PGs synthesis inhibitors can
impair GFR in both the fetus and neonate. Indomethacin is sometimes used in
pregnant women with polyhydramnios, to reduce fetal urine output and conse-
quently the production of amniotic fluid (56). It should be realized that this
‘obstetrical’ benefit is achieved by producing a state of renal insufficiency in the
fetus. Decreased GFR has been demonstrated in neonates whose mother had been
administered indomethacin shortly before birth (57) as well as in neonates admi-
nistered indomethacin for the closure of PDA (58). This deleterious effect is usually
transient, renal function normalizing within 30 days (59), but may have deleterious
consequences for the elimination of drugs such as vancomycin, aminoglycosides
and digoxin, which are excreted mainly by glomerular filtration.

Ibuprofen, a COX non-selective inhibitor like indomethacin, has been claimed
to be safer than the latter for the newborn kidney (60). The efficacy and renal side
effects of ibuprofen and indomethacin have been compared in two recent meta-
analyses (61,62). While the efficacy of the two drugs in closing the ductus arteriosus
was similar, ibuprofen appeared to have fewer renal side effects than indomethacin.
Ibuprofen-treated neonates presented with higher urine output (+0.74 mL/kg per
min), and a lower increase of serum creatinine concentration (+0.44 + 0.10 pmol/L).
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Figure 5-7 Effect of prophylactic ibuprofen on Rights were not granted to includelhigfigure in electronic media.
the pharmacokinetics of amikacin. The decrease in Flgasei[pRnio Ihe pries Booic

amikacin clearance and the increase in amikacin
half-life reflect the decrease in GFR induced by ibu-
profen. (After Allegaert K, Cossey V, Langhendries
JP et al: Effects of co-administration of ibuprofen-
lysine on the pharmacokinetics of amikacin in pre-
term infants during the first days of life. Biol
Neonate 86:207, 2004.)

In contrast, in a recent well-controlled clinical study, the prophylactic administra-
tion of either acetylsalicylic acid (4 x 11 mg/kg per day for two days) or ibuprofen
(10 mg/kg and 5 mg/kg at 24 h and 48 h, respectively) was associated with similar
decreases in the clearance of amikacin administered concomitantly (63,64) (Fig. 5-
7). Amikacin being eliminated almost exclusively by glomerular filtration, a
decrease in its clearance indicates a decrease in GFR. This observation casts
doubt on the renal innocuousness of ibuprofen. This doubt is supported by exper-
imental studies failing to demonstrate a difference between various NSAIDs,
including the non-specific COX inhibitors aspirin, indomethacin and ibuprofen.
All agents acutely decreased GFR and RBF when administered to newborn
rabbits (65,66).

Differences in the renal side effects of indomethacin and ibuprofen, if they do
exist, may depend on the ratio of their respective activities on the two-cycloox-
ygenase isoenzymes COX-1 and COX-2, indomethacin-inhibiting COX-1 more
than COX-2. This hypothesis does not fit well, however, with the observation
made in newborn rabbits that the preferential COX-2 inhibitor nimesulide
induced the same renal vasoconstriction as the non-selective inhibitors (67). If
real, the potential advantage of using ibuprofen may have to be counterbalanced
by a slight increase in the occurrence of chronic lung disease at 28 days of
age (62).
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Angiotensin Converting Enzyme Inhibitors (ACEls)
and Angio Il Receptor Antagonists (ARAs)

ACEIs and ARAs are potent hypotensive agents that act by interfering with the
formation or the action of Angio II. When administered to the hypertensive mother
early in pregnancy, they can induce renal dysgenesis (68). When administered later
in pregnancy or to the neonate after birth, these agents can induce renal failure
(69). In high-risk hypertensive neonates with bronchopulmonary dysplasia, whose
renin-angiotensin system is overstimulated beyond the neonatal period, the admin-
istration of captopril has resulted in dramatic falls in blood pressure and episodes of
prolonged oliguria and seizures (69). Inhibitors and antagonists of the renin-angio-
tensin system must not be administered to pregnant mothers and should be admi-
nistered with caution to sick neonates.

PREVENTION OF OLIGURIC STATES DUE TO LOW GFR

Furosemide in Oliguric Neonates

Furosemide, a potent loop natriuretic agent, is commonly used to improve urine
output in oliguric neonates, in the hope of increasing diuresis and improving renal
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blood flow and GFR. This hope is based on the fact that furosemide stimulates the
production of vasodilator prostaglandins. The natriuretic and the diuretic response
to furosemide are highly variable and depend largely on the level of GEFR.
Furosemide indeed acts from within the tubular lumen, which it reaches by glo-
merular filtration and tubular secretion. When a diuretic response is present, it
carries the risk of inducing hypovolemia, with consequent vasoconstriction of the
kidney. In the newborn rabbit, torasemide, a loop diuretic with close similarities to
furosemide, increased sodium and water excretion without modifying RBF and
GFR (70,71). When given to immature animals undergoing hypoxemic vasomotor
nephropathy, torasemide still improved sodium excretion and diuresis, but was
without effect on renal perfusion and GFR (71).

The administration of furosemide to preterm neonates with respiratory distress
syndrome (RDS) has produced conflicting results. While furosemide usually
induces diuresis and a transient improvement in pulmonary function, a critical
review of published data did not support the routine administration of furosemide
(or any diuretic) to preterm infants with RDS (72). Although it may stimulate
PGs production, furosemide is sometimes administered to indomethacin-treated
preterm infants presenting with oliguria, with an apparent benefit. A recent
critical review also concluded, however, that there was not enough evidence to
recommend the administration of furosemide to preterm infants treated with in-
domethacin for PDA (73). Clearly, furosemide should not be used to treat oliguric
neonates, but primarily those presenting with edematous states and congestive
heart failure.

Dopaminergic Agents (Dopamine, Dopexamine)
in Oliguric Neonates

Low doses of dopamine, the so-called ‘renal’ doses (0.5-2.5 pg/kg per min) have
been widely used in the hope that its selective actions on DA; dopaminergic recep-
tors in the vascular bed would induce renal vasodilation and improve GFR in the
newborn infant. Increases in urine output, sodium excretion and creatinine clear-
ance have been initially described following the administration of renal doses of
dopamine to sick neonates or to oliguric neonates treated with indomethacin (74).
In the latter group, dopamine (5 pg/kg per min) increased urine output without
affecting blood pressure, and decreased the pulsatility index in the renal artery.
These results were considered as reflecting a dopamine-induced increase in renal
blood flow (74).

Because of the great overlap in the response to dopamine and significant inter-
individual variability, the benefit of dopamine is difficult to ascertain, and detri-
mental effects following dopamine have been described (75). Noteworthy is the fact
that: (a) all studies in favor of the renal doses of dopamine were uncontrolled
(74-77); (b) early favorable results in indomethacin-treated preterm infants (74)
have not been confirmed by the meta-analysis of three randomized trials (73); and
(c) experiments in newborn rabbits also failed to demonstrate an increase in RBF
and GFR following the administration of dopamine (4 pg/kg per min and 10 pg/kg
per min) or dopexamine (4 pg/kg per min and 10 pg/kg per min), a dopaminergic
agonist devoid of any alpha-adrenergic effect (78). Dopexamine also failed to
improve renal function in newborn rabbits presenting with hypoxemic vasomotor
nephropathy (79).

In view of its potential side effects (worsening of the hypothyroid state of the
preterm infant, decrease in growth hormone and prolactin secretion, cardiac
arrhythmia, constriction of pulmonary, renal and peripheral vasculature) and the
doubt cast on their efficacy, dopamine and dopaminergic agents should not be used
with the aim of improving GFR.
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Figure 5-8 Changes in urine flow rate (V), water input/output ratio and creatinine clearance
(Cerear) following theophylline administration in high-risk neonates with compromised renal func-
tion. (After Huet F, Semama D, Grimaldi M et al: Effects of theophylline on renal insufficiency in
neonates with respiratory distress syndrome. Intensive Care Med 21:511, 1995.)

Theophylline

Low-dose theophylline (0.5-1 mg/kg), a xanthine derivative with strong adenosine
antagonistic properties, has been shown to prevent the hypoxemia-induced vaso-
constriction in both newborn and adult rabbits (54). It probably does so by blunt-
ing the efferent arteriolar adenosine-mediated vasodilation induced by hypoxia.
A marked improvement in both urinary water excretion and GFR following theo-
phylline administration was first observed in high-risk neonates with oliguric renal
insufficiency (Fig. 5-8) (80). Later studies confirmed this observation. A double-
blind placebo-controlled study showed that theophylline (single dose of 8 mg/kg)
given early after birth significantly improved renal dysfunction in term-neonates
presenting with severe perinatal dysfunction (81). Two recent placebo-controlled
studies in severely asphyxiated term-neonates demonstrated that a single dose of
theophylline (5 mg/kg or 8 mg/kg) given in the first hours of life significantly
improved renal function and creatinine clearance, without affecting the central
nervous system (82,83). Improvement in renal function has also been observed
in a controlled study in preterm neonates with RDS. The intravenous administra-
tion of a low dose of theophylline (1 mg/kg for 3 days) resulted in lower levels of
serum creatinine, increased urine output and decreased the occurrence of oligoan-
uria (84). Interestingly enough, in the neonatal rabbit model, the specific adenosine
A, receptor antagonist DPCPX does not offer the same protection as theophylline
during a hypoxemic stress (85).

While the use of the non-specific adenosine antagonist theophylline appears to
offer significant protection for the stressed kidney, additional studies are required
before recommending the routine use of theophylline for preventive or curative
purposes in neonates with perinatal asphyxia or RDS.
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Chapter 6

The Developing Kidney and

the Fetal Origins of Adult
Cardiovascular Disease
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Developmental Origins of Health and Disease
Nephron Number Reduction

Molecular Mechanisms Involved in the Developmental Origins of
Cardiovascular Disease

Conclusion

Since the pioneering work of David Barker and colleagues (1), worldwide epide-
miological studies have demonstrated that low birth weight is associated with an
increased risk of death due to coronary heart disease (2—4). The path between early
development and adult disease has been shown to involve arterial hypertension and
metabolic disorders, such as insulin-resistance and hyperlipidemia, the elements of
‘metabolic syndrome’ or X syndrome’ (5,6). The concept of the developmental
origins and programming of adult disease is now widely understood, as evidence
of the relationship between early growth and development and disease occurring in
the long term is growing.

Studies on blood pressure and early growth show that in both children and
adults there is an inverse relationship between birth weight and arterial blood
pressure: blood pressure is increased by reduced birth weight, the size of this
effect ranging between 1-3 mmHg/kg of birth weight (7). Such findings
have been replicated with various animal models of intrauterine growth
restriction (IUGR), in guinea pig (8), sheep (9) and particularly rat (10-12). The
developing kidney has been shown to be one key organ involved in the program-
ming of hypertension in adulthood, due in particular to the definitive reduction
in the total number of nephrons, which is a characteristic of low birth weight
(13-15).

While evidence of the early programming of cardiovascular function and dis-
ease is provided by studies including subjects whose low birth weight is likely to be
caused principally by IUGR, recent studies raised the issue of the long term con-
sequences of low or very low birth weight due to preterm birth. Premature birth has
been shown to be associated with elevated arterial blood pressure in adulthood
independent of birth weight (16-19).

The aim of this review is to summarize current knowledge on the physiological,
structural and molecular mechanisms by which the kidney is involved in the
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developmental origins of arterial hypertension, and to discuss the potential impact
of such findings on care and follow-up of low birth weight subjects and patients.

DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE

Key concepts have been proposed to understand both epidemiologic findings and
animal experimental data on the early influences that control long term health and
diseases.

The early origins of adult diseases hypothesis has been developed by Barker and
colleagues after they characterized a relationship between increased coronary heart
disease mortality rates with decreasing birth weight in a cohort of men and women
whose characteristics at birth were known, in Hertfordshire, UK(1). According to
this concept, environmental factors, in particular nutrition, act early during fetal
and postnatal life to program the risk for later cardiovascular and metabolic disease
in adulthood. Common risk factors for cardiovascular disease, such as arterial
hypertension, hyperlipidemia, type 2 diabetes and the components of the metabolic
syndrome, a major cause of mortality in developed countries, are thus at least in
part associated with early life environment.

The Thrifty Phenotype Hypothesis

The thrifty phenotype hypothesis has been the principal mechanistic frame pro-
posed to explain that an adverse fetal respiratory and nutritional environment
results in an adaptive response designed to protect key fetal organs and systems,
such as the brain and the heart, to the detriment of others, resulting in a physiologic
programming that then enables the newborn to adapt and thrive under scarce
environmental conditions. Such an adaptive response to fetal chronic stress, how-
ever, results in detrimental effects such as type 2 diabetes mellitus when the post-
natal environment is abundant, instead of restricted (20). Immediate fetal and
neonatal survival advantage is thus balanced by unfavorable long term conse-
quences. However, the thrifty phenotype theory may show its limits when taking
into account that not only low birth weight due to intrauterine growth restriction,
but also to preterm birth (16-19,21), is associated with long term functional altera-
tions such as increased arterial blood pressure or insulin resistance. Indeed, new
paradigms are needed as premature birth most frequently is not associated with
chronic fetal distress.

The Role of Altered Growth during Fetal Life and Infancy and
Later Growth Acceleration

The idea that a poor environment during fetal and infantile life, contrasting later
with more affluent nutritional conditions, may favor disease and premature death is
supported by studies relating infantile mortality rates and mortality due to coro-
nary heart disease in adulthood within specific areas in Norway (22).

Late infancy seems a key period in programming the risk of adult disease by
switching from poor growth early in life to a more favorable nutrition. Low weight
at birth, but also at the age of 1 year has been shown to be associated with higher
rates of cardiovascular mortality (2). Studies in Finland show that low birth weight,
associated with later catch-up growth after the age of two, are associated with
increased rates of death from coronary heart disease (23). In parallel to low birth
weight, longitudinal studies and nutritional intervention studies on premature
babies suggested that postnatal growth, especially accelerated weight gain, may
play an important role in programming later cardiovascular diseases (7,24-30).
Infants with low birth weight often show accelerated rates of growth in infancy



and early childhood, a phenomenon known as catch-up growth. The critical
‘window” when catch-up growth contributes to higher blood pressure in adulthood
is still in discussion. Many studies have shown that increased weight gain in early
childhood (5-7 years) is independently associated with increased blood pressure
levels in adulthood, while others have suggested that body mass index in pre-
adolescents (11-15 years), which is predicted by early postnatal growth, contributes
to cardiovascular disease in adults.

The role of weight gain in the first months of postnatal life is a matter of
considerable interest. In a nutritional intervention study, Lucas et al have shown
that increased weight gain during the first two weeks of postnatal life was associated
with elevated diastolic blood pressure in adolescents born preterm (29). In some
populations, reduced infant growth seems to confer additional cardiovascular risk
that is predicted by birth weight, and may independently affect blood pressure in
adulthood. In a young adult population study in Hong Kong, those who were
thinner and, independently, those who had gained less body mass between
6-18 months, had higher systolic blood pressure (30). The authors suggested that
the poor infant growth may be due to living disadvantages and a higher burden of
infectious diseases. Similar results have been observed in 11-12 year-old Jamaican
children who were stunted in early infancy (6-24 months) (28). However, such a
relationship has not been observed in other studies (24,25). The fact that an impair-
ment of fetal growth and/or growth during early infancy, followed by an accelerated
postnatal growth, may contribute to elevated blood pressure in adulthood, suggests
that postnatal adaptations in growth are responsible for higher levels of blood
pressure later. The role of postnatal nutrition on programming later systemic hyper-
tension has been confirmed by animal models (31,32). Studies in our laboratory
show that arterial blood pressure is elevated in adult rats exposed to early postnatal
overfeeding (obtained by reduction of litter size during the suckling period). Such
an effect is amplified by a high caloric diet in young adult rats born with intra-
uterine growth restriction (Boubred et al 2007, unpublished data).

It thus appears that the early programming of durable physiologic alterations
and risk of disease is likely to occur at critical periods of early life, during a sensitive
window covering fetal life and infancy. Such critical periods allow developmental
plasticity, i.e., the ability of a single genotype to produce different phenotypes, to
take place (33).

Being born small at birth may reflect a process that involves adaptive responses.
However, small size at birth may also induce responses that intervene as conse-
quences of the process, and are defective in nature. For example, low birth weight,
whether due to intrauterine growth restriction or to preterm birth, is associated
with a reduction in the constitutive nephron endowment. As far as its consequences
are known, congenital nephron number reduction is not likely to reflect an adaptive
response, but simply an arrest in nephron development that may induce long term
renal and vascular physiologic changes of utmost importance.

NEPHRON NUMBER REDUCTION

Experimental studies and human findings provide evidence for a pathogenic link
between low nephron number and systemic hypertension and renal function dete-
rioration. In animals as well as in humans, a reduction in nephron number leads to
the development of hypertension and progressive renal failure. It has been shown
that in some individuals born with a solitary kidney or with severe degrees of
oligomeganephronia, hypertension and renal disease develop (34). Interestingly,
in a recent autopsy study, patients with essential hypertension had a significantly
lower nephron number and higher glomerular volume than sex and age-matched
normotensive patients (15). Such findings have been reproduced in recent
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Figure 6-1 Pathogenesis of elevated blood pressure and
reduced glomerular function associated with decreased birth
weight and nephron endowment. (After Brenner BM, Garcia
DL, Anderson S: Glomeruli and blood pressure. Less of one,
more the other? Am J Hypertens 1:335-47, 1988.)
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experimental studies of reduced nephron mass. Reduction of nephron mass by
nephrectomy during nephrogenesis is associated with arterial hypertension and
alteration of glomerular filtration rate in adulthood (35,36). Nephrogenesis is
achieved in the human before delivery, up to the 34th week of gestation and is
influenced by the fetal environment. It is clearly established that an adverse fetal
environment results in fetal growth restriction, alters nephron formation and is
responsible for a reduced total number of nephrons (37). Such nephron number
deficit is considered permanent throughout life despite improved postnatal nutri-
tion. Studies on necropsies of human fetuses and newborns, and experimental
studies in various animal species have shown that the total number of nephrons
is proportional to birth weight and is reduced by approximately 30—40% when
IUGR is present (37,38). Hughson et al have shown in an autopsy study a relation-
ship between birth weight and nephron number and an adaptive increase in
glomerular volume (39).

However, little is known regarding glomerulogenesis in preterm infants. It has
been postulated that nephrogenesis may be impaired when part of it has to develop
‘ex-utero, contributing to the susceptibility of preterm infants to hypertension in
adulthood. In an autopsy study of 56 extremely premature infants, whose birth
weights were, in the majority, appropriate for gestational age, Rodriguez et al found
that nephrogenesis was considerably decreased compared to term controls, and
radial glomerular count number correlated with gestational age. However, markers
of active glomerulogenesis were absent in longer surviving extremely low birth
weight infants, as in term controls whose nephrogenesis was terminated. Signs of
impaired nephrogenesis were furthermore accentuated in patients who suffered
from renal failure (40).

As postulated by Brenner and co-workers, nephron deficit as a result of intra-
uterine growth restriction leads to reduced filtration surface area and glomerular
single nephron hyperfiltration, which is responsible over a long time for glomerular
injury, long term proteinuria, glomerulosclerosis, progressive deterioration of renal
function and finally hypertension (14) (Fig. 6-1). Compensatory glomerular
hemodynamic changes associated with increased single-nephron glomerular filtra-
tion rate (SNGFR) initiate and perpetuate injury following inborn nephron deficit.
In response to reduced nephron number, remaining nephrons undergo an adapta-
tion in structure and function, including nephron hypertrophy (an increase in



glomerular volume) and increases in SNGFR to meet excretory demands. Such
compensatory adaptation, which at first appears beneficial, may have a harmful
long-term effect. Recent experimental studies have shown that other mechanisms
may be involved in such adaptive changes. Both renal expression of and respon-
siveness to the renin-angiotensin system are up-regulated during early adulthood in
intrauterine growth restricted rats, further increasing the systemic blood pressure
needed to maintain sodium and water balance (41).

In general, hypertension occurs because of reduced GFR, and the inability of
the kidney to maintain sodium and water balance at a normal pressure. The effects
on renal function of accelerated weight gain, favored by high caloric and protein
intakes, are not completely known but they may contribute to an alteration in renal
function in adulthood. It has been known for a long time that a high protein intake
in rats is associated with an adaptive, elevated glomerular filtration rate and renal
hypertrophy, which result over a long time in glomerular damage, especially when
renal mass is reduced (42,43).

Little is known about the effects of low birth weight and renal function in adult
humans. It has been shown in south-eastern USA that low birth weight contributes
to the early onset of end-stage renal disease, but more studies are needed to confirm
and detail the renal consequences of low birth weight in humans (44). Recently,
Keijzer-Veen MG et al, in a prospective follow-up study of young adults born
preterm in the Netherlands, have shown that renal function was altered in those
born with intrauterine growth restriction (21).

MOLECULAR MECHANISMS INVOLVED IN THE
DEVELOPMENTAL ORIGINS OF CARDIOVASCULAR DISEASE

Nephron formation during embryonic and fetal life occurs through the epithelial
differentiation of mesenchymal cells within the nephrogenic blastema, induced by
the adjacent ureteric bud branch division. It is thus not surprising that the expres-
sion of genes involved in kidney development is altered in conditions of adverse
intra-uterine environment such as IUGR. Renin-angiotensin system components,
mRNA and protein expression are down-regulated in rats born with intra-uterine
growth restriction, further confirming the role of renin as a renal growth factor
(45).

Vitamin A deficiency has been shown to alter nephron development in rats,
and may be a key factor in nephron mass reduction due to intra-uterine growth
restriction (46,47). Indeed, a 50% reduction in maternal retinol circulating con-
centration leads to a 20% reduction in nephron number in the offspring, while
overall fetal development was not affected, a fact confirmed in cultured explanted
metanephroi (46). Genes of specific growth-factors, such as midkine, a retinoic-acid
responsive gene to a heparin-binding growth-factor, have been shown to interfere
with nephron development alteration due to retinoic acid deficiency (48). The
regulation cascade of all-trans-retinoic acid control of nephron development
involves C-ret, as both C-ret mRNA and protein are significantly altered in condi-
tions of retinoic acid deficiency in vitro (49).

In its early days the thrifty phenotype hypothesis seems to have been largely
ignored by the medical profession, possibly due to a lack of a plausible mechanism.
The phenomenon was, however, well known to biologists, who refer to it as devel-
opmental plasticity to convey the ability to change structure and function in an
irreversible fashion, during a critical time window in response to a pre- or postnatal
environment (33,50). The environment has great influence on phenotypic expres-
sion with the aim of adaptation to the conditions of existence. Adaptation of species
follows the line of evolution, which operates over very long periods and many
generations, giving rise to genetic variation in populations and ultimately new
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species driven by mutation, gene flow and genetic drift. Populations adapt on an
intermediate scale within one or a few life spans, and individuals adapt in fractions
of a life span. Adaptation by mutation cannot parallel short-term environmental
alterations and the necessary flexibility comes from regulation of gene expression.
This may occur by moment to moment control via transcriptional activators and
repressors, which respond through a sequence of signal transduction mechanisms
to external stimuli such as nutrients, sunlight, also named labile regulation (51).
A second mechanism is by epigenetic regulation (51,52). Epigenetics comprise the
stable and heritable (or potentially heritable) changes in gene expression that do not
entail a change in DNA sequence.

One molecular background of epigenetic changes is by alteration of chromatin
structure through modification of histones by methylation, acetylation, phosphor-
ylation and ubiquitylation, all together giving rise to what is referred to as the
epigenotype. But the best characterized epigenetic modifications concern DNA
and consist of the methylation of cytosine residues within CpG dinucleotides
(53). DNA methylation is of particular importance for gene regulation and is
strongly implicated in fetal development. Even minor changes to the degree of
gene methylation can have severe consequences. An accurate quantification of the
methylation status at any given position within the genome is a powerful diagnostic
indicator.

Folate Status, Diet, DNA Methylation, Imprinted Genes
and Programming

Folate, a water-soluble B group vitamin, is essential for the transfer of one-carbon
units (54). It is indispensable to the methionine cycle and therefore to the synthesis
of S-adenosylmethionine, the common methyl donor for DNA methylation. The
status of folate and of other substrates and cofactors in one-carbon metabolism may
consequently be expected to influence phenotype, an abnormal status or imbalances
being able to cause diseases such as neurological disorders, cancer, endocrine and
cardiovascular diseases.

Folate deficiency leads to a decrease in S-adenosylmethionine and an increase
in homocysteine. Abnormalities in folate metabolism and DNA methylation have
been associated with Down’s syndrome, and aberrant DNA methylation has been
implicated in the pathogenesis of neurological disorders including Alzheimers,
Parkinson’s, and Huntington’s diseases (55). Altered DNA methylation has been
extensively documented in tumorigenesis (54).

Nutritional anomalies, either during the entire pregnancy period, or at critical
ontogenetic stages, are likely to have major and persistent effects on the fetal epige-
notype and thereby the expression or depression of genes that may cause disease in
later life. Nutrition, via nutrient-gene interaction, may in this way at least partially
determine phenotypic characteristics and this phenotype may subsequently be trans-
mitted to future generations, given that the epigenome can to some extent be con-
veyed too. The epigenetic make-up may constitute a link between low birth weight
and cardiovascular disease and many other complex diseases at adult age (53).

Several research studies focused on those classes of elements in the genome that
are particularly sensitive to nutritional regulation during early life. There is a grow-
ing body of evidence from studies of in vitro embryo culture that the methylation
status of genomically imprinted genes, including IGF2, H19, IGF2R, etc., can be
altered with consequences for subsequent organ growth and function (53,56,57).
Importantly, the epigenetic lability of imprinted genes is not limited to the pre-
implantation period and includes the early postnatal period in rodents (58). Recent
studies have also demonstrated that retrotransposons are elements within the
genome that may also be epigenetically labile to early nutrition (59,60).



Genomic Imprinting and Nutrient Supply to the Fetus

Directional effects on fetal growth of maternally and paternally expressed genes
have been documented in a number of mouse knockouts. Paternally expressed
genes involved with fetal growth tend to increase fetal size whereas maternally
expressed genes decrease fetal size. Imprinted genes are epigenetically regulated
and play important roles in development such as fetal growth, placental develop-
ment and function, and behavior after birth (61,62). The control of fetal growth by
imprinted genes can be exerted at the level of cell proliferation, apoptosis and
extracellular fluid composition in the fetus.

To prove that such mechanisms are at work in kidney development, asymmet-
ric IUGR was induced through bilateral uterine artery ligation in pregnant rats by
Pham et al (63). Uteroplacental insufficiency reduced glomeruli number while
increasing TUNEL staining and caspase-3 activity in the IUGR kidney, both indi-
cating increased apoptosis. Furthermore, a significant decrease in Bcl-2 mRNA and
a significant increase in Bax and p53 mRNA were observed.

Genomic imprinting is thought to have evolved as a result of genetic con-
flict between paternal and maternal genomes over the allocation of maternal
resources, leading to the prediction that imprinted genes have substantial
control over size at birth. This is confirmed by recent studies, from which we
have suggested that imprinted genes have central roles in the genetic control
of both the fetal demand for, and the placenta supply of, maternal nutrients.
Constancia et al have recently provided the demonstration that dys-regulation
of an imprinted gene, specifically in the placenta, affects fetal growth by showing
that placental-specific Igf2 is an important modulator for fetal growth in the mouse
(64). The Ifg2 gene combines and balances the genetic control of supply
(through expression in the placenta) with the genetic control of demand
(through expression in the fetus) for nutrients. This hypothesis can be extended
to other imprinted genes. Paternally expressed genes in the fetus increase the
demand for nutrients, and maternally expressed genes in the fetus decrease
demand for nutrients. Alterations in demand may create a signal to the placenta
to alter supply. Knowledge of how nutrient supply and demand is genetically
regulated is crucial for understanding the mechanisms of fetal growth
restriction. The role of human imprinted genes in fetal growth restriction,
however, remains poorly understood, largely through the difficulties of human
experimentation.

CONCLUSION

Increasing, clinical and experimental data support the concept that renal func-
tion in adulthood seems partly ‘programmed’ in utero and/or in the early postnatal
period, independently of the eventual occurrence of congenital or acquired kid-
ney disease. Such developmental programming of function and disease in adulthood
is related to low birth weight, whether due to intrauterine growth restriction or
premature birth and involves a permanent nephron number reduction. The conse-
quent glomerular hyperfiltration contributes to the increased arterial blood pressure
in adulthood. The long term influence of postnatal nutrition, especially protein
intake, on the development of renal function, especially in conditions of altered
perinatal renal development, is still unknown. Knowledge of the molecular
mechanisms underlying nephron number reduction and corresponding adaptive
changes is in considerable progress. Epigenetic changes are likely to be key molecular
factors in the long term memory that characterizes long term consequences of
altered perinatal growth and development.
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Chapter 7

Renal Modulation: The Renin-

Angiotensin-Aldosterone
System (RAAS)

Aruna Natarajan, MD, DCh e Pedro A. Jose, MD, PhD

Components of the RAAS
Ontogeny

Current Concepts and Controversies
Summary

The renin-angiotensin-aldosterone system (RAAS) plays a critical role in the
maintenance of salt and water homeostasis by the kidney, particularly in hypovo-
lemic or salt-depleted states. The net effect of the unopposed activation of this
system results in sodium retention, potassium loss, and an increase in blood
pressure (1).

COMPONENTS OF THE RAAS

Angiotensin Generation

Renin is synthesized in the juxtaglomerular (JG) cells (smooth muscle cells in
the walls of the afferent arteriole as it enters the glomerulus), and is stored as
prorenin (2-5). It is released as renin, and regulated by renal afferent arteriolar
baroreceptors and the macula densa of the distal nephron of the kidney.
Renin enzymatically causes the formation of angiotensin I (Ang I) from angioten-
sinogen. Ang I is acted upon by angiotensin converting enzyme (ACE) to form
angiotensin II (Ang II). The rate limiting step in this sequence of events in humans
is the release of renin, rendering it the most well regulated variable of all constitu-
ents of the Renin-Angiotensin System (RAS). Renin secretion/release is increased by
three primary pathways: (i) stimulation of renal baroreceptors by a decrease in
afferent arterial stretch (pressure) (6,7); (ii) stimulation of renal B;-adrenergic
receptors, in part, through renal sympathetic nerve activity (8-10); and (iii) a
decrease in sodium and chloride delivery to, and transport by, the macula densa
(11,12). Renin secretion can also be regulated by several endocrine and paracrine
hormones.

ACE acts on Ang I (Ang 1-10) to cleave off the active octapeptide, Ang II (Ang
1-8), which is a more potent vasoconstrictor than Ang I (13). Ang II can also be
formed by non-ACE enzymes and non-renin enzymes, such as chymase, cathepsin
G, cathepsin A and tissue plasminogen activator (t-PA) (14). This assumes greater
significance in the organs where not all components of the RAS are expressed,
providing alternate means of generation of Ang II, the physiological significance
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of which is still not well understood, and may be organ specific. For example, mast
cells produce renin, and have chymases, which help form Ang II and may play a role
in heart failure and generation of arrhythmias (15).

ACE2 is a recently identified human homolog of ACE, sharing about 42%
sequence homology. ACE2 converts Ang II to Ang 1-7. Ang 1-7 has vasodilator,
antigrowth and antiproliferative properties, and exerts counterregulatory effects on
Ang II. ACE 2 also decreases the level of Ang II by converting Ang I to Ang 1-9, an
inactive nonapeptide (16,17). Thus, it appears that ACE and ACE2 exert opposing
roles on the effects of the RAS. Unlike ACE, ACE2 is unable to inactivate bradyki-
nin, and is insensitive to currently available ACE inhibitors. ACE2 has been identi-
fied as the receptor for the SARS-corona virus (SARS-CoV), allowing entry of the
SARS-CoV into the cell (18,19). ACE2 may contribute to the localized overproduc-
tion of Ang 1-7 in the kidney, observed during pregnancy, which might protect
against a rise in blood pressure (20).

Synthesis of the components of the RAAS occurs to a greater extent in certain
organs relative to others, such as angiotensinogen in the liver, renin in the kidney,
ACE in the lung, and aldosterone in the adrenal glands, which function together as
an endocrine system. Some or all of its components are expressed in the brain,
heart, vasculature, adipose tissue, pancreas, placenta, and kidney, among others,
exerting autocrine, intracrine, and paracrine effects. This adds complexity to our
understanding of the modulatory effects of the RAAS in maintaining homeostasis
(5). Renin can be produced in the heart, brain, adrenal gland, testes, submaxillary
gland, and mast cells, in addition to JG cells. Angiotensinogen is produced in
extrahepatic sites such as the kidney, brain, spinal cord, mesentery, adrenal
gland, atria, lung, stomach, spleen, large intestine, and ovary, and is also expressed
in the ventricle and conduction tissue of the heart (5,21). ACE is ubiquitously
expressed; however, the conversion of circulating Ang I to Ang II by ACE occurs
mainly in the lung. ACE2 has been identified in the human heart, kidney and testis,
and may be present in other tissues as well (21,22).

Ang II stimulates aldosterone synthesis and secretion by zona glomerulosa cells
of the adrenal gland (23). Extra-adrenal sites of aldosterone synthesis include brain
neurons, where it stimulates thirst, and cardiac myocytes, where it plays a role in the
ventricular remodeling associated with salt retention (24). In these areas, the effects
of aldosterone oppose those of glucocorticoids (25).

Ang Il and its Metabolites

Aminopeptidases cleave Ang II at different sites. Aminopeptidase A acts on Ang II
to form the heptapeptide Ang III, which participates, along with Ang II, in the
classical effects on body fluid and electrolyte homeostasis, such as drinking beha-
vior, vasopressin release and sodium appetite, in brain centers (5,21,26). Ang IV is a
hexapeptide (Ang 3-8), formed by the action of aminopeptidase N on Ang II
(27,28). Ang IV negatively regulates aminopeptidase A and thus influences the
generation of Ang III.

Gene Targeting of Angiotensin Synthesis

The net impact of the autocrine, endocrine, intracrine, and paracrine effects of the
RAAS is understood best in experimental models of controlled hyper-expression or
deletion of target genes of the RAAS, such that their effects are enhanced or
abolished. Most of these studies have been done in mice. Some have been per-
formed in rats. Mice are different from other species in that they can have one or
two renin genes (Ren-1 and Ren-2), depending on the strain (29). Ren-2 may have
arisen from gene duplication during evolution. Thus, C57/BL6 mice express one
renin gene while 129 sv mice express two renin genes. Interestingly, the adenosine
receptor gene knockout mice, regardless of the strain (30), always express both



renin genes. The physiological significance of one versus two genes is unknown thus
far: there is no significant difference in plasma renin levels or renal renin mRNA
expression between the two.

Deficiency of individual components of the RAAS is associated with low blood
pressure while over-expression of individual components of the RAAS increases
blood pressure, confirming the essential role of the RAAS in maintaining blood
pressure. Angiotensinogen-deficient mice exhibit profound hypotension (31,32).
These mice also exhibit delayed glomerular maturation and small papillae and
develop nephrosclerosis (33). Transgenic mice, which over-express the human an-
giotensinogen gene, develop hypertension and renal fibrosis; the latter is amelio-
rated by the administration of an ACE inhibitor, independent of its blood pressure
lowering effects (34).

Tissue-specific targeted ablation helps to elucidate the paracrine and autocrine
effects of tissue RAS. In hypertensive mice expressing human renin (hREN) and
human angiotensinogen transgenes under the control of their own endogenous
promoters, glial-specific deletion of angiotensinogen results in lowered blood pres-
sure (35), indicating that the central nervous system also contributes to the regula-
tion of blood pressure. Introduction of the mouse Ren-2 gene into normotensive rats
creates a transgenic strain that expresses Ren-2 mRNA in the adrenal gland, and the
kidney (36). This transgene provides a monogenic model for a form of sodium
dependent malignant hypertension. The Ren-2 transgenic rat has hyperprorenine-
mia, low plasma and renal renin, high adrenal renin, and increased adrenal cortico-
steroid production. The hypertension that occurs in this model is responsive to ACE
inhibitors. ACE deficient mice have decreased blood pressure and renal disease
characterized by perivascular infiltrates and impaired concentration ability, indicat-
ing a role of ACE in the development of nephron function (37). ACE2 deficient mice
develop dilated cardiomyopathy, and have a hypertensive response to Ang II (38,39).

Angiotensin Receptors

The effects of the angiotensin ligands Ang II, Ang III, and Ang IV are mediated by
their interaction with specific angiotensin receptors. Ang II is known to interact
mainly with two receptors, AT; and AT,. Ang II and Ang III are full agonists at the
AT receptor, while Ang IV binds to the receptor with low affinity (27,28,33,40).
Almost all the usual physiological effects of Ang II are mediated by the AT, receptor.
The human AT, receptor gene is located in chromosome 3q21-q25. The human
AT, receptor is located in chromosome Xq22-q23. AT, and AT, receptors belong to
the seven-transmembrane class of G protein-coupled receptors (27,28,33,41). Adult
human renal vasculature, glomeruli, and tubules (proximal, ascending limb of
Henle, and collecting duct) express AT, receptors; AT, receptors are expressed in
the vasculature and glomeruli but not in the tubules (42).

Rodents, but not humans, have two AT, receptors, AT, and AT 5. They are 94%
homologous, and are located in chromosome 17q12 and chromosome 2q24, respec-
tively (43). These receptor subtypes are differentially expressed: the AT, receptor is
expressed in the hypothalamus while the AT, receptor mRNA is expressed in the
pituitary gland. Both AT, and AT,y receptors are expressed in the adrenal gland.
While aldosterone secretion is mediated by both AT 5 and ATy receptors in the zona
glomerulosa, corticosterone secretion is mediated by AT}, in the zona fasciculata
(44). Adult rat kidneys express AT 5 receptors in blood vessels and glomeruli. More
AT 4 receptors are expressed in collecting ducts than in other nephron segments
(45,46). The AT, receptor is not expressed in the adult or fetal rat kidney (47). In
adult rat kidneys, AT, receptors are expressed to a greater extent in glomeruli and to a
lesser extent in proximal tubules and blood vessels. Female rats express more AT,
receptors than male rats (48).
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Occupation of the AT, receptor by Ang II triggers the generation of various
second messengers via heteromeric G-proteins, chiefly Gg/1;. Phospholipase C
(PLC) B1 is activated leading to the formation of 1,4,5-inositol trisphosphate
(IP3) and diacylglycerol (DAG) from the hydrolysis of phosphatidylinositol-4,5-
bisphosphonate (PIP,). IP; activates IP3 receptors in the endoplasmic reticulum
releasing Ca®". Ca®" released from the endoplasmic reticulum causes the Ca®*-
sensing STIM1 protein to interact with Orail in the plasma membrane. This inter-
action and the activation of IP; receptors at the plasma membrane allow the influx
of extracellular calcium (49,50). The increase in intracellular calcium and the stim-
ulation of protein kinase C (PKC) by DAG lead to vasoconstriction (51). Activation
of the AT, receptor stimulates growth factor pathways such as tyrosine phosphor-
ylation and PLCy activation, leading to activation of downstream proteins, includ-
ing mitogen-activated protein (MAP) kinases, signal transducers and activators of
transcription (STAT protein). These cellular proliferative pathways, mediated by the
AT receptor, have been implicated in the proliferative changes seen in cardiovas-
cular and renal diseases (52).

The AT, and AT, receptors are differentiated based on their affinity for various
non-peptide antagonists (51,53). The AT, receptor shares 32-34% amino acid
homology with the AT, receptor, but activates second messenger systems with
opposite effects via various signal transduction systems, mainly G; and G,, proteins
(27,28,33,41,49,54). Stimulation of the AT, receptor leads to activation of
various phosphatases, resulting in inactivation of extracellular signal-regulated
kinase (ERK), opening of K" channels and inhibition of T-type Ca** channels.
The AT, receptor has a higher affinity for Ang III than Ang II. AT, receptors
may mediate antiproliferative effects, apoptosis, differentiation, and possibly
vasodilatation.

Gene Targeting of Angiotensin Receptors

Gene targeting experiments in mice have elucidated the effects of angiotensin
receptors. AT, knockout mice are hypotensive and have a mild reduction in
survival, compared to angiotensinogen knockout mice (41,55,56). AT, receptor
knockout mice have minor anomalies in the renal inner medulla and papillary
structure (41,55-59). AT receptor knockout mice show no specific abnormalities
and have normal blood pressure. This indicates that the AT, receptor can com-
pensate for the absence of the AT, receptor (60). However, mice lacking both AT, 4
and AT,p receptors show deficient urinary peristalsis during the perinatal period
(61). AT, receptor knockout mice have modest elevation of blood pressure, and an
enhanced pressor response to Ang I (62-64).

Several proteins interact with the AT, and AT, receptors. Over-expression of
the AT, receptor-associated protein (ATRAP) decreases AT, receptor number (65).
In contrast, the AT, receptor-interacting protein (ATIP1) cooperates with the AT,
receptor in the inactivation of receptor tyrosine kinases, thus playing a role in the
initiation of a signaling cascade that inhibits cell growth (66).

Other Ang Il Receptors

There are two other receptors for Ang II. The AT; receptor represents an angio-
tensin binding site and is identified in a mouse neuroblastoma cell line (67).
The AT; receptor has a high affinity for Ang II but a low affinity for Ang
II. The AT, receptor is an angiotensin binding site, with a high affinity for
Ang IV (27,40,68). Unlike the AT; and AT, receptors, the AT, receptor is not
coupled to heterotrimeric G proteins, and has been identified as an insulin-
regulated transmembrane aminopeptidase (IRAP). A unique binding site for the
heptapeptide Ang 1-7 (formed by the action of ACE2 on Ang I) has also been
identified (Fig. 7-1).
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functions by negatively regulating different RAS pro- Possible

ducts. The fine details of their regulatory function may protective
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Physiological Effects of Ang Il

Ang II exerts most of its physiological effects via the AT; receptor. Ang II has
pleiotropic actions (69), including direct and indirect vasopressor effects. In
response to sodium depletion, hypotension and/or hypovolemia, Ang II is
formed, which causes immediate vasoconstriction of arteries and veins, increasing
peripheral vascular resistance and venous return respectively, and raising blood
pressure. The effect of Ang II on blood pressure secondary to increased ion trans-
port by the renal tubule is more gradual. Ang II increases sodium and chloride
reabsorption directly in several segments of the nephron. In the proximal tubule,
low concentrations of Ang II play a central role in ion transport by activating
luminal Na™/H" exchanger (NHE), Na-glucose cotransporter (70), sodium phos-
phate cotransporter (NaPi) (71), basolateral Na*K*"ATPase (72,73) and Na'-
HCO3™ exchanger (74). AT receptors stimulate NHE3 (75-77) but not NHE2
(78). High concentrations of Ang II can inhibit proximal tubule sodium transport
via the stimulation of PLA2- and cytochrome P-450-dependent metabolites of
arachidonic acid (74,79-82). Ang II also affects ion transport in the medullary
thick ascending limb of the loop of Henle in a biphasic manner (83). In this
nephron segment, low concentrations of Ang II increase sodium, potassium, and
chloride transport by stimulating NHE3 and NaK2Cl cotransporter activities (84).
Ang II stimulates NHE1 activity in the macula densa (85). Ang II also stimulates
NHE2 in the distal convoluted tubule and amiloride-sensitive Na® transport
(epithelial sodium channel, ENaC) in the collecting duct (86). All these effects
are mediated by the AT, receptors.

The role of AT, receptors in influencing sodium transport is not well estab-
lished. AT, receptors may inhibit sodium transport. AT, receptors are coupled to
NHE®6 (87), but NHE6 is not involved in sodium reabsorption (88). Ang 1-7 has
been reported to inhibit Na"K"ATPase in pig outer cortical nephrons (89), and
Na®-HCO;~ exchanger in mouse renal proximal tubules (90). However, an increase
in sodium transport via AT, receptors in rat proximal tubules has also been
reported (91). These discrepancies may be related to the condition of the animal.
For example, AT, receptors inhibit Na"K"ATPase activity in renal proximal tubules
of obese but not lean rats (92), and during AT receptor blockade (93).

Ang II indirectly increases sodium transport by stimulating the synthesis of
aldosterone in the zona glomerulosa of the adrenal cortex. Aldosterone increases
the density of ENaC in the cortical collecting duct by inducing the transcription of
o-ENaC and redistribution of «-ENaC in the early cortical collecting duct from a
cytoplasmic to an apical location. However, Ang II can stimulate the expression of
o, B, and y ENaC, independent of aldosterone (94). Aldosterone also activates
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Na"K"ATPase in the basolateral membrane of the principal cells of the cortical
collecting duct. Aldosterone, like Ang II, can act in an autocrine and paracrine
manner. Aldosterone has been reported to be produced by aldosterone producing
cells other than the adrenal glomerulosa, such as neuronal glial cells and cardiac
myocytes (95).

There is evidence that Ang I and Ang II may act, in ligand-independent ways,
to affect cell signaling, cell-cell communication and growth, via their metabolism
by the enzyme ACE2, mentioned above. They may also oppose the traditionally
accepted effects of the RAAS (96). While AT receptors can be stimulated by stretch,
independent of Ang II (97), Ang II can have intracellular effects independent of AT,
receptors (98).

Concepts and Controversies in our Current Understanding
of the Renal Effects of the RAAS in Maintaining Fluid and
Electrolyte Homeostasis and Blood Pressure

Feedback mechanisms in the kidney contribute to the maintenance of renal blood
flow and glomerular filtration rate (GFR) in the face of fluctuations in blood
pressure. This phenomenon of renal autoregulation was first recognized as early
as 1932 (99). In some animals, autoregulation of renal blood flow is negligible at
birth (100). In primates, in the immediate neonatal period, autoregulation of renal
blood flow is present, but autoregulation of blood flow to other organs, such as

Glomerular epithelium

Internal
elastic
lamina

Basement membrane

Distal
tubule

Figure 7-2 The juxtaglomerular apparatus and tubuloglomerular feedback (TGF). (From
Guyton AC, Hall JE: The kidneys and body fluids. In Guyton AC, Hall JE (eds): Textbook of
Medical Physiology (Fig 26.14, p. 292). Philadelphia, PA: WB Saunders, 2000.) TGF is achieved
because of the anatomy of the nephron and juxtaglomerular (JG) apparatus. TGF is a phenomenon
that occurs when changes in tubular fluid concentrations of Na+, Cl-, and K+ are sensed by the
macula densa, via the luminal Na+-K+-2Cl cotransporter. Increases or decreases in luminal uptake
of these ions cause reciprocal changes in GFR by alterations in vascular tone, mainly in the afferent
arteriole.



brain, myocardium, and intestines, is not observed (101). Autoregulation of renal
blood flow is observed in canine puppies as young as 14 days of age (102). However
the set point is lower and the efficiency of autoregulation is less in younger than in
older puppies.

Autoregulation is achieved by the interplay of two mechanisms: (i) tubuloglo-
merular feedback (TGF), which involves a flow-dependent signal from the macula
densa and alteration of afferent arteriolar tone, which is mediated by adenosine
and/or ATP (103-105); and (ii) myogenic response, which involves direct vasocon-
striction of the afferent arteriole in response to increased transmural pressure.
These two mechanisms act in concert to prevent acute fluctuations in renal
blood flow and GFR in response to changes in blood pressure (Fig. 7-2) (106).

Recent studies challenge pre-existing concepts and merit discussion.
Glomerulotubular balance (GTB) is a negative feedback loop that occurs when
proximal tubular reabsorption of sodium and water increases in response to
increased GFR (107), and vice versa. Thus, GTB affects distal sodium delivery
and, consequently, TGE. TGF and GTB may be more critical in the regulation of
renal function in the neonate than in the adult as sodium intake is low in the
newborn; sodium balance must be tightly regulated to achieve the net positive
balance required for growth. Recent advances in our understanding of GTB, spe-
cifically in the neonate, will be discussed.

ONTOGENY

Development of the RAAS: Structure of the Kidney
and Urinary Tract

Prenatal Changes in RAAS Structure and Function
in Rodents and Humans

StupIEs IN HumANS

In humans, angiotensin-related genes are activated at Stage 11 of the developing
embryo (108), which corresponds to 23—24 days of gestation. AT and AT, receptors
are expressed very early (24 days of gestation), indicating that Ang II may play a
role in organogenesis. The AT, receptor is expressed in the glomeruli while the AT,
receptor is found in the undifferentiated mesonephros that surrounds the primitive
tubules and glomeruli. AT, receptor is maximally expressed at about 8 weeks of
gestation, followed by decreasing, but persistent expression until about 20 weeks of
gestation (109). At Stage 12-13, which corresponds to 25-29 days of gestation,
angiotensinogen is expressed in the proximal part of the primitive tubule, while
renin is expressed in glomeruli and JG arterioles. ACE is detected in the mesoneph-
ric tubules at stage 14. By 30-35 days, all components of the RAAS are expressed in
the human embryonic mesonephros. Expression of these proteins in the future
collecting system occurs later, at about 8 weeks of gestation.

ACE has a role in fetal growth and development. ACE inhibitor-induced feto-
pathy, consisting of oligohydramnios, intrauterine growth retardation, hypocalvaria,
renal dysplasia, anuria, and death, has been described in mothers exposed to ACE
inhibitors during the second and third trimesters of pregnancy (110). These effects
were initially believed to arise from a decrease in organ perfusion (111). More recent
evidence indicates that ACE inhibition has teratogenic effects during development.
Fetuses exposed to ACE inhibitors during the first trimester have an increased risk of
congenital malformations, with an incidence of 7.1%, compared to those with no
maternal exposure to antihypertensive medications during the same time period. The
congenital anomalies are major and include cardiovascular defects such as atrial septal
defect, patent ductus arteriosus, ventricular septal defects and pulmonic stenosis;
skeletal malformations, including polydactyly, upper limb defects and craniofacial
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anomalies; gastrointestinal malformations such as pyloric stenosis and intestinal
atresia; central nervous system malformations such as hydrocephalus, spina bifida
and microcephaly; and genitourinary malformations including renal malformations
(112). Angiotensin receptor blockers (ARB) have also been reported to be fetotoxic
(113). Inhibition of the activity of the RAAS in pregnancy may have effects on the fetus
that manifest later on in life, such as hypertension, which are addressed later.

STUDIES IN RODENTS

The expression patterns of the RAS components in the embryonic kidney are sim-
ilar in rodents and humans (108,114). Angiotensinogen is expressed in the proximal
part of the primitive tubule in the mouse at embryonic day 12.5 (30 days’ gestation
in humans) (115). Renin is widely expressed initially in the renal vasculature in the
embryonic rat, but its expression becomes localized to the afferent arteriole with
development. Renin secretion is greater during the early embryonic period and
decreases gradually. Circulating renin levels are higher in the neonatal rodent
than in the adult, and appear to be due to increased production (115). Rodent
ACE follows a similar expression pattern as in humans. Ang II and AT, receptors are
important in nephron development and afferent arterial growth. AT; receptors may
guide Ang II to its target sites to induce cell growth and differentiation (116-118).
AT, receptor mRNA is strongly expressed during the early embryonic period (E17
to E20 in the rat), with increased expression in mature nephron segments by E17,
persisting until adulthood (119). AT, expression is seen in both the undifferentiated
mesenchyme in the maturing kidney and the mature nephron, including the prox-
imal tubule. Collectrin, a novel homolog of ACE2 (120) shares about 47% homol-
ogy with ACE2 in humans, but lacks the carboxypeptidase function. Collectrin
mRNA is expressed in the mouse embryo at day 13, is localized to the ureteric
bud, the progenitor of the collecting duct, increases throughout development, and
decreases after birth.

Mutations of genes encoding renin, angiotensinogen, ACE, or AT} receptor are
associated with skull ossification defects (121), as well as autosomal recessive renal
tubular dysgenesis (122—-124). AT, receptor deficient mice do not develop a renal
pelvis (122). AT, receptor deficient mice have congenital abnormalities of the
kidney and urinary tract (CAKUT), such as multicystic dysplastic, and aplastic
kidneys (124). The more dramatic phenotypes seen in mice with deficient AT,
receptor, as compared to humans with similar defects, is attributed to the fact
that human nephrogenesis is completed in utero, while maturation of rodent
nephrons occurs for up to 10 days after birth. However, AT receptor gene deficient
phenotypes are similar in rodents and humans. As indicated earlier, mutations in
angiotensin-related genes in humans are associated with renal tubular dysgenesis
(123). These studies demonstrate the importance of the RAAS in development and
maturation of the kidney and collecting systems (115).

Postnatal Changes in RAAS Structure and Function
in Rodents and Humans

STUDIES IN RODENTS

In rats, angiotensionogen mRNA expression is negligible immediately after birth,
but increases dramatically by day 5, only to decrease again over the next few days,
followed by a gradual increase to adult levels by 2 months of life. The newborn rat
kidney can generate Ang II directly from angiotensinogen via a serine-protease that
is induced in the newborn (125). Renin levels are higher in the neonatal than the
adult rodent, and appear to be due to increased production (107). Ang II levels are
high in the early neonatal period, and decrease with age.



STupIEs IN HUMANS

The RAAS is more highly activated in the neonatal period and infancy compared to
later in childhood (126). Plasma renin activity and plasma aldosterone levels are
markedly increased in preterm human infants in the first 3 weeks of life (127).
While fetal ACE levels remain stable during gestation in rats (128), serum ACE
activity has been reported by some to be higher in late fetal than in neonatal life in
humans (128-130), lambs and guinea pigs (131,132). In contrast, renal ACE activity
may increase with age, at least in pigs and horses (133,134). A similar pattern may
be found in humans based on measurement of urine ACE isoforms (135). Recent
studies measuring plasma Ang II levels in 46 normal and low birth weight human
infants have shown increased Ang II levels at 7 days of life in very low birth weight
infants (136). Maximum serum aldosterone levels are seen at 2 h of age, and
gradually decrease over the first year of life (137).

Sodium Homeostasis in the Neonatal Period

Sodium intake is low in infants compared to adults, as milk is a poor source of
sodium. However, a positive balance of sodium in the neonate is needed to sustain
growth, in contrast to normal adults who are in sodium balance. The kidney of a
full term infant filters 4-5% of the volume of plasma filtered by an adult (120 mL/
min/1.73M?). Despite the relative paucity of sodium transporters, the full-term
neonate does retain sodium, in part because of the low GFR (3). Although renal
sodium transporters are reduced, neonates cannot excrete a sodium load compared
to adults. This has been attributed to the increased activity of agents that increase
sodium reabsorption in the neonatal period, including the RAAS and o-adrenergic
receptors (117,138). Endogenous Ang II inhibits the natriuresis of acute expansion
in the neonatal rat (139). The decreased effects of natriuretic factors (e.g., atrial
natriuretic peptide, dopamine, nitric oxide) in the term neonate compared to the
adult may also impair its ability to excrete a sodium load (140-142). Water trans-
port across the proximal tubule also differs in adults and neonates. The adult tubule
transports water by the water channels called aquaporins, which belong to the
category of non-solute carrier-related genes. These are present in very low concen-
trations in the neonatal nephron. However, water is transported effectively in the
neonatal nephron by paracellular and transmembrane mechanisms and by passage
through non-aquaporin channels to maintain GTB (see below) (143). Aquaporin
expression increased with age, an effect that is mediated by glucocorticoids (144).

Development of TGF

Growth and maturation affect the influence of distal ion delivery on the sensors of
the macula densa in producing a vascular response. TGF responses are operative in
neonatal rats, as early as 3.5 weeks of age (145,146). The inflection point for TGF
may also be different between younger and older rats. Extracellular fluid volume
and dietary protein affect the TGF response profoundly. The effect of dietary pro-
tein on the TGF response varies in different studies, with high protein diets stimu-
lating or blunting the TGF response.

Despite a lower GFR, urinary sodium losses are highest in the most premature
babies but fractional sodium excretion (FEy,) is exponentially related to gestational
age. The renal sodium loss in prematurity appears, in part, to result from the
immaturity of the TGF mechanism. Postnatal age has been shown to have an
independent effect on FEy, but not on GFR. These findings indicate that in infants
of greater than 33 weeks’ gestation, sodium conservation is possible because of
adequate TGE. The rapid increase in sodium reabsorption in the first few postnatal
days seems to be due to maturation of distal tubular function. Although this was
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initially attributed to aldosterone (147), the decreased amount of transporters that
are targets of aldosterone makes this mechanism unlikely. An increase in maturity
of the Na*K*ATPase in the distal tubule and a decrease in extracellular fluid volume
may be contributory factors to postnatal maturation of sodium transport in the
distal tubule.

Development of GTB

The essential regulatory mechanisms of tubule transport include GTB and neural
and hormonal factors such as sympathetic innervation, Ang II, endothelin, para-
thormone, and other mediators. As defined earlier, GTB is the capacity of each
segment of the nephron to reabsorb a constant fraction of the GFR, fluid and solute
delivered to it, and is influenced by peritubular and intratubular capillary pressures
and GFR (148). The capacity of the proximal tubule to reabsorb sodium, chloride
and water, bicarbonate, glucose and organic substances is adjusted to GFR: the
higher the GFR, the greater the reabsorption. The underlying physical mechanism
of GTB is a flow-dependent reabsorption of ions and water across the renal prox-
imal tubular luminal membrane in response to changes in GFR, which is indepen-
dent of neural and hormonal systems. Maintenance of GTB is influenced by flow
rate, substrate delivery and other unknown systems. It is signaled by the hydro-
dynamic torque (bending movement) on epithelial microvilli (149). Increases in
luminal diameter have the effect of blunting the impact of flow velocity on micro-
villous shear stress and, thus, on microvillous torque. Variations in microvillous
torque produce nearly identical fractional changes in sodium reabsorption.
Furthermore, the flow-dependent sodium transport is enhanced by increasing lu-
minal fluid viscosity, diminished in NHE3 knockout mice, and abolished by non-
toxic disruption of the actin cytoskeleton. These data suggest that the ‘brush-
border’ microvilli serve a mechanosensory function wherein fluid dynamic
torque is transmitted to the actin cytoskeleton to modulate sodium absorption in
renal proximal tubules.

Clinical studies have been conducted to study GTB in term and preterm
human infants, which suggest that GTB is operational from about 33 weeks of
gestational age (147). In a study of 70 infants of gestational ages 27-40 weeks
and postnatal ages 3—68 days, 24-h sodium balance studies and creatinine clearance
measurements showed that intrauterine age and extrauterine existence indepen-
dently increased the maturation of this function. The incidence of hyponatremia
was associated with a negative sodium balance, which varied directly with the
degree of prematurity. Indeed, no babies born after 36 weeks had a negative
sodium balance. Studies in rats also show that GTB is present in 4.5 month old
rats. Thus, it appears that GTB is maintained during development by proportional
maturation of GFR and tubular reabsorptive mechanisms (150).

CURRENT CONCEPTS AND CONTROVERSIES

The changes in preglomerular resistance that regulate renal blood flow and GFR in
the face of changing blood pressure is attributed to TGF and the renal myogenic
response, acting in concert, as mentioned earlier. This is the classic paradigm.
However, over the last 20 years, the importance of TGF and renal autoregulation
has been challenged, and the role of the myogenic response as a renoprotective
mechanism to prevent renal damage due to increased blood pressure has been
demonstrated in several studies.

There is evidence that renal protection is lost when autoregulation fails
(151,152). The changes in glomerular capillary pressure to maintain GFR at a
relatively constant level in the face of increasing or decreasing blood pressure is



different from the vascular response needed to reduce GFR to limit pressure-
induced increases, which cause renal injury. Thus, TGF and the myogenic response
occur at different levels and may have different goals in the balance between renal
autoregulation and renal protection. Classic studies in the two kidney, one clip
model of hypertension (153,154) were followed by studies in the uninephrecto-
mized deoxycorticosterone acetate (DOCA)/salt model of malignant nephrosclero-
sis (155), confirming the damage engendered by a dilated renal vascular bed in the
face of hypertension. In a 5/6 ablation model of chronic kidney disease, the loss of
autoregulation increases susceptibility to hypertensive renal injury.

There are different requirements for protection versus regulation. The myo-
genic response, which constricts the afferent arteriole, occurs after every 3—4 s in
response to a blood pressure change. A TGF response takes up to 20 s, as it involves
the sequence of increased distal delivery, sensing by the macula densa, release of
mediator (now presumed to be adenosine/ATP) and generation of arteriolar affer-
ent response (156). Thus, very brief perturbations of blood pressure have insignif-
icant effects on renal blood flow and GFR. Such brief episodes should alter the
myogenic response, but there are no convincing in vivo data available that support
this. Similarly, there are no studies on the effects of spikes in systolic versus spikes in
mean arterial blood pressure in generating a renal myogenic response. A delay in
the onset of pressure-induced vasoconstriction has been reported in the intact
kidney (157), with a longer delay in vasodilatation induced by decreasing blood
pressure in the intact kidney and an even longer delay in a hydronephrotic kidney.

The advocates for TGF as the dominant mechanism argue that as GFR is
influenced by several factors, including plasma colloid pressure, proximal tubular
pressure and the filtration coefficient (158), a vascular response to changes in
pressure alone may not be adequate for regulation. TGF, with its response to alter-
ation in distal sodium delivery, may thus play the stronger autoregulatory role,
while its immediate renoprotective role may be less important.

Differentiating these two closely aligned mechanisms is difficult. In the Fawn-
Hooded rat, the Brown-Norway rat, and the Dahl salt-sensitive rat, the genetic
defect in autoregulation seems to involve the myogenic response, with an intact
or even enhanced TGF (159-161). Studies of renal injury in these models may shed
more light on this issue. We do know that humans with uncomplicated, essential
hypertension and intact renal autoregulation do not exhibit renal injury (151,152).

If autoregulation is essential for volume homeostasis, one would expect an
unequivocal relationship between the two. However, there is little evidence that
impaired autoregulation leads to impaired volume homeostasis. Hypertension is
not clearly linked to loss of autoregulation. In the Brown-Norway rat, blood pres-
sure is reduced and administration of DOCA or NaCl has little effect (162). In
genetic knockout mice without the TGF mechanism, no overt volume disturbances
are noted (163). Similarly, if distal delivery is manipulated, such as by the chronic
use of loop diuretics, the effects should be catastrophic, since these also suppress
TGE. However after an initial loss of volume, steady state adaptations occur within
3—4 days. GTB helps in this adjustment.

Mediators and Modulators of TGF

There are several recent studies aimed at identifying the mediator of the TGF
mechanism, which is critical to autoregulation. As defined earlier, TGF is a phe-
nomenon that occurs when changes in tubular ion transport by the macula densa
cause reciprocal changes in GFR by alterations in vascular tone, mainly in the
afferent arteriole (106). The initial step in the TGF mechanism is the sensing of
the luminal signal by the Na"K"2Cl cotransporter at the macula densa. The acti-
vation of the Na"K"2Cl cotransporter generates adenosine, which stimulates A,
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adenosine (A;) receptors, resulting in increased cytosolic calcium. Some investiga-
tors have suggested that ATP, activating P2X1 receptors, triggers the increase in
cytosolic calcium. The calcium signal is propagated to extraglomerular mesangial
cells, constricting vascular smooth muscle cells of the afferent arteriole and
decreasing GFR. Renin secretion is also inhibited, which allows recovery of
arteriolar flow and GFR. TGF is absent in A; receptor knockout mice. In contrast,
TGF response persists in mice in which the ACE, AT, receptor, NOSI, or throm-
boxane receptor genes are disrupted (164). Vasoconstrictors, such as Ang II,
increase the sensitivity of the TGF response, while vasodilators, such as nitric
oxide, blunt the response (106). These studies indicate that TGF is modulated
by Ang II, arachidonic acid metabolites, and nitric oxide, while the primary med-
iators are adenosine and/or ATP.

Adenosine

A recent study of cd73-/- mice, which cannot generate ATP/adenosine, suggests that
a humoral factor, adenosine, may mediate TGF response. Thus, a lack of adenosine
abrogates the change in GFR engendered by TGE, but does not affect distal reab-
sorption of sodium and water along the tubule, likely mediated by aldosterone
(165). The cells of the macula densa display a role in regulation, by sensing
increased NaCl delivery to the distal tubule, and activation of Na"K*"2Cl cotrans-
porter activity to reduce GFR, with adenosine most likely being the mediator of this
response. Indeed, TGF is absent in A, receptor knockout, mice (165). In anesthe-
tized wild type, and A; receptor knockout mice, GFR and renal blood flow were
measured before and after reducing renal perfusion pressure by a suprarenal aortic
clamp. A reduction in blood pressure produced a significantly greater fall in A,
receptor knockout mice compared to the wild type, indicating reduced regulatory
responses in the knockout mice. This suggests that deficient autoregulation in the
absence of the effector adenosine or A; receptor is mediated by abrogation of the
TGF response.

The administration of highly selective adenosine 1 receptor antagonist, CVT-
124, results in marked diuresis and natriuresis, indicating failure of autoregulation
(148). The diuresis and natriuresis are associated with a reduction in absolute prox-
imal tubular reabsorption and its uncoupling from glomerular filtration. In addition,
the response of the macula densa to increased distal delivery of sodium chloride and
water is blunted, as there is no corresponding decrease in GFR. This indicates inhi-
bition of the TGF mechanisms, and provides additional support for adenosine being
the mediator of the TGF response. The lack of proximal tubular regulation in GTB
could be indicative of adenosine being a player in GTB, in addition to the known and
accepted peritubular, luminal and oncotic controls that regulate it. However, the
mechanism underlying the increased formation of adenosine in response to an
increase in Na*K*2Cl cotransporter activity remains to be determined.

ATP

Navar et al (166) make the case for ATP being the mediator of the TGF response
based on their finding that ATP selectively affects renal afferent arteriolar tone, the
demonstration of the presence of ATP-specific receptors P2X1 in the renal afferent
arteriole, the absence of the TGF response in mice lacking the P2X1 receptor, and
evidence that ATP directly stimulates the L-type voltage gated calcium channel,
leading to calcium influx and vascular smooth muscle cell contraction (167,168).

Nitric Oxide (NO)

NO, derived from arginine, modulates TGE. Type I NO synthase (NOS) is expressed
in the macula densa (169). Other NOS isoforms may be expressed in the mesan-
gium and glomerular microvessels. These enzymes are strategically positioned to



influence each step of the TGF process (170). However, micropuncture experiments
using NOS antagonists have shown that NO does not mediate TGE. Instead, local
NOS blockade causes the curve that represents TGF to shift leftward and become
steeper. Changes in NO production in the macula densa may underlie the resetting
of TGE, which is needed to maintain the TGF curve so that it adapts to different
conditions of ambient tubular flow to accommodate physiologic circumstances and
maintain homeostasis (171). Also, macula densa NO production may be substrate
limited and dissociated from NOS protein content. The importance of NO to TGF
resetting and the substrate dependence of NO production have both been found
during changes in dietary salt. Changes in neuronal NOS (nNOS or NOS1) func-
tion have been shown to occur in the JGA of the spontaneously hypertensive rat
(SHR) (172). NOS inhibition has been demonstrated to have a reduced effect on
TGF in the SHR (173).

Reactive Oxygen Species

Reactive oxygen species and ongoing oxidative stress are increasingly implicated in
the pathophysiology of vascular changes in many diseases, including hypertension.
AT, receptors increase the sensitivity of the TGF response, which could also be
related to reactive oxygen species. While the superoxide anion may lead to vaso-
constriction and an increase in myogenic tone, directly, and via many signaling
pathways, it also influences vasoconstriction and vasodilatation as a consequence of
TGE These effects occur due to changes in macula densa cell function in response
to changes in sodium chloride delivery to the distal tubule. The macula densa
expresses nNOS (171), which is activated during sodium chloride reabsorption
and has a vasodilatory effect; this blunts the vasoconstriction caused by the TGF
in response to increased sodium chloride transport. Oxygen radicals enhance the
TGF response and limit NO signaling from the macula densa (174). Reactive
oxygen species react with NO, producing peroxynitrate, which impairs vasorelax-
ation and promotes hypertrophy (175-177): thus reactive oxygen species effectively
counteract the effects of NO.

The interaction between NO and superoxide anion has been studied in micro-
perfusion experiments. The infusion of a nitric oxide precursor into the macula
densa caused a graded reduction in the TGF-mediated afferent arteriolar vasocon-
striction; this response was more pronounced in the Wistar Kyoto (WKY) rat
compared to the (SHR) (171). The thick ascending limb of the loop of Henle
also produces NO, as it expresses endothelial NOS (eNOS or NOS III) (170,173).
Here, studies have shown that NO decreases net absorption of chloride and bicar-
bonate in the isolated thick ascending limb (178), thus indirectly decreasing the
TGF response by increasing delivery of these to the distal tubule. Superoxide anion
activates 5'-nucleotidase, thereby increasing adenosine generation in the kidney
(which we know to be a mediator of TGF). These studies implicate reactive
oxygen species in the enhancement of TGF (106).

Calcium Wave

Intracellular calcium modulates vascular smooth muscle tone and is the mediator
for stimulation of renin release. There is evidence for a calcium wave that spreads
through the mesangial cell field and constricts the afferent arteriolar smooth muscle
cells. It appears that both gap junctional communication and extracellular ATP are
integral components of the TGF calcium wave. The finding that the calcium wave is
generated by ATP, but not by adenosine, offers a new model for a direct effect of
ATP, not necessarily mediated by adenosine, as the final common pathway of
changes in vascular tone in response to signals from the JGA and macula densa.
A recent study demonstrates this using ratiometric calcium imaging of the in vitro
microperfused isolated JGA-glomerular complex dissected rabbits (179).
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New Directions
Fetal Programming for Hypertension: Failure of renoprotection?

The association of low birth weight with the development of hypertension later in
life has been validated epidemiologically (180) and, more recently, has been demon-
strated experimentally in animal models (181). A suboptimal fetal environment
may lead to maladaptive responses, including failure of renal autoregulation and
the development of hypertension. A reduction in nephron number during devel-
opment may contribute to a reduction in GFR, but this is not always borne out in
experimental studies. Multiple factors may contribute to the development of hyper-
tension, but we will restrict ourselves to the role of renal hemodynamics. The RAAS
may play a more important role as it is expressed early and associated with nephro-
genesis. Blockade of the AT, receptor during the nephrogenic period after birth in
the rat led to a decrease in nephron number, a reduction in renal function and
hypertension (182). Protein restricted diets have also shown a rise in ACE levels in
pregnant ewes (183) and a general stimulation of all components of the systemic
RAS in other studies in response to protein restriction, which is blocked by treat-
ment with an ACE inhibitor or an AT, receptor blocker. Thus, the adverse envi-
ronment in utero, which programs the fetus to develop hypertension could be
critically linked to abnormalities in the RAS (182).

Unconventional Behavior of RAS Components

While the canonical scheme of activation of the RAS components, from renin to Ang
IT and its effects on AT receptors is well recognized, recent evidence of other effects
merit discussion. Both Ang I and Ang Il may lead to effects that are independent of,
or even antagonistic to, the accepted effects of the RAS (96). ACE may also function
as a ‘receptor’ that initiates intracellular signaling and influences gene expression
(184). AT, and AT, receptors have been shown to form heterodimers with other 7-
transmembrane receptors, and influence signal transduction pathways (185-188).
Intracellular Ang II exerts effects on cell communication, cell growth and gene
expression via the AT receptor, but also has independent effects (189,190).

Clinical Aspects

As discussed earlier, the development of the kidney occurs during the first 35 days
postconception in humans. The integrity of the RAAS is essential for normal
development, and Ang II is essential for normal structural development of the
kidney and collecting system. The complex interplay of GTB and TGF increases
with gestational age. The excretory function of the kidney begins soon after clamp-
ing of the umbilical cord at birth and continues through the first year of life. It
follows that the neonate is exquisitely sensitive to stressors, which activate the
RAAS, and lead to profound oligoanuric states.

Ischemia and Asphyxia Generate Renin by Sympathetic Stimulation

Drugs such as furosemide increase distal delivery of sodium and water, but reduce
Na"K*"2Cl activity, which should decrease renin release. However, decreased
cotransporter activity impairs the TGF and, in the face of continued ion and
water excretion, may result in hypovolemia, activation of the RAS and may lead
to anuria. Indomethacin, used to treat patent ductus arteriosus in the neonate,
could lead to altered renal vasoregulation (191). Congenital abnormalities in steroid
synthesis could lead to deficiencies in aldosterone production, and cause profound
salt-wasting states (192). In pseudohypoaldosteronism Type 1, mutations in the
sodium channel may cause profound neonatal salt wasting (193). To counter the
heightened awareness of the RAAS in neonates, adenosine receptor antagonists may
offer new avenues of therapy.



SUMMARY

In summary, the RAAS is an important developmental and physiological system
that contributes to renal blood flow and GFR autoregulation. Together with the
myogenic response, the RAAS serves to maintain volume homeostasis in sodium
and volume depleted states, and renoprotection in hypertensive states. The relative
contributions of these two systems continue to be an area of controversy and
debate. We also know that central and peripheral sympathetic input influences all
aspects of renal autoregulation. More studies in transplanted or denervated kidneys
in animal models and humans will elucidate these areas of controversy. A better
understanding of these mechanisms would translate to better care for premature
and full term newborns with renal dysregulation, hyponatremia and oligoanuric
renal failure.
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Chapter 8

Renal Modulation: Arginine

Vasopressin and Atrial
Natriuretic Peptide

Marco Zaffanello, MD, PhD e Maria Antonietta
Procaccino, MD e Gilda Stringini, MD e
Francesco Emma, MD

Arginine Vasopressin
Atrial Natriuretic Peptide

Total body water (TBW) is distributed in compartments divided by semi-
permeable membranes. In postnatal life, approximately two thirds of TBW is
located in the intracellular space and one third is located in the extracellular
space. The latter is further divided with a 3:1 ratio in the interstitial and
plasma compartments.

Passive equilibration of solutes between body compartments is driven by elec-
trochemical gradients and is mediated by a complex system of transport mechan-
isms that includes pumps, channels, facilitated carriers and selective paracellular
pathways. With few exceptions, water diffuses rapidly across epithelia and cell
membranes, following osmotic gradients. High transcellular water transport
cannot occur through pure lipid bilayers, as these have low osmotic water perme-
ability (~0.002 cm/s) (1). Water diffusion through cell membranes is therefore
mediated by specific water channels, termed aquaporins (AQPs), which enhance
osmotic water permeability by 10-1000 fold. Because solutes diffuse less rapidly
than their solvent, the relative water content of body compartments is primarily
regulated by their solute distribution. This allows the organism to adjust its TBW
distribution by regulating the activity of solute transporters located in biological
membranes that separate body compartments.

During early fetal life, TBW represents approximately 90% of body mass. As
pregnancy progresses, TBW decreases progressively, to reach 75-80% of body mass
at the end of gestation. These changes are primarily due to a decline in extracellular
water, while intracellular water increases. In the first 24-48 h after birth, the extra-
cellular compartment further decreases, as a result of a negative fluid balance in the
immediate postnatal period (2).

The fetus constantly regulates its TBW by salt and water exchanges through the
placenta membrane. After birth, uptake of water and solutes is limited to gastro-
intestinal intakes, while insensible fluid losses increase dramatically. The newborn
needs therefore to activate mechanisms that are aimed at controlling water and salt
losses. Most of these mechanisms involve the secretion of hormones, which act
directly on the kidney. To be efficient, these mechanisms require that sensors,



hormone secretion pathways and target organs have reached an appropriate level of
maturity.

Water excretion or retention is primarily modulated through the regulation of
arginine vasopressin (AVP) secretion. Stimulation of thirst has only limited value in
newborns, because of their restricted access to free water and immaturity of the
central nervous system.

Salt retention by the kidney is predominantly achieved by activation of the
renin-angiotensin-aldosterone system, which is potentiated by endotelins and
adrenergic renal nerve activity. Conversely renal salt losses are stimulated by
natriuretic peptides (NPs), prostaglandins, kinins, nitric oxide (NO) and
adrenomedullin.

In this review, the roles of AVP and NPs in the regulation of body fluid com-
position during the prenatal and perinatal periods are briefly reviewed. It is impor-
tant to notice however, that their action is part of a complex network in which all of
the above mentioned pathways are synergistically activated or inhibited to maintain
body homeostasis.

ARGININE VASOPRESSIN

Normal AVP Physiology
AVP Synthesis

AVP is a cyclic nonapeptide that constitutes the principal antidiuretic hormone for
regulation of free water excretion by the kidney. It is composed of an intra-chain
disulfide bridge and has a structure similar to oxytocin, which acts primarily as a
vasoconstrictor hormone with marginal antidiuretic effects (3). AVP-induced vaso-
constriction, on the other hand, is elicited only at non-physiological plasma con-
centrations in humans (3).

AVP is encoded by the pre-pro-vasopressin gene (PPV), which is translated
into protein as a pro-hormone. The PPV peptide undergoes two post-translational
modifications, which generate equimolar quantities of AVP and neurophysin II
peptides (3). Both AVP and oxytocin are synthesized in cell bodies of neurosecre-
tory axons located in the neurohypophysis. Once synthesized, they are packaged in
granules, together with their neurophysin carrier protein, and stored in nerve
terminals (4). Neurons containing AVP originate primarily from the supraoptic
and paraventricular nuclei of the hypothalamus and are surrounded by a rich net-
work of capillaries scattered throughout the neurohypophysis (5).

Sensor Mechanisms for AVP Secretion

AVP secretion can be stimulated by several mechanisms. The two prominent stimuli
are changes in plasma osmolality and changes in blood pressure or volume (6). Other
triggers for AVP secretion include emetic stimuli, hypoglycemia, pain, thermic stres-
ses, hypoxia, hypercapnia, acidosis and angiotensin II (ATII) stimulation (7).
Under physiological conditions, serum AVP levels are chiefly dependent on
plasma osmolality, which is detected by osmoresponsive cells located near the supra-
optic nuclei. These cells act as set-point receptors that inhibit AVP secretion below a
given plasma osmolality and gradually stimulate AVP secretion above this set-point
(3). Normal subjects differ considerably on a genetic basis, in their osmoreceptor
sensitivity and in their set-point for AVP secretion (8). Some subjects respond to
changes in plasma osmolality as small as 0.5 mOsm/kg/H,0O, while other subjects
require changes as high as 5 mOsm/kg/H,O (9). The set point for AVP secretion can
range from 275 mOsm/kg/H,O to 290 mOsm/kg/H,O (9). Additionally to the
genetic background, other factors such as age, sex, blood volume, serum calcium
levels, can also modify the set point (9). To date, there is very little information on the
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ontogenicity of osmoreceptors. In particular, it has not been clearly established if the
sensitivity of osmoreceptors is fully mature at birth.

The second most important stimuli for AVP secretion are blood pressure and
blood volume. Changes lower then 10% in blood volume or blood pressure have
little effect on serum AVP levels (10). Above these values, AVP secretion increases
rapidly (11). Because these changes are not physiological, AVP levels are primarily
regulated by osmoreceptors under normal conditions. Blood volume and pressure
changes do not override osmoreceptors, but produce a shift in the set-point for AVP
secretion (8). Hemodynamic sensors that mediate AVP secretion are chiefly located
in baroreceptor cells of the cardiac atria, carotid sinus and aorta (11).

In adults, the ability to regulate water intake and excretion exceeds by far
physiological needs, which allows the maintenance of serum sodium and plasma
osmolality within a very narrow range. In contrast, renal immaturity limits the
ability of the neonatal kidney to dilute or concentrate the urine and water intake
is poorly regulated by activation of thrust in newborns. Consequently, serum
sodium levels and plasma osmolality are less stable in neonates, particularly in
premature infants.

AVP Receptors and Signal Transduction

AVP receptors are members of the rhodopsin subfamily of G protein-coupled
receptors (12). Classically, two types of AVP receptors, V1 and V2, have been
identified. The V2 receptor is the primary target of AVP in the kidney and is
primarily expressed on the basolateral membranes of collecting duct tubular cells.
The V2 receptor is composed of seven transmembrane domains that come together
to form a groove for ADH binding in the extracellular region, and contains a
binding site for a Gg protein in its intracellular domain (13).

V1 receptors are mainly located in vascular endothelial cells and are sub-
divided in V1a and V1b sub-types, according to their location and genetic sequence
(14). In addition, it is now well established that V1 receptors are also expressed in
renal tubular cells, where they modulate AVP action (15). Unlike V2 receptors, V1
receptors are generally coupled to the inositol tri-phosphate pathway, which causes
a vasoconstrictive response induced by increased cytosolic calcium levels (16).

Renal AVP Action and Aquaporin 2 (AQP2) Water Channels

Basolateral binding of AVP to V2 receptors in collecting duct cells activates cytosolic
adenylate cyclase, leading to increased intracellular cAMP concentrations. This
stimulates protein kinase A (PKA), which in turn promotes phosphorylation of
AQP2 proteins and their translocation into the apical membrane (17). In vitro,
membrane insertion of AQP2 increases cell water permeability from ~0.005 cm/s to
~0.1 cm/s (18). AQP2 is a member of the AQP superfamily, which to date contains
12 different human water channels (19). AQPs are 26-34 kD glycosylated proteins
sharing 50-85% homology. They contain 6 transmembrane spanning domains and
are organized in homotetramers. AQPs differ between them by their water trans-
port properties, solute selectivity and tissue expression.

In the kidney, AQP1 is mostly expressed in water permeable proximal tubular
cells and capillaries, whereas water transport in the collecting duct is mediated
basolaterally by AQP3 and AQP4 and by AVP-dependent insertion of AQP2 on
the apical aspects of cells.

AVP stimulation also decreases glomerular capillary ultrafiltration and renal
medulla blood flow, increases sodium reabsorption in cortical collecting ducts and
in the thick ascending limb of Henle, promotes urea reabsorption in medullary
collecting ducts and stimulates prostaglandin synthesis in medullary interstitial
cells (20). Most of these actions increase the osmotic gradient for renal water
reabsorption.



Extra-renal actions of AVP include limited vasoconstrictive action, platelet
activation (release of Von Willebrand factor) and regulation of several central ner-
vous system functions including learning and memory abilities, neuro-endocrine
reactions, social behaviors, circadian rhythm, thermoregulation and autonomic
functions (20). The clinical relevance of these effects remains uncertain.

Modulation of AVP Action

Renal responses of AVP can be blunted in several conditions. These conditions may
have significant clinical relevance as they may interfere with normal mechanisms of
body water regulation.

Chronic water-loading in animals, for example, produces vasopressin-indepen-
dent inhibition of V2 receptor mRNA transcription (21,22). This phenomenon is
referred to as ‘ADH-escape.” Similarly, ADH escape can be induced by hypercalci-
uria secondary to inhibition of cAMP production through activation of the cal-
cium-sensing receptor (23), by chronic hypokalemia (24) or acute water loading
(21). AQP2 and AQP3 expression are also down-regulated in experimental nephrot-
ic syndrome (25). Conversely, prolonged fasting increases AVP-independent collect-
ing duct renal water reabsorption (26).

Several hormones and molecules modulate AVP action. Oestrogens, for exam-
ple, can directly increase renal fluid reabsorption (27), while endothelin-1 decreases
the sensitivity to AVP of collecting ducts (28). Lithium also produces water diuresis
by inhibiting AVP-stimulated translocation of AQP2 through inhibition of adenyl-
ate cyclase, while prolonged indomethacin treatment can induce AVP escape, by
modulating the intrarenal synthesis of prostaglandins (29,30).

Developmental Differences between the Fetus and
the Newborn Infant

Role of AVP in the Placenta

Normal fetal growth is dependent on constant exchanges of fluids at the level of the
placenta. Vla receptors are expressed in the placenta, particularly during the first
half of the pregnancy (31). In sheep, the time of maximal placental expression of
Vla receptor correlates with the time of maximal placental growth, suggesting that
AVP stimulation through Vla receptors may play a role in placental growth and
differentiation (31). The expression of Vla receptors in the placenta also suggests
that AVP may exert a vasoconstrictor effect on the placental circulation, although
no definitive evidence has been produced to date.

Low levels of placenta V2 receptor expression are also found throughout gesta-
tion. Fetal infusion of AVP in sheep, however, produces no changes in placenta
adenylate cyclase activity, questioning the physiologic relevance of V2 receptor
expression in this organ (32). No evidence indicating a physiological role of mater-
nal AVP on placenta water permeability or solute transport has been reported
(33,34). In particular, maternal or fetal infusion of AVP, at least in experimental
ovine models, has no effect on placental fluid exchanges (34).

Several water channels are expressed in human and ovine placenta. AQPI is
primarily expressed in the placental vasculature and fetal membranes, AQP3
and AQP8 in trophoblast epithelial cells and AQP9 in the amnion and allantoid
(35-38). No expression of AQP2 has been documented to date.

The relationship between maternal AVP levels and maternal plasma osmolality
or maternal renal water clearance is not significantly modified in pregnant
animals (39).

In humans, maternal serum AVP levels decrease progressively in the third tri-
mester of pregnancy as total body water increases (40). Despite decreased plasma
AVP concentrations, maternal urinary AQP2 excretion increases during pregnancy,
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indicating a AVP-independent mechanism of renal AQP2 stimulation (40). Because
maternal AVP does not cross the placenta membrane, maternal AVP levels do not
influence fetal plasma osmolality (41,42).

Amniotic fluid contains AVP of fetal origin (43). Assays using reverse-tran-
scription PCR have shown no evidence of AVP gene expression in the placenta,
which reasonably excludes that amniotic AVP is produced by the placenta mem-
branes (44). Intra-amniotic infusion of AVP, on the other hand, produces a sharp
increase in fetal serum AVP levels, indicating fast equilibration of AVP concentra-
tions across the amniotic membranes, and that amniotic AVP levels reflect fetal
concentrations (45).

Increased concentrations of AVP in the amniotic fluid have been shown to
correlate with fetal growth retardation in rats and with fetal stress, particularly fetal
acidosis, in humans (46).

AVP in Fetal Life

In humans, AVP and V1b receptors are detectable in the fetal pituitary gland at
11-12 weeks of gestation (44,47). AVP concentrations increase rapidly thereaf-
ter until the second trimester of pregnancy (44). In sheep, expression of
pituitary V1b receptors decreases progressively during pregnancy, despite increased
AVP responsiveness to glucocorticoid, indicating maturation of the feedback
mechanisms that regulate AVP secretion throughout gestation (47).

Maternal infusion of mannitol to early pregnant ewes (<120 days)
increases fetal AVP secretion in response to increased fetal plasma osmolality
(32,34). AVP secretion can also be stimulated in ovine fetuses by angiotensin II
(ATH), while inhibition of V1 receptors inhibits ATII-induced pressure
changes, suggesting that AVP may play a role in blood pressure regulation during
fetal life (48).

Although renal V1a and V2 receptors in rats have been shown to be already
significantly expressed at 16 days of gestation (49), AVP has probably little involve-
ment in modulating urine concentration during fetal life, because of renal unre-
sponsiveness to this hormone.

Fetal serum AVP concentrations are relatively stable during normal pregnancy
but correlate poorly with fetal urine production (32). Only limited correlation has
been reported between amniotic fluid volume and fetal AVP levels (50). These
clinical evidences are also substantiated by experimental data, showing that AVP
infusion in different fetal animal models produces marginal changes in urine
osmolarity or plasma osmolarity, although a certain degree of maturation of
these responses during gestation has been documented (32,34,51).

AVP in the Newborn

AVP is released during labour in term newborns, as demonstrated by high levels of
the hormone in the umbilical cord (52). Nonetheless, AVP concentrations are sim-
ilar in infants born by cesarean section or natural delivery, questioning the phys-
iologic relevance of AVP during labor and the exact mechanisms that stimulate
AVP secretion (53).

In humans, the urine concentration ability develops progressively during the
first year of life and reaches full maturity around 18 months of age (54,55).

Functional impairment of the neonatal kidney to respond to AVP has been
established by several investigators in the 1950s—1979s, by direct injection of ADH
or pituitary extracts to neonates (56,57). Renal AVP unresponsiveness does not
appear to be related to lack of receptors. Murine V2 receptor expression, for exam-
ple, increases rapidly after the first weeks of life, reaching adult levels by the fifth
week (58), demonstrating an adequate number of binding sites for AVP during
renal development.



Several investigators have dissected the mechanisms involved in the maturation
of cortical collecting ducts’ water permeability (reviewed in (49)). Overall, these
data show that transduction pathways for AVP are limited by PGE2-mediated inhi-
bition of cAMP synthesis and by increased degradation of cAMP secondary to high
phosphodiesterase activity (59—-62). Water movement across collecting ducts is also
limited by low medullary tonicity, which is caused primarily by the immaturity of
the salt reabsorption machinery in the thick ascending limb of Henle and of the
urea recycling mechanisms (59). Low dietary protein intake may also play a limiting
role in urea generation. In addition, the performance of the countercurrent system
is limited by the physical length of the loop of Henle, which increases progressively
with renal growth after birth (63).

Finally, it has been proposed that renal concentration ability is limited during
the first year of life by expression of AQPs, as AQP2 expression increases progres-
sively after birth in humans and animal models (59). Several investigators have
failed, however, to demonstrate alterations in AQP2 expression at birth, both in
preterm and term infants (64) and in animal models (65). Urinary AQP-2 excretion
decreases postnatally from day 1 to 4, then remains stable during the first 4 weeks of
life and increases rapidly between weeks 4 to 6 (64), but the correlation between
urinary AQP-2 excretion, AVP levels and renal water concentration ability in the
early postnatal period is relatively poor (66).

Experimental studies have also shown that AQP2 synthesis in immature kid-
neys can be efficiently stimulated by intravenous AVP or dehydration, which is not
followed by an increase in urine osmolality (67).

Altogether, this data indicates that AQP2 expression is probably not a limiting
factor for the urinary concentration ability of neonates and that low levels of AQP2
expression are related to low stimulation of their synthesis in collecting duct cells.
Similarly, the expression of AQP1, AQP3 and AQP4 increases progressively during
fetal and early postnatal life, and does not limit water reabsorption in the kidney
(49,68,69).

Role of AVP in Pathological Conditions of the Neonate

Diabetes Insipidus

Genetic forms of diabetes insipidus are caused by lack of AVP secretion (central
diabetes insipidus, CDI) or by insensibility of the kidney to AVP (nephrogenic
diabetes insipidus, NDI). CDI is caused by autosomal dominant mutations of the
pre-pro-vasopressin gene (PPV) (70), whereas NDI is caused by X-linked mutations
of the V2 receptor gene or autosomal recessive mutations of the AQP2 gene (71).
Exceptionally, these later mutations can be transmitted following an autosomal
dominant pattern (72). In addition to genetic forms, CDI develops in association
with malformations of the central nervous system, particularly midline defects, or is
caused by tumor processes that disrupt the neurohypophysis and its connections
(73). Acquired forms of NDI are generally secondary to the renal toxic effects of
drugs such as lithium, antibiotics, antifungals, antineoplastic agents and antivirals
(74). Maternal lithium treatment for bipolar disorders aggravates neonatal unre-
sponsiveness to AVP (29).

Because AVP has a limited role in prenatal and neonatal fluid balance, CDI
and NDI do not cause polyhydramnios and newborns are generally asymptomatic.
Although genetic defects are present at birth, infants do not develop classic symptoms,
including failure to thrive, polyuria, dehydration and hypernatremia, because
human milk has relatively low salt and protein content and therefore generates
low urine osmolar load. Symptoms usually begin after the first months of life
when infants are switched to formulas, which generate twice the osmolar load of
breast milk, and are nearly always present when cow’s milk and solid foods
are introduced (71).
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Syndrome of Inappropriate Secretion of ADH (SIADH)

Inappropriate secretion of ADH causes hyponatremia with extracellular volume
expansion. In older children, STADH is caused by neurological lesions, pulmonary
diseases or tumors, or treatment with drugs that increase ADH release such as
barbiturates, clofibrate, isoproterenol or vincristine (75).

In SIADH, the urine is inappropriately concentrated in comparison to plasma
osmolality. Because newborns cannot efficiently concentrate their urine, excessive
AVP secretion is generally asymptomatic in the neonatal period and SIADH does
not develop. Therefore, the association of hyponatremia with extracellular volume
expansion in newborns is nearly invariably caused by excessive intravenous infusion
of dextrose solutions or, less frequently, by decreased renal clearance of free water
caused by congenital or acquired renal diseases.

AVP Secretion in Neonatal Pathological Conditions

AVP is a hormone released during conditions of stress. Increased AVP secretion has
been reported in numerous clinical conditions, including cardiomyopathy, intra-
cardiac shunts, congestive heart failure, respiratory distress, mechanical ventilation,
systemic infections, meningitis, gastroenteritis, pneumonia, botulism (76-80). Here
again, the relative unresponsiveness of the neonatal kidney to AVP questions the
clinical relevance of this secretion.

ATRIAL NATRIURETIC PEPTIDE

Normal Physiology of Atrial Natriuretic Peptide (ANP)
and Related NPs

Introduction to NPs

The existence of NPs has been suspected since the mid 1950s after the observation
that saline infusion released circulating factors that increased natriuresis (81). It was
not until the 1980s that De Bold et al demonstrated for the first time that extracts of
rat atrial cells contained peptides, which inhibited renal sodium reabsorption (82).

NPs are a family of peptides encoded by three different genes. Type A natri-
uretic peptide or ANP was first isolated in 1984 from cardiac atrial cells (83). Soon
after, two other NPs were isolated from brain cells, namely BNP and CNP (84,85).
Although initially isolated from brain tissue, BNP is primarily expressed by cardiac
myocytes and CNP by endothelial cells (86,87).

Synthesis of NPs

Similarly to other hormones such as AVP and ACTH, NPs are synthesized as pro-
hormones that undergo a series of post-translational modifications. The major site
of synthesis of NPs is the heart. NPs’ mRNA has also been documented in several
tissues, including aorta, brain, lungs, kidneys, adrenal glands, intestine and adipose
tissue (87,88). Gene expression in these tissues, however, is far lower than in the
heart (87). Therefore, the majority of circulating NPs acting on the cardiovascular
and renal systems is of cardiac origin. Nonetheless, extra-cardiac synthesis of NPs
has important local effects. In hypothalamic neurons, for example, regional ANP
production is thought to regulate AVP secretion and sympathic nerve activity (89),
whereas in the kidney the locally secreted urodilatin regulates sodium and water
tubular reabsorption (87). CNP also has important functions of regulating chon-
drocyte proliferation and differentiation, as demonstrated by CNP knock-out mice
that suffer from severe dwarfism (90).

Similarly to AVP and oxytocin, NPs are short peptides (28-32 AA) that differ in
few residues within a 17 aminoacid ring, closed by a disulfide bridge.



Unlike its BNP and CNP analogues, post-translational processing of the pre-
pro-ANP gene generates three additional peptides, namely the long acting natri-
uretic peptide (LANP), the vessel dilator peptide and the kaliuretic peptide, which
are released into the circulation and enhance ANP activity (88). Additionally, post-
translational processing of the ANP gene in the kidney results in a 4 aminoacid
longer ANP molecule, termed urodilatin (91).

Sensor Mechanisms for ANP Secretion

Both ANP and BNP are stored in secretory granules of atrial and to a lesser degree
ventricular myocytes (86). The major triggers for ANP release are increased cardiac
wall stretch and increased blood pressure (82,86,91). In the first case, ANP release is
triggered by changes in the central venous return and dilatation of the atrial cham-
bers. The second type of stimulation is brought about by sustained hemodynamic
and neuroendocrine stimuli and involves, at least in part, a separate pertussis toxin-
sensitive pathway (92). Various hormones, including glucocorticoids, AVP, ATII and
cathecholamins modulate the rate of ANP release (89).

NP Receptors and Signal Transduction

To date, three different membrane receptors for NPs have been identified. ANP
and BNP bind to a specific guanyl cyclase receptor type A, termed NPR-A, and
increase intracellular cGMP levels, similar to NO and endothelium derived relaxing
factor (93,94). cGMP in turn, activates cGMP-gated channels, cGMP-dependent
phosphodiesterases and the cGMP-dependent protein kinases ¢GKI and c¢GKII
(87,94,95). CNP binds to another guanyl cyclase receptor, named NPR-B, which
activates similar pathways (87,94,95). The third receptor, NPR-C, is expressed in
target organs in similar or even greater amounts than receptors A and B (8).
Unlike its other two homologues, NPR-C has no guanyl cyclase activity and
has been reported to decrease cAMP levels (96). Its most major role is to internalize
and degrade NPs in order to modulate their activity in various tissues (8).
The predominant clearance function of NPR-C is well documented in the NPR-C
knockout mouse, which exhibits hypotension, reduced urinary concentration
ability and hypotension, as a result of increased bio-availability of both ANP
and BNP (97).

Biological Action of NPs

ANP and BNP are potent natriuretic, diuretic and vasodilator hormones, which act
primarily on the cardiovascular and renal system. In the kidney, the type A recep-
tors are expressed throughout the nephron. The highest levels of ANP-stimulated
accumulation of ¢cGMP are found in the inner medulla collecting ducts and, at
higher concentrations of the hormone, in the glomerulus (98,99). Both ANP and
BNP increase the glomerular filtration rate by promoting vasodilatation of the
afferent arteriole and vasoconstriction of the efferent arteriole, an effect opposed
to the action of ATII (100). Glomerular podocytes also express NP receptors and
respond to ANP stimulation similarly to NO, by upregulating their cGMP synthesis.
The podocyte foot processes contractile apparatus seems to be an obvious target for
this signaling cascade (101).

In collecting duct cells, low concentrations of ANP can reduce Na reabsorption
by as much as 50%, even in the presence of AVP (97,102-106). Additionally, ANP has
been shown to inhibit water permeability by 40-50% in non AVP-stimulated renal
collecting ducts (107). In other tubular segments, the action of AVP is more con-
troversial. Decreased ATII-stimulated sodium reabsorption, in the presence of ANP,
has been reported in proximal tubular cells and in the thick ascending limb of Henle
(106,108), but these data have not been confirmed by other authors (109-111).
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Urodilatin, which is locally synthesized in the kidney, is secreted directly in the renal
tubules, where it has similar actions to the cardiac-derived ANP (112).

The above-mentioned ATII antagonist effect of ANP is further reinforced by
direct inhibition of renin secretion and aldosterone secretion (113-115). At the
cardiovascular level, stimulation of type A receptors induces vessel dilatation,
increased endothelial permeability and inhibition of the sympathetic system,
which adds to the inhibition of the renin-ATII-aldosterone axis (8,90).

The essential role of NPs in blood pressure regulation is best demonstrated by
experiments in transgenic animals, where targeted deletion of the ANP gene, or of
the type A receptor gene, leads to severe arterial hypertension, while overexpression
of the same genes induces hypotension (86). Deletion of the NPR-A gene limited to
vascular smooth muscle cells, on the other hand, does not cause hypotension under
normal conditions, but abolishes the vasodilatatory response after acute volume
loading, demonstrating the complexity of the biological activities that are mediated
by NPs (116).

In conditions of chronic volume expansion or hypertension, ANP also exerts
an antihypertrophic effect and BNP exerts an antifibrotic effect by inhibiting
myocyte and fibroblast proliferation, respectively (87,117-119).

Modulation of ANP Action

The above-discussed data shows that NPs counteract the renal and cardiovascular
effects of a combined secretion of ATII and AVP. These various systems are heavily
interdependent and can influence each other significantly. ATII receptor blockade
during heart failure, for example, mitigates renal hyporesponsiveness to ANP (120).
These interactions occur at different levels, including reciprocal modulation of gene
transcription, of sensor mechanisms that trigger hormone secretion, of receptor
expression and activity on second messengers (121). Inhibition of PKA, for exam-
ple, increases NPR-A activity, which results in increased generation of cGMP after
ANP stimulation (122). Conversely, activation of cGMP-coupled phosphodies-
terases by ANP decreases intracellular cAMP levels (87,95), which is the second
messenger for AVP activity in the kidney, where it activates PKA (see above).

These various levels of interaction have a critical role in creating a dynamic
balance between different hormonal pathways, allowing the preservation of TBW
and blood pressure control. Other hormones also modulate the activity of NPs at
different levels. The neutral endopeptidase (NEP) for example, is a zinc-
metallopeptidase that degrades biologically active peptides. In the kidney, NEP is
heavily expressed in the brush border of renal proximal epithelial cells (123) and in
mesangial cells, where it is thought to have an important role in modulating renal
hemodynamics, in part by inactivation of NPs (124). Endothelin 1, on the other
hand, promotes gene expression of NP in ventricular myocytes (125), while brady-
kinin counteracts the ANP-stimulated sodium and water excretion, by acting
directly on the kidney (126,127).

Developmental Differences between the Fetus
and the Newborn Infant

Role of ANP in the Placenta

Maternal ANP levels increase steadily during pregnancy and decline significantly in
the postpartum period (128). There is no evidence suggesting that ANP or other
NPs cross the placenta. In 20-days pregnant rats for example, no active or passive
transport of intact radiolabeled ANP across the placenta has been documented
(129). Since ANP plays a major role in the regulation of vascular tone, several
investigators have studied the role of ANP in regulating placenta hemodynamics.
In particular, because the placenta lacks an autonomic innervation, it has been



hypothesized that locally produced vasoactive factors, such as NPs, contribute to
placental vascular tone control (130). This hypothesis has now been confirmed by
several studies showing that NPs and their receptors are expressed in the placenta.

Placental synthesis of ANP has been documented by immunocytochemistry
and RT-PCR in human extravillous trophoblasts and to a lesser degree in decidual
cells, whereas villous trophoblasts do not appear to express significant amounts of
ANP (130). ANP and BNP synthesis has also been documented in vitro, in cultured
human umbilical vein endothelial cells and human amnion cells, respectively
(131,132). In mice, strong expression of CNP and, to a lesser degree, of BNP, has
been shown early during gestation in the decidua, whereas placental synthesis of
ANP remains controversial (133—-135).

The presence of NP receptors was demonstrated using binding assays, in non
villous microsomal placental extracts, even before their isolation and molecular
characterization (136). Subsequently, the expression of NPR-A and NPR-B was
confirmed in human uterine tissues, including decidua, chorion, myometrium
and in the placenta itself (132). ANP receptors in the human placenta have been
found to be significantly more expressed in its fetal components than in the mater-
nal microvillous membranes (137). The human placental artery has also been found
to be the site of expression of large amounts of ANP and BNP receptors and
expresses the clearance receptor (NPR-C) (138).

Clearance receptors are downregulated in fetoplacental artery endothelial cells
towards the end of gestation, which increases the local concentrations of ANP and
corresponds to increased generation of cGMP (139). This is thought to be, at least
in part, secondary to increased placental secretion of basic fibroblast growth factor
during the last trimester of the pregnancy (139). On this basis, it has been postu-
lated that ANP and other NPs are critical for maintaining adequate blood flow in
the placental and uterine tissues and that in pathological conditions, such as pre-
eclampsia, these hormones play an important role.

In fact, the number of guanyl cyclase-coupled receptors in the placental vascu-
lature, maternal ANP plasma levels and fetal ANP plasma levels, are increased during
preeclampsia (140-145). Increased ANP and ANP receptor expression in this condi-
tion may represent a local defense mechanism to prevent further increases in
maternal blood pressure, by promoting arterial vasodilatation and natriuresis (141).
Accordingly, infusion of ANP in human placenta inhibits arterial vasoconstriction
induced by L-arginine, ATII and to a lesser extent endothelin-1 (140,146—-148). These
effects are not mediated by NO and may also extend to thromboxane-induced vaso-
constriction at higher, non-physiological, ANP concentrations (147,148).

Intravenous infusion of low doses of ANP (10 ng/kg/min) to women with
preeclampsia has been shown to induce a mean uteroplacental blood flow increase
of 28% (149). An individual increase in placental blood flow correlates with
increased cGMP synthesis and with a decrease in maternal blood pressure, indicat-
ing effective uteroplacental vasodilatation (149).

ANP in Fetal Life

Several studies indicate that ANP levels in fetal blood are not related to maternal
ANP concentrations. In the rat embryo, gene expression of ANP mRNA is detect-
able at 8.5 days of gestation (150). Fetal ANP levels during pregnancy are higher
then maternal levels, in murine and ovine experimental models (151,152). Higher
fetal ANP levels do not result from slower removal rates by the developing kidney or
by transfer from maternal circulation (153,154). In fact, ANP secretion is markedly
increased in rats during mid-gestation, although the major site of synthesis is in the
ventricles rather then the atria (151,155). Similarly, in 17-19 weeks’ gestation
human fetuses, ANP expression is higher in the ventricles (133). In ovine fetuses
on the other hand, ANP is mainly synthesized in the atria (156). These differences
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may be relevant when translating animal data to humans, as the mechanisms
stimulating NP release may not be entirely comparable.

A number of experimental data, mostly obtained in murine and ovine fetal
models, have shown that mid- and late-gestation animals can readily release
NPs in response to various stimuli, including ATII infusion, AVP infusion, indo-
methacin treatment, acute fetal volume expansion, hypertonicity and fetal hypoxia
(151,154,157,158). Nonetheless, NPs have probably little role in renal homeostasis
and fluid balance during intrauterine life, which is chiefly insured by the placenta.
In general, ANP infusion at supra-physiological doses in fetal animals decreases
arterial blood pressure, has a moderate diuretic effect, but does not increase natri-
uresis significantly (155,158).

ANP in the Newborn

At birth, loss of the placenta circulation produces dramatic hemodynamic changes
that significantly modify the atria sizes and pressures, and stimulate NP secretion.
Increased perinatal secretion of ANP and BNP has been well established in both
preterm and term newborns. This secretion starts at birth and peaks at days 1-2 of
life to decrease thereafter, reaching a plateau after 1-2 weeks (159). Because of their
known natriuretic and diuretic action, it has been logically proposed that NPs play a
predominant role in promoting the transition from fetal to postnatal circulation
and stimulate the postnatal natriuretic phase that causes the contraction of the
extracellular space (160).

Plasma ANP levels and the onset of the postnatal diuretic phase in human
newborns, have been found, however, to be relatively poorly correlated, both in
preterm and term infants (161,162). This probably highlights the complexity of
interactions between the cardiovascular and renal system after birth, where NPs
are only part of a complex hormonal and hemodynamic system that is activated
after birth.

Several experimental data also indicate that the renal response to NPs is still, in
large, immature at birth. ANP infusion, for example, induces a blunted natriuretic
and diuretic response in newborn rabbits, which has been attributed to immaturity
of ANP receptors and signal transduction pathways and to overriding interactions
with other hormonal systems (163). Similarly, the natriuretic and diuretic response
to ANP in sheep has been shown to undergo a maturation phase that extends well
into the first postnatal weeks (153). In rats, expression of renal ANP receptors is low
at birth and increases thereafter to reach adult levels only at the end of the 5th week
of life (163). This correlates with a parallel maturation of their signal transduction
pathways, as demonstrated by a progressive increase in ANP-induced renal cGMP
synthesis during the first weeks of life (164).

In humans, a similar pattern of postnatal increase in cGMP urinary excretion
has also been documented, although it is highly variable (165).

In summary, these data indicate that the sensor and synthesis mechanisms
leading to ANP and BNP secretion are mature at birth. The vasodilatatory response
to NPs is also satisfactory in utero, but the renal responses require a phase of
postnatal maturation (166). Increased ANP levels in neonates, therefore, indicate
primarily a state of volume expansion or disturbances of the pulmonary circulation
related to cardiovascular and respiratory diseases (160,167), but do not necessarily
anticipate a phase of negative fluid balance related to increased renal fluid losses.

Role of ANP in Pathological Conditions of the Newborn

Fetal Distress

Levels of ANP have been found to be elevated during fetal distress and fetal hypoxia
(168—171). On these bases, it has been postulated that increased cord levels of NPs
may predict the development of periventricular leukomalesia lesions. One study has



prospectively addressed this hypothesis (172). No significant association was found
between brain lesions and cord ANP or BNP levels in four patients that later
developed periventricular leukomalecia, when compared to control infants (172).

Postnatal Diseases

After birth, ANP levels often remain elevated in infants with respiratory distress.
Most likely, high ANP levels indicate increased atrial wall stretch secondary to
volume expansion, pulmonary hypertension, mechanical ventilation or patent
ductus arteriosus (PDA). In the hypothesis that ANP and/or BNP levels could be
predictive of the clinical outcome or may anticipate a phase of increased diuresis
coinciding with clinical improvement, several investigators have studied NPs in sick
neonates. Increased interest in NPs has also been stimulated by the recent avail-
ability of whole blood assays, allowing on-site BNP measurements within 10 min,
from as little as 250 mcl of blood samples (173).

The available data however has generated controversial results.
Discrepancies between studies are probably related to differences in the studied
populations, in particular to the co-existence of a PDA, to differences in
policies for fluid and respiratory management between centers and may reflect
changes over time in these policies. In addition, ANP secretion is often variable
in infants within a 24-h period. This may be related to sudden changes in
atrial filling pressures, secondary for example to small fluid boluses, variations
in PDA shunting or in the mean airway pressure when infants are mechanically
ventilated.

In this respect, the study by Modi et al is extremely illustrative (174).
These authors have measured ANP levels every 4 h in 18 preterm infants with
respiratory distress. A clear period of respiratory improvement was observed in
15 babies, which was preceded by a peak in circulating ANP in 8 babies and
was concomitant with the same peak in 7 babies, demonstrating a temporal
relationship between circulating ANP and improvement in respiratory function
(174). The same study, however, has also documented in several infants peaks of
ANP that were not followed by immediate respiratory improvement (174). This
observation illustrates the problem of assessing the clinical usefulness of NP dosage
in neonates, and probably explains a significant part of the large variance that has
been reported by several authors when correlating NP levels with respiratory
improvement (167,175-179). A similar variability has also been reported when
NP levels have been correlated with the timing of onset of the postnatal diuretic
phase. Overall, a majority of studies report nonetheless a temporal relationship
between increased ANP or BNP levels and a phase of negative sodium and water
balance (162,174,175,177,180,181).

The persistence of a PDA is probably the most confounding factors in neonatal
ANP and BNP studies. In fact, left-to-right shunting resulting from a PDA, by its
dramatic hemodynamic effects on atrial filling pressures, is one of the most potent
triggers for ANP and BNP secretion in the neonatal period. Infants with PDA have
high levels of circulating NPs (173,182-184). A recent study by Choi et al has shown
very significant correlations between BNP levels and PDA (173). Non-symptomatic
infants with PDA had a five fold increase in their BNP levels when compared
with controls, and infants with symptomatic PDA had five times higher
levels than infants with asymptomatic PDA. BNP levels returned to normal con-
centrations after duct closure with indomethacin (173). Other authors have
also reported similar results, although their data were considerably less significant
(182-186). Similarly, increased levels of BNP have also been documented in
infants with persistent pulmonary hypertension of the newborn, in comparison
with healthy infants or with infants with respiratory disease but no evidence of
pulmonary hypertension (187).
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Congestive Heart Failure and Congenital Heart Diseases

ANP and BNP levels are increased during congestive heart failure and in most
congenital heart diseases, including septal and atrial defects, transposition of
great arteries, tetralogy of Fallot, pulmonary stenosis, tricuspid valve atresia,
mitral valve stenosis or regurgitation (188—191). In general, reported data indicate
higher NP levels in conditions with marked atrial distension, left ventricle overload,
left-to-right shunt and pulmonary hypertension. Cardiopulmonary bypass has been
shown to cause in these conditions a dramatic decrease in NP levels (189).
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Chapter 9

Body Fluid Compartments in

the Fetus and Newborn Infant
with Growth Aberration

Karl Bauer, MD"

Methods for Measuring Body Fluid Compartments in Neonates

Fetal Body Fluid Compartments (TBW, ECV, ICV) in Intrauterine Growth
Restriction

Adaptation of Body Fluid Compartments in SGA Neonates in the Inmediate
Postnatal Period

Fluid Therapy in SGA Preterm Neonates in the Immediate Postnatal Period
Body Fluid Compartments in LGA Neonates

Summary

Neonates with aberrations in growth—small for gestational age (SGA) or large for
gestational age (LGA)—have an increased perinatal mortality, more neonatal com-
plications and more health problems in later life (1). The type and severity of the
growth aberration can be characterized more precisely by the analysis of body
composition than by body weight alone. Therefore, fetal and neonatal body com-
position has received considerable attention (2,3).

Water is the most abundant substance in the body, accounting for about two
thirds of body weight in the adult. Growth not only increases the absolute volume
of body water but also influences the proportion of water in the body as well as the
relative size of the different body fluid compartments. The most dramatic changes
in body fluid compartments occur during intrauterine growth when approximately
4000 mL of water accumulate in the human uterus, 2800 mL in the fetus, 800 mL in
the amniotic fluid, and 400 mL in the placenta, and during the postnatal adaptation
of the neonate from the ‘aquatic’ intrauterine to the ‘terrestric’ extrauterine
environment.

In this chapter the effects of fetal growth aberrations on body water will be
reviewed. First, a short overview about methods used to measure body fluid com-
partments in neonates will be presented. With this background, the alterations of
body composition in neonates born after intrauterine growth retardation will be
discussed. We will then highlight differences in the postnatal adaptation of fluid
homeostasis between SGA neonates and appropriate for gestational age (AGA)
neonates to answer the question if SGA neonates need a different postnatal fluid
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therapy. Finally, the limited available information about body fluid compartments
in LGA neonates will be summarized.

METHODS FOR MEASURING BODY FLUID
COMPARTMENTS IN NEONATES

There are various methods for studying human body composition in vivo (4).
Indicator dilution is the most widely used method for in vivo measurements of
body fluid compartments in perinatal medicine (5). More recently, since validation
studies for measurements in neonates have become available, dual X-ray absorpti-
ometry (DEXA) has become another tool for body composition studies during
growth (Fig. 9-1).

The basic principle of indicator dilution is to calculate the distribution volume
of an indicator from the amount of indicator given and the indicator concentration
after an equal distribution and equilibrium has been achieved. Indicators used for
the measurement of total body water (TBW) are antipyrine or stable isotopes of
water (D,O or H,'%0); indicators used for the measurement of extracellular volume
(ECV) are bromide or sucrose, and plasma volume (PV) can be measured with
Evan’s blue. Body solids can than be calculated as body weight—TBW, intracellular
volume as TBW—ECYV, and blood volume as PV x Hct.

Dual X-ray absorptiometry utilizes the different absorption of X-rays by dif-
ferent body tissues to measure the three body compartments: bone mineral content,
lean tissue mass and fat mass. Accuracy of results critically depends on the method
of calibration. DEXA has been validated for neonates (6).

In vivo measurements of body fluid compartments are usually confined to
relatively small groups of subjects because they are either invasive or require expen-
sive equipment.

FETAL BODY FLUID COMPARTMENTS (TBW, ECV, ICV)
IN INTRAUTERINE GROWTH RESTRICTION

Intrauterine growth restriction can result from a variety of factors that can be
broadly grouped into three categories: (i) maternal factors such as maternal
under nutrition, maternal disease (e.g., pre-eclampsia, toxemia of pregnancy) or
maternal exposure to adverse environmental factors, (ii) placental factors such as
placental vascular disease, placental anomalies, and (iii) fetal factors such as genetic
abnormalities or fetal infection (1).



Impaired growth in the neonate is clinically diagnosed when the birth weight is
lower than a predetermined cut-off value, for example a birth weight below the third
percentile for gestational age. This clinical diagnosis of a SGA infant, which is also
used in most body composition studies, does not differentiate between the different
etiologies for impaired growth, includes small infants with normal intrauterine
growth, and is a categorical rather than a continuous description of growth impair-
ment. All these limitations complicate the interpretation of body composition
measurements.

Total Body Water and Body Solids

The measurement of TBW allows the analysis of growth in a two-compartment
model of TBW and body solids, which are calculated as body weight—TBW.
Total body water decreases from 75% of body weight at birth to 60% in adulthood
(7). Body solids encompass protein (approximately 12% of body weight),
minerals (approximately 3% of body weight) and body fat (15-30% of
body weight). Body fat is the most variable body solid compartment
throughout life. In healthy term neonates 10-15% of body weight is body fat, yet
there are considerable inter-individual differences, so that the variation in fat mass
explains 46% of the observed variance in birth weight (8). There are physiologic
changes during infant growth, when body fat increases markedly from 10-15% of
body weight at birth to 25-30% at 2 years of age (9). Females have more body
fat than males at birth (10), and the gender difference widens with sexual matura-
tion during adolescence. Throughout life, body fat varies considerably with
nutritional status.

During normal intrauterine growth TBW content decreases from 94% of
body weight in the first trimester of pregnancy to 76% at term caused by the accu-
mulation of body solids during growth (7). In the first two-thirds of gestation
body solids increase due to the accretion of protein and minerals, whereas
there is little fat deposition. We know from postmortem chemical analyses
that at 27 weeks’ gestation 86% of body weight is water, 12% is fat-free
dry solids, and only 2% is fat (11). In vivo measurements in AGA preterm infants
with a birth weight below 1500 g showed a TBW content of 83% (12) and no
fat was detectable by dual photon absorptiometry using '*>Gd magnetic resonance
tomography (MRT) in preterm infants (13). During the last trimester of gestation
the proportion of body solids increases from 14% to 24% of body weight due to the
deposition of body fat, which is 2% of body weight at 27 weeks’ gestation and 10—
15% of body weight at birth (11).

Normal intrauterine growth critically depends on the delivery of sufficient
nutrients to the fetus via the placenta. When nutrient delivery was reduced by
uterine artery ligation during experimental intrauterine growth restriction in rats,
TBW was increased, reflecting the reduced deposition of body fat and protein (14).
In human neonates born after intrauterine growth restriction the TBW content of
the body was also increased compared to normal intrauterine growth. In SGA
preterm neonates mean TBW content was 62 mL/kg higher than in AGA preterm
neonates (15) and in SGA term neonates mean TBW content was increased
by 76 mL/kg (16) or by 102 mL/kg (17), respectively. No reduction in total body
water was found in only one study of a small group of SGA neonates with a wide
range of gestational ages (18) (Table 9-1).

The relative increase in TBW in SGA neonates is caused by the reduction
in body solids and not by an accumulation of excess water due to a disturbed
fluid homeostasis. In preterm SGA neonates the higher body water content reflects
the reduced deposition of protein and minerals because, during the first two thirds
of gestation, the fetal body consists of water and fat-free dry solids, whereas
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there is little deposition of fat. A reduction in fetal lean mass during intrauterine
growth restriction has been demonstrated by ultrasound measurements of the
cross-sectional lean body area of the fetal thigh (19). A reduced protein and mineral
deposition early in gestation is likely to disrupt organ development. In fact, preterm
SGA neonates have a higher mortality and more chronic lung disease than preterm
AGA neonates (20) and SGA preterm neonates are still smaller and lighter at three
years of age than AGA preterm neonates (21). Different from preterm SGA neo-
nates, the increase in body water content in term SGA neonates reflects primarily
the reduced deposition of fat. The accumulation of fat is the primary cause of the
physiologic reduction in TBW during normal growth throughout the third trimes-
ter of gestation. Aside from body water measurements there are several lines of
evidence indicating that adipose tissue is indeed reduced in SGA term neonates.
Reduced abdominal wall fat thickness measured by ultrasound in a late gestation
fetus was found during intrauterine growth restriction (22). The percentage of
adipose tissue estimated from dual photon absorptiometry using '*>Gd MRT was
2% in SGA term neonates compared to 13% in AGA term neonates (13) and
thinner skin folds in SGA term neonates indicated a thinner subcutaneous fat
layer (23). One recent study using DEXA analysis also found a reduced fat content
in SGA near-term and term infant, though the difference did not reach statistical
significance due to the small sample size (24).

No conclusions about the effect of altered body composition of SGA neonates
on the risk for neonatal complications or long term outcome can be drawn from
body fluid compartment measurements because studies including body composi-
tion measurements are usually small and no clinical outcomes are reported. Yet,
from anthropometric studies that include large numbers of neonates, the prognos-
tic utility of body composition estimated from anthropometry can be analyzed.
Body weight below a certain cut-off point is the parameter most often used to
diagnose impaired fetal growth. In future studies of impaired fetal growth, weight
deficit should be quantified and expressed on a continuous scale, for example as a
standard deviation score, instead of using a fixed cut-off value. The more severe the
weight reduction the higher the risk of neonatal morbidity and mortality for SGA
neonates, regardless of the cause of the growth deficit (25) and the higher the risk of
low intellectual performance in adulthood (26). It is unclear if body proportiona-
lity—categorized as symmetric versus asymmetric growth retardation—is a relevant
predictor of childhood growth in addition to weight deficit. Whereas term neonates
with asymmetric IUGR were more likely to demonstrate catch-up growth than term
neonates with symmetric IUGR, preterm SGA neonates had retarded childhood
growth, regardless of having a symmetric or asymmetric growth retardation at birth
(21). Reduced adipose tissue thickness is a more sensitive predictor for neonatal
complications in SGA neonates than weight because symptomatic SGA neonates
with hypoglycemia and/or polycythemia had a thinner subcutaneous fat layer than
asymptomatic SGA neonates, whereas there was no difference in body weight or
length between the two groups (27).

Extra- and Intracellular Fluid Volume

The total body water compartment can be subdivided into the extracellular volume
(ECV) and the intracellular volume (ICV). Early in gestation the ECV is extremely
large, accounting for 62% of body weight, and is more than twice the size of the
ICV. This reflects early fetal growth, which occurs by cell division rather than by cell
growth and produces tissues with small cells surrounded by a broad layer of extra-
cellular fluid. During normal intrauterine growth in the second half of gestation,
the intracellular space increases from 25% of body weight at mid-gestation to 32%
at term, whereas the extracellular volume at the same time decreases from 62% of
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Figure 9-2 The distribution of total body
water between extracellular (ECV) and intracel-
lular volume (ICV) is similar in near-term and
term small for gestational age (SGA) and
appropriate  for gestational age (AGA)
neonates (After vd Wagen A, Okken A,
Zweens J, Zijlstra WG: Body composition at
birth of growth-retarded newborn infants
demonstrating catch-up growth in the first
year of life. Biol Neonate 49:121-125, 1986.)

body weight to 43%, reflecting the growth in cell size taking place in the second half
of gestation (7).

Intrauterine growth restriction (IUGR), unless severe, seems to have little influ-
ence on the distribution of TBW between intra- and extracellular volume. ECV
values, measured by sucrose dilution, and intracellular volume, calculated by TBW
(D,0 dilution)—ECYV, in near-term and term neonates were similar in SGA and
AGA neonates and there were no differences in the ICV to ECV ratio (1.26 in SGA
neonates versus 1.20 in AGA neonates) (18) (Fig. 9-2).

In a study in neonatal baboons (28) and two studies in human neonates
(16,17), ECV (bromide space) and ICV (TBW (Antipyrine space)—ECV (bromide
space)) were both increased by about 30—40 mL/kg in the SGA neonates, leaving the
ICV to ECV ratio unchanged compared to AGA term neonates. A very pronounced
and significant expansion of ECV of 73 mL/kg was found only in a subgroup of
neonates with severe growth restriction, indicated by a reduced weight and length
compared to neonates with a moderate growth retardation, indicated by reduced
weight but normal length (29) (Table 9-1).

Plasma Volume and Red Cell Mass

Intrauterine growth restriction is not necessarily associated with an increased plasma
volume or red cell mass. Plasma volume, measured by Evans Blue dilution in 14 term
SGA neonates (37 £ 4 mL/kg), did not differ from AGA neonates (37 & 6 mL/kg) and
there was also no difference in red cell mass (SGA: 69 17 mL/kg; AGA: 63 £ 12 mL/
kg) or blood volume (SGA: 105 +18 mL/kg; AGA: 101 16 mL/kg) calculated from
plasma volume and hematocrit (30). Yet in the subgroup of SGA neonates who
postnatally developed polycythemia, blood volume was increased. Blood volume
in polycythemic SGA neonates calculated from hematocrit changes during exchange
transfusion was 106 mL/kg compared to 86 mL/kg in AGA polycythemic neonates
(31). The increased red cell mass can be the result of an adaptation to chronic
intrauterine hypoxemia, as indicated by increased erythropoetin levels in SGA
neonates (32) or of an acute placento-fetal transfusion. Total placento-fetal blood
volume at term is about 120 mL/kg of which 70 mL/kg are in the fetus and 50 mL/kg
in the placenta (33). The distribution of blood volume between neonate and placenta
after delivery is influenced by a number of perinatal events. The most marked
increase in neonatal blood volume can be achieved by delayed cord clamping while
the neonate is held below the level of the placenta, resulting in a gravity-driven
placento-fetal transfusion (34,35). SGA neonates are more frequently associated
with perinatal events favoring placento—fetal transfusion, such as a decrease in umbil-
ical blood flow, intrauterine asphyxia, or maternal hypertension (33).



Amniotic Fluid Volume

Strictly speaking, amniotic fluid volume (AFV) is not a fetal body fluid compart-
ment. Yet AFV in the second half of gestation is largely dependent on fetal organ
function, its volume is regulated within a narrow range and it is reduced during
IUGR and increased with fetal macrosomia. Therefore it was included in this review.

During an uncomplicated pregnancy AFV shows a slow increase from 350 mL
at 20 weeks’ gestation to 700 mL at term (36). As gestation progresses, fetal organ
function becomes more and more important for the regulation of AFV. The two
primary sources of amniotic fluid after midgestation are the fetal urine production
of approximately 300 mL/kg/day and the secretion of tracheal and pulmonary fluid
of 60-100 mL/kg/day. Removal of amniotic fluid occurs by fetal swallowing of
about 200-250 mL/kg per day and by intramembraneous absorption of amniotic
fluid into the fetal blood, which perfuses the fetal surface of the placenta. Near term,
the daily amniotic fluid turnover of 1000 mL is higher than the amniotic fluid
volume of 700-800 mL. Therefore, AFV must be highly regulated to avoid oligo- or
polyhydramnios. Changes (increasing or decreasing) in intra-membraneous
absorption appear to be the main way of altering AFV, although the precise regu-
lation mechanism remains elusive (37).

Intrauterine growth restriction is often associated with oligohydramnios. The
rate of neonates with a birth weight < 10th percentile was 13% in low-risk singleton
pregnancies at term with oligohydramnios compared to 5.5% in pregnancies with-
out oligohydramnios (38). The causes of oligohydramnios during TUGR are not
completely understood. Chronic fetal hypoxia without placental insufficiency does
not cause oligohydramnios because AFV remained unchanged during prolonged
hypoxia induced over 4 days in fetal sheep by lowering maternal inspired oxygen
concentration. The marked fetal polyuria, with an excess urine volume of 4 L,
induced by the fetal hypoxia, was compensated for by increased intramembraneous
absorption (39). Yet, severe placental insufficiency induced in fetal sheep by embo-
lisation of the umbilical artery reduced AFV by 62% without a reduction in fetal
urine production. This suggests an increased absorption of amniotic fluid by the
chorioamnion during placental insufficiency, but the mechanisms of this intra-
membraneous absorption of amniotic fluid volume remain to be explained (40).

ADAPTATION OF BODY FLUID COMPARTMENTS IN SGA
NEONATES IN THE IMMEDIATE POSTNATAL PERIOD

Transition from intrauterine to extrauterine life is an adaptation from aquatic to
terrestrial life and encompasses marked changes in body water content and fluid
homeostasis. During the first postnatal days a weight loss of about 10% of birth
weight occurs in healthy term neonates caused by a reduction of the extracellular
volume (16).

A postnatal weight loss of up to 15% of birth weight occurs in low birth weight
infants (41) and in extremely low birth weight infants (42) with normal intrauterine
growth (i.e., AGA infants). Measurements of body water compartments demon-
strated that this weight loss is loss of total body water. In low birth weight neonates
with RDS (mean birth weight 1558 g), mean postnatal weight loss was 181 g
(=7.7% of birth weight). With weight loss there was a concurrent reduction in
total body water by 183 mL and in extracellular volume by 204 mL (43). These
findings were confirmed in a more recent study in preterm neonates after normal
intrauterine growth (44). The postnatal weight loss of 7.8% of birth weight was
caused by a reduction in the extracellular volume accompanied by a negative fluid
and sodium balance. There was no evidence of tissue catabolism because
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body solids remained unchanged, the nitrogen retention and energy intake were
sufficient to meet energy expenditure by day 2 (12).

Measurements of postnatal changes of body fluid compartments in SGA neo-
nates are sparse because they are invasive and difficult to perform. There are no
longitudinal measurements in term SGA infants and only two small studies of SGA
preterm neonates.

Postnatal weight loss in 7 SGA preterm neonates (birth weight < 5th percen-
tile) with a mean gestational age of 35 weeks was only 5% and was accompanied by
a proportionate reduction in body water and body solids (45). This study included
no information about fluid intake or diuresis and no AGA control group. In
another study comparing 5 SGA preterm neonates (mean gestational age 35
weeks) with 14 weight matched AGA neonates (mean gestational age 31 weeks),
the SGA neonates had a maximal postnatal weight loss of only 2% compared to a
maximal postnatal weight loss of 8% in the AGA control infants. On days 4-6 of life
the SGA neonates had already regained birth weight and there was no detectable
change in total body water or body solids, whereas at the same postnatal age body
weight and total body water in the AGA neonates were significantly lower than at
birth (44). There were no differences in day-to-day fluid and energy intake during
the first week of life in the SGA and AGA groups; however the AGA infants had a
higher urine output during this time. A possible reason for the attenuated postnatal
increase in urine output in SGA preterm neonates is their altered hemodynamic
adaptation. SGA preterm neonates did not show the postnatal increase in cardiac
output observed in the AGA neonates (46).

To summarize, the evidence thus far suggests that in AGA very low birth weight
infants, the immediate postnatal weight loss is most likely a result of a reduction in
total body water, primarily the extracellular compartment. In the SGA infant, the
immediate postnatal weight loss appears to be of less magnitude than the AGA
group and is likely a result of catabolism rather than body fluid contraction. It
should be pointed out that the data on SGA infants is limited and the study is
complicated by a lack of direct comparison with the AGA counterparts.

FLUID THERAPY IN SGA PRETERM NEONATES
IN THE IMMEDIATE POSTNATAL PERIOD

Fluid therapy in the immediate neonatal period in AGA preterm neonates has the
following objectives: (i) it allows for the physiologic postnatal contraction of the
extracellular volume to occur, (ii) it aims at a postnatal weight loss of about 10% of
body weight, (iii) it aims at a negative fluid and sodium balance on days 1-3 of
life, and (iv) it minimizes transepidermal water loss (47). This can be achieved with
a restricted water intake, which reduces the risk of PDA, NEC and death (48).
There is also suggestive evidence that sodium restriction during the first week
of life, to produce a negative sodium balance, can achieve the same goals as fluid
restriction (49,50).

Unfortunately, there are no systematic clinical trials about fluid therapy for SGA
neonates. From the body water measurements we know that despite their ‘wrinkled’
appearance, SGA neonates are not dehydrated at birth. Severely growth restricted
neonates rather have an expanded extracellular volume. The only study providing
data on fluid therapy in the immediate neonatal period reports an attenuated post-
natal weight loss in SGA preterm infants receiving the same amount of fluid intake as
weight-matched AGA preterm infants (44). This study suggests that SGA preterm
neonates do not need extra fluid intake in the immediate neonatal period but rather a
cautious approach to fluid prescription. The need to provide a continuous infusion
of glucose to treat and prevent hypoglycemia is the only condition necessitating
earlier or additional fluid intake in SGA neonates (51).



BODY FLUID COMPARTMENTS IN LGA NEONATES

Fetal overgrowth is defined either as fetal macrosomia (estimated fetal weight or
birth weight >4-4.5 kg) or large for gestational age (LGA) when birth weight
exceeds the 90th or 95th percentile for a population-based intrauterine growth
chart.

LGA neonates are associated with maternal diabetes, maternal adiposity, and
fetal gene disorders or syndromes. Though maternal diabetes is the classical entity
resulting in fetal overgrowth due to longstanding fetal insulin excess, 79% of LGA
neonates are born to mothers who are not glucose intolerant. The incidence of LGA
neonates is increasing due to the increase in maternal adiposity (52). Studies of
body water compartments in LGA neonates are much more limited than in SGA
neonates.

Total Body Water and Body Solids

Studies of TBW in LGA neonates are confined to small groups of neonates. TBW
measured by D,0 dilution was reduced in 7 infants of diabetic mothers compared to
controls (73% versus 80% of body weight). But this group was not confined to LGA
neonates but included birth weights from 1430 g to 3495 g (53).

A decreased TBW indicates an increase in fat mass. Indeed, recently an
increased fat mass was found using DEXA analysis in LGA neonates. Thirty LGA
term infants, defined by a body weight > 90th percentile and including 9 infants of
diabetic mothers, which were measured with DEXA, had a fat mass of 22.5% of
body weight. Forty-seven term LGA neonates, defined by a body weight > 4000 g
and including 11 infants of diabetic mothers, had, compared to 47 AGA neonates, a
higher body fat content and a lower lean body mass. The changes were most
marked in the LGA neonates of diabetic mothers (54) (Table 9-2). In support of
these findings increases in fat mass have been demonstrated in fetuses of diabetic
mothers using ultrasound measurements of both abdominal wall fat thickness as
well as proximal extremity fat area (55).

Plasma volume and blood volume were not increased in LGA neonates (birth
weight > 90th percentile) compared to AGA neonates as long as there was no
polycythemia (30).

Amniotic Fluid Volume

Fetal macrosomia is associated with polyhydramnios. In singleton pregnancies with
polyhydramnios the rate of neonatal macrosomia (birth weight > 4000 g) was three

Table 9-2 Body Composition of Large for Gestational Age (LGA) and
Appropriate for Gestational Age (AGA) Human Neonates

LGA LGA AGA
Normal Glucose tolerance impaired Normal
N 36 11 47
Body weight (g) 4244 +304 4475 + 251 3224 +321
Total body fat (%) 20+4 26+3 16+3
Lean body mass (%) 77 +5 71+3 82+3
Bone mineral content (%) 2+0.2 2+0.1 2+0.2

After Hammami M, Walters JC, Hockman EM, Koo WWHK: Disproportionate alterations in body composition of large

for gestational age neonates. J Pediatr 38:817-821, 2001.
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times higher than in uncomplicated pregnancies with normal AFV (19.2% versus
6.0%) (56). The physiologic process underlying the association between macroso-
mia and polyhydramnios is not clear.

SUMMARY

The effect of fetal growth aberrations on body fluid compartments (total body water,
extracellular volume, intracellular volume, blood volume) is small and does not
require specific postnatal fluid therapy. SGA neonates, despite their ‘wrinkled’
appearance, are not dehydrated. Rather their total body water, expressed as percent-
age of body weight, is increased. But this is not a true expansion of TBW due to fluid
retention but the result of the reduced deposition of fat, protein and minerals fol-
lowing the intrauterine nutritional deficit. In mild to moderate SGA neonates the
ratio of ECV/ICV is not altered; ECV is disproportionately expanded only after severe
growth restriction. Blood volume is increased only when the growth restriction is
associated with polycythemia requiring hemodilution. The only fluid compartment
that is decreased by intrauterine growth restriction to a clinically relevant extent is
amniotic fluid volume. The mechanism is incompletely understood. In experimental
placental insufficiency in lambs the reduction in AFV was not due to reduced fetal
urine output but due to increased absorption of AFV across the fetal membranes.
Whether this mechanism applies to the human fetus is unknown. During postnatal
adaptation SGA neonates have an attenuated weight loss. LGA neonates have a
reduced TBW due to an increased fat deposition. AFV is increased.

The availability of non-invasive body composition measurements, such as
DEXA, offers the opportunity to study larger groups of neonates with growth
aberrations so that effects of body composition on outcome and effects of therapies
aimed at normalization of body composition can be investigated.
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Chapter 10

Acute Problems of Prematurity:
Balancing Fluid Volume and
Electrolyte Replacements in

Very Low Birth Weight (VLBW)
and Extremely Low Birth
Weight (ELBW) Neonates

Stephen Baumgart, MD

Immature Epidermal Barrier Function and the ELBW Habitus

Transcutaneous (Insensible) Water Loss

Water Loss and Pathogenesis of Transcutaneous Dehydration

Salt Restriction Prophylaxis

Non-oliguric Hyperkalemia in ELBW Babies

The Epidermal Barrier: Reducing Transcutaneous Evaporation

Pulmonary Edema Formation

Electrolyte Imbalances and Neurodevelopment

Areas for Further Investigation

Between a Rock and a Hard Place: Suggestions for Vigilent
Fluid Balance Therapy in ELBW Babies

In this chapter we will discuss three problem areas for achieving fluid and electro-
lyte balance in the extremely low birth weight (ELBW) infant less than 1000 g at
birth, and for his/her historical predecessor, the very low birth weight (VLBW)
infant less than 1500 g at birth. The most recent clinical research on fluid and
electrolyte therapy neatly addresses these groups as separate; however, the principles
of achieving fluid balance in either group represent the same physiology, albeit at
different phases of fetal development.

The first of these problems is poor epidermal barrier function. Especially in
ELBW babies, thin, gelatinous skin promotes rapid transcutaneous evaporation,
producing severe electrolyte disturbances in the first few days of life, as well as
presenting a poor barrier to the invasion of infections, and is also subject to trauma
from tape/adhesive injury and even more minor trauma from bedclothes and rou-
tine handling.

A second area of major concern is pulmonary edema formation. Increased lung
water (pulmonary edema) has been suggested in the pathogenesis of several condi-
tions (including patent ductus arteriosus (PDA), congestive heart failure, and bron-
copulmonary dysplasia, (BPD), leading to the controversy of fluid restriction versus
fluid replenishment in preventing chronic lung disease in both VLBW and ELBW
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babies. Also controversial is the routine use of diuretics and steroids for the
treatment of pulmonary edema with acute RDS, and with BPD and chronic lung
disease.

Finally, a relatively new area of concern is the neurodevelopmental outcome of
those infants manifesting severe electrolyte imbalances early in life, particularly in
those who develop hyponatremia, or hypernatremia/hyperosmolality in the first
few weeks.

IMMATURE EPIDERMAL BARRIER FUNCTION
AND THE ELBW HABITUS

The tiny baby (ELBW, less than 1000 g at birth) experiences large transepidermal
water loss immediately upon birth (1,2). The ELBW baby has little in the way of skin
keratin content, and the skin appears translucent, gelatinous and shiny (Fig. 10-1). In
addition, these infants have a proportionally larger extracellular pool with a nearly
normal saline content in equilibrium with the plasma compartment (3) from which
to evaporate body water leaving the sodium behind (Fig. 10-2) (4,5). During early
fetal life, more than 85% of body mass may be comprised of water, two-thirds of
which resides in the extracellular space; only one-third of this water resides in the
intracellular space. In contrast, by term gestation, the infant is comprised of 75%
water, with half of this water residing in the extracellular space and the other half in
the intracellular space. By three months postnatal age, only 60% of body mass is
water, with two-thirds residing in the intracellular compartment, and only one-third
in the extracellular space. Finally, the ELBW neonate has a geometrically larger skin
surface area exposed for evaporation from the extracellular compartment pool than
in more mature infants and adults (Fig. 10-3) (6). Compared to adult physiology, the

Figure 10-1 Photograph at birth of a 23-3/7 weeks’
gestation 530 g birth weight extremely low birth weight
(ELBW) infant born in 1980 showing that the extremely
immature skin has little in the way of skin keratin con-
tent, and appears translucent, gelatinous and shiny as if
moist with body water rapidly evaporating into the cool-
dry delivery room air. Her eyelids are fused; she is pink,
well perfused, and making breathing efforts. She is
moving all extremities with apparently good postural
tone and spontaneous activity. She went on to survive
relatively intact.
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Figure 10-2 Changes in the composition of body fluids occurring during normal fetal and neo-
natal development. (From Costarino AT, Baumgart S: Modern fluid and electrolyte management of
the critically ill premature infant. Ped Clin No Amer 33:153-178, 1986, with permission WB
Saunders Co.) Derived from summary by Friis-Hansen B: Body water compartments in children.
Pediatrics 28:169-81, 1961. Note the sizeable extracellular water compartment (an extension of the
amniotic fluid space) during fetal life shown on the left.

ELBW baby proportionally has over six times the skin surface area exposed per
kilogram of body weight, with at least three times the mass of water content vulner-
able to evaporation (5,6). A 500 g infant has as much as 1400 cm” skin exposed per
kilogram compared with about 750 cm?/kg in a term infant, and 240 cm*/kg in the
adult. Remember, this exposed body mass is largely comprised of extracellular,
sodium-rich water exposed for evaporation.

TRANSCUTANEOUS (INSENSIBLE) WATER LOSS

In 1981, we proposed a geometric model (Fig. 10-4) for estimating insensible water
loss (IWL) in ELBW infants, using a metabolic balance (Potter Baby Scale,
Hartford, CN) for the continuous measurement of body weight loss (insensible
weight loss IL) over a 1-3 h period (1,7). Although not widely accepted at the time
(IWL estimates in ELBW babies < 700 g were as high as 7.0 mL/kg/h, approaching
170 mL/kg/day), these findings were exactly reproduced by Hammerlund & Sedin
in 1983 (2), using an entirely different method to measure water evaporation
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Figure 10-3 Compared with adult physiology, the extremely low birth weight (ELBW) baby pro-
portionally has over 6 times the skin surface area exposed per kg of body weight, with at least 3
times the mass of water content vulnerable to evaporation. (After Baumgart S: Water and electro-
lyte balance in newborn infants. In Hay WW, Thureen PJ (eds): Neonatal Nutrition and Metabolism,
2nd edn, 2006 in press, with permission Cambridge University Press, Cambridge, UK.)
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Figure 10-4 Concept of a geometric model for estimating
insensible water loss in extremely low birth weight infants,
using a metabolic balance for the continuous measurement

04 08 12 16 20 24 Of body weight loss over a 3-h period. (From Baumgart S,

Transepidermal water loss (g.m2hr —1)

Langman CB, Sosulski R, Fox WW, Polin RA: Fluid, electrolyte
Weight, kg and glucose maintenance in the very low birthweight infant.
Clin  Pediatr 21:199-206, 1982, with permission J.B.
Lippincott Co.)
directly from the skin (transcutaneous water loss TEWL) by measuring vapor
gradients (Transcutaneous Evaporimeter, Servomed, Stockholm) measured over
the immature skin surface of ELBW and VLBW premature neonates during the
first weeks of life. These investigators reported similar estimations of transcutane-
ous evaporation, yielding rates of 50-60 g/m*/h, or approximately 170-200 mL/kg/
day in the first 1-3 days of life (Fig. 10-5) (2).

WATER LOSS AND PATHOGENESIS OF TRANSCUTANEOUS
DEHYDRATION

Also in 1982, we reported a small series of ELBW infants who, despite fluid replen-
ishment to as much as 250 mL/kg/day, nevertheless developed hypernatremic

26 28 30 32 34 36 38
Gestational age (weeks)

Figure 10-5 Transepidermal water loss measured for gestational age at birth, and postnatal age. (After Hammarlund
K, Sedin G: Transepidermal water loss in newborn infants. VIIl. Relation to gestational age and post-natal age in appro-
priate and small for gestational age infants. Acta Paediatr Scand 72:721, 1983, with permission Scandinavian University
Press, Stockholm, Sweden.)
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Figure 10-6 Extremely low birth weight (ELBW)
babies are prone to developing hypernatremic
serum sodium concentrations by day 3 of life, with
values averaging 155 mEg/L, and peaking in the
smallest babies at a serum sodium of nearly 180
mEg/L (2 standard deviations). (From Baumgart S,
Langman CB, Sosulski R, Fox WW, Polin RA: Fluid,
. . 130
electrolyte and glucose maintenance in the very low
birthweight infant. Clin Pediatr 21:199-206, 1982, h
with permission J.B. Lippincott Co.) Day1 Day2 Day3

150

140

[Na™]serum mEq/L

serum sodium concentrations by day 3 of life, with values averaging 155 mEq/L
(Fig. 10-6), and peaking in the smallest babies at a serum sodium of nearly
180 mEq/L (1). These observations led to our first description of the pathogenesis
of water depletion, with the development of hypernatremia, hyperglycemia, hyper-
osmolarity, and a hyperkalemic state peculiar to the ELBW baby, and developing in
the first 72 h of life (Fig. 10-7) (8). In the figure, large free water loss through
transcutaneous evaporation is balanced by clinicians increasing the rates of fluid
replacement, usually adding sodium in the second day of life to match anticipated
urinary sodium losses. These influxes contributed to an immense sodium load
presented to an immature kidney glomerular apparatus. Added to this exogenous
sodium load, the large salt reservoir in the extracellular space was subjected to rapid
transcutaneous dehydration, and the low glomerular filtration rate (GFR) of the
fetal kidney led to salt retention. Immature renal tubules with poor concentration
ability tended to waste additional free water, and an osmolar diuresis may also have
resulted from dextrose overload and hyperglycemia. The result was that by 48-72 h
of life, a hyperosmolar, hypernatremic state evolved. This state contributed to the
development of life-threatening hyperkalemia, as we shall see later.

Large extra-

cellular salt
pool
Low GFR, |
salt retention
Increased Sodium load Hyperosmolar
fluid intake, I":mitlire + | Hypernatremic
Large free sodium intake: water loss ~| Hyperkalemic
water loss state
D10% in Osmolar
2 yperglycemia diuresis

Figure 10-7 Large free water loss through transcutaneous evaporation is balanced by clinicians
increasing the rates of fluid replacement, usually adding sodium in day 2 of life to match anticipated
urinary sodium losses. These influxes contribute to an immense sodium load presented to an imma-
ture kidney glomerular apparatus. Added to this exogenous sodium load, the large salt reservoir in
the extracellular space is subjected to rapid transcutaneous dehydration, and the low glomerular
filtration rate (GFR) of the fetal kidney leads to salt retention. Immature renal tubules with poor
concentration ability tended to waste additional free water, and an osmolar diuresis may also result
from dextrose overload and hyperglycemia. The result is that by 48-72 h of life, a hyperosmolar,
hypernatremic state evolves, and hyperkalemia is likely to occur as well. (After Baumgart S: Fluid
and electrolyte therapy in the premature infant: Case management. In Burg F, Polin RA (eds):
Workbook in Practical Neonatology (pp. 25-39). WB Saunders, Philadelphia, 1983, with permission
W.B. Saunders Co.)
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SALT RESTRICTION PROPHYLAXIS

To prevent this syndrome, Costarino et al conducted a randomized and blinded
control trial of sodium restriction versus maintenance sodium administration
during the first five days of life in infants born less than 1000 g and less than
28 weeks’ gestation (9). Infants were randomly assigned to either a low sodium
group who received no maintenance sodium additive with their parenteral nutri-
tion, to a high sodium replenishment group who received 3—4 mEq/kg/day added to
their daily maintenance fluids, and administered beginning on day 2 of life. A safety
committee analyzed data at half-enrollment, and stopped the study. Two out of the
nine infants in the sodium restricted group became hyponatremic with serum
sodium concentrations < 130 mEq/L by day 5 of life, and were taken out of the
study. Conversely, two of the eight infants in the sodium replenishment group
became hypernatremic with a serum sodium > 150 mEq/L by day 4, and were
also removed from the study. None of these occurrences were reversed. Daily
assessments of serum sodium concentrations were significantly and consistently
higher in the sodium supplemented infants after day 1 of life (Fig. 10-8) (9).

By study design, sodium intake (seen in the top graph, Fig. 10-9) ranged
between 4-6 mEq/kg/day in the sodium supplemented maintenance group
(shaded bars) (9). Infants in the restricted group inadvertently received between
1.0 and 1.75 mEq/kg/day of sodium as additives (shown as clear bars on the graph)
with medications containing sodium (sodium heparin, sodium ampicillin, and
sodium citrated transfusions, etc.). It was impossible to eliminate sodium intake
entirely due to these often unrecognized sources of exogenously supplied salt.
Sodium output in the urine (shown in the middle graph Fig. 10-9) remained the
same for the first three days of the study, but began to increase after day 4 in infants
in the sodium-supplemented group. As shown in the bottom graph (Fig. 10-9),
calculated sodium balance was nearly zero in the sodium supplemented group
(shaded bars) where intake matched urinary sodium excretion, but remained mark-
edly negative in the sodium restricted group by as much as 6 mEq/kg/day net
sodium loss (white bars).

Fluid intakes, prescribed independently of the study by the physicians (who did
not know the group assignment), were similar in both groups of babies, ranging
between 90-130 mlL/kg/day throughout the first 3 days of life (Fig. 10-10, top
graph). However, after 3 days, fluid volume exceeded 130 mlL/kg/day in the
sodium supplemented infants (indicated by black circles); and was significantly
higher than the salt restricted babies who only received approximately 90 mL/kg/
day (shown by open circles). These results suggest that infants in the sodium-
supplemented group were prescribed increasing amounts of fluid to compensate
for their rising serum sodium. Conversely, infants in the sodium-restricted group
required relative fluid restrictions, probably in response to falling serum sodium
concentrations. Failure to restrict fluid intake volume after 5 days may result in
clinically significant hyponatremia.

Of interest (as seen in the bottom graph, Fig. 10-10), urine output was
fixed throughout the study in both groups, at between 2—4 mL/kg/h (or about
50-100 mL/kg/day), and was not dependent on either the volume of fluid adminis-
tered, or the amount sodium intake.

Survival was similar in both groups at about two-thirds, and the co-morbidities
of intraventricular hemorrhage and patent ductus arteriosum were also similar.
There was a trend, however, towards infants developing bronchopulmonary dys-
plasia in the high sodium/high fluid intake group: 7of 7 infants versus 4 of 8 infants
in the low sodium/low fluid intake group, p = 0.08. However, this safety analysis was
underpowered to detect the impact of fluid volume administration on these
co-morbidities.



Figure 10-8 Infants randomly assigned to either a
low sodium group who received no maintenance
sodium additive with their parenteral nutrition, or
to a high sodium replenishment group who
received 3-4 mEg/kg/day added to their daily main-
tenance fluids, and administered beginning on day
2 of life. Daily assessments of serum sodium con-
centrations were significantly and consistently
higher in the sodium supplemented infants after
day 1 of life (After Costarino AT, Gruskay JA,
Corcoran L, Polin RA, Baumagart S: Sodium restric-
tion vs. daily maintenance replacement in very low
birthweight premature neonates, a randomized and
blinded therapeutic trial. J Pediatr 120:99-106,
1992, with permission Elsevier, Inc.)

Figure 10-9 Sodium intake (top) ranged
between 4-6 mEg/kg/day in the sodium sup-
plemented maintenance group (2-4 mEg/kg/
day shaded bars). Infants in the restricted
group received between 1.0 and 1.75 mEqg/
kg/day of sodium as additives (shown as clear
bars in the graph) with medications containing
sodium (see text). It was impossible to elimi-
nate sodium intake entirely due to these
often unrecognized sources of exogenously
applied salt. In the bottom graph, calculated
sodium balance was nearly zero in the
sodium supplemented group (shaded bars)
where intake matched urinary sodium
excretion, but remained markedly negative in
the sodium restricted group by as much
as 6 mEg/kg/day net sodium loss (2 standard
deviations, white bars). (After Costarino AT,
Gruskay JA, Corcoran L, Polin RA, Baumgart
S: Sodium restriction vs. daily maintenance
replacement in very low birthweight premature
neonates, a randomized and blinded therapeu-
tic trial. J Pediatr 120:99-106, 1992, with per-
mission Elsevier, Inc.)

Serum sodium (mEg/L)

Sodium output Sodium intake
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Figure 10-10 Fluid intakes prescribed by the physicians unaware of the sodium supplemental
group assignment were similar in both groups of babies, ranging between 90-130 ml/kg/day
throughout the first 3 days of life (top). However, after 3 days, fluid volume exceeded 130 mL/
kg/day in the sodium supplemented infants (indicated by black circles); and was significantly higher
than the salt restricted babies who only received approximately 90 ml/kg/day (shown by open
circles). These results suggest that infants in the sodium-supplemented group were prescribed
increasing amounts of fluid to compensate for their rising serum sodium. Conversely, infants in
the sodium-restricted group required relative fluid volume restriction, probably in response to falling
serum sodium concentrations. Failure to restrict fluid intake volume after 5 days, however, may
result in clinically significant hyponatremia. Urine output (bottom) was fixed throughout the study in
both groups, at between 2-4 ml/kg/h (or about 50-100 ml/kg/day), and was not dependent on
either the volume of fluid administered, or the amount of sodium intake. (After Costarino AT,
Gruskay JA, Corcoran L, Polin RA, Baumgart S: Sodium restriction vs. daily maintenance replace-
ment in very low birthweight premature neonates, a randomized and blinded therapeutic trial.
J Pediatr 120:99-106, 1992, with permission Elsevier, Inc.)

Hartnoll et al (10) observed that the timing of sodium supplementation after
preterm birth does not affect the rate of fall in pulmonary arterial pressure. The
increased risk of continuing oxygen requirement in ELBW infants is more likely,
therefore, to be a direct consequence of persistent expansion of the extracellular
compartment and increased pulmonary interstitial fluid, resulting from sodium
intake. This adds further weight to the authors’ view that the timing of routine
sodium supplementation should be delayed until the onset of postnatal extracellular
volume contraction, marked clinically by weight loss.
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NON-OLIGURIC HYPERKALEMIA IN ELBW BABIES

During these studies, we encountered an additional electrolyte disturbance that was
further investigated by Gruskay et al, who first reported non-oliguric hyperkalemia
in extremely low birth weight babies, in the absence of renal failure (11). These
authors measured renal functions in a group of ELBW infants, some of whom
developed serum potassium concentrations > 6.8 mEq/L, a level first identified
by Usher that increases the risk for life-threatening cardiac arrhythmias in neonates
(12). Gruskay et al (11) described 8 ELBW infants in a hyperkalemic group with
slightly lower birth weights, and compared them to 10 comparable ELBW
infants who remained normokalemic. Peak serum potassium levels averaged at
8.0+0.3 mEq/L in the hyperkalemic babies, and all of these infants indeed
developed electrocardiographic abnormalities requiring treatment.

Renal functions for these two groups of babies demonstrated similar serum
creatinine and glomerular filtration rates (Fig. 10-11). In contrast, urine sodium
excretion was markedly increased in hyperkalemic infants, with urine
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Figure 10-12 Urine sodium excretion was markedly increased in hyperkalemic infants, with urine
concentrations of urine sodium sometimes exceeding 140 mEg/L (standard deviation), and mean
fractional excretion of sodium was nearly 15% in the hyperkalemic group, compared to only 5% in
the normokalemic infants. Both of these observations suggest a profoundly immature tubular
conservation of filtered sodium. (From Gruskay J, Costarino AT, Polin RA, Baumgart S: Non-oliguric
hyperkalemia in the premature infant less than 1000 grams. J Pediatr 113:381-386, 1988, with
permission Elsevier, Inc.)
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Figure 10-13 Potassium excess is normally secreted from the
distal tubule. Hyperkalemic infants’ urines had significantly less
potassium excretion than normokalemic infants, suggesting an
immaturity in renal tubular response to aldosterone, resulting in
these electrolyte disturbances. (From Gruskay J, Costarino AT,

T ! Polin RA, Baumgart S: Non-oliguric hyperkalemia in the prema-

Normo- Hyper- ture infant less than 1000 grams. J Pediatr 113:381-386, 1988,
kalemic kalemic

with permission Elsevier, Inc.)

concentrations of sodium exceeding 140 mEq/L (Fig. 10-12), and fractional excre-
tion of sodium of nearly 15% in the hyperkalemic group, compared to only 5% in
the normokalemic infants. Both of these observations suggest a profoundly imma-
ture tubular conservation of filtered sodium. Moreover, potassium excess is nor-
mally secreted from the distal tubule. Hyperkalemic infants’ urines revealed
significantly less potassium excretion than normal infants (Fig. 10-13). These
authors suggested an immaturity in renal tubular response to aldosterone, resulting
in these electrolyte disturbances.

However, Stefano et al (13) reported a similar investigation of 12 ELBW infants
developing non-oliguric hyperkalemia and compared them to 27 babies of similar
gestation who remained normokalemic. In addition to urine and renal function
studies, these authors reported erythrocyte Na+/K+ ATP’ase activity that was sig-
nificantly higher in normokalemic infants, suggesting that the cellular maturation
of this enzyme was markedly more immature in the hyperkalemic babies, and
contributed towards the exudation of potassium from the intracellular compart-
ment. Potassium leakage can be exacerbated by high serum sodium levels,
when sodium leaks into cells, and competitively exceeds the Na+/K+ ATP’ase
pump’s capacity to exclude sodium, further promoting intracellular potassium
leakage into the extracellular compartment. These authors concluded that hyper-
kalemia was due to an intracellular-to-extracellular potassium shift with diminished
Na+/K+ ATP’ase, and that glomerular-tubular imbalance in the kidney did not
completely explain why hyperkalemia was developing in these babies. Subsequent
observational studies by Lorenz & Kleinman (14) have confirmed their findings.

THE EPIDERMAL BARRIER: REDUCING TRANSCUTANEOUS
EVAPORATION

Other than manipulating water and electrolyte administration to ELBW babies, an
alternative strategy for preventing these disturbances is to reduce the large trans-
epidermal water loss that creates electrolyte imbalances in the first place. Several



techniques have been proposed to accomplish this, and include: incubator humi-
dification, ‘swamping’ babies in mist either within incubators or within plastic
body chambers under radiant warmers, application of petroleum based ointments
used on the skin as an emollient, polyvinyl chloride plastic blankets or body bags,
and non-occlusive semi-adherent polyurethane artificial skins. Native transepider-
mal water evaporation gradually lessens, as spontaneous keratinization of the epi-
dermis develops over a 1-4 week period after birth in these babies, probably too late
to prevent the acute dehydration syndrome described (15).

Environmental Humidification

Incubator humidification for premature babies is recommended by the American
Academy of Pediatrics and the American College of Obstetricians guidelines (16).
Levels suggested are between 40-50% relative humidity. Saturated environments for
‘swamping’ babies at 80-100% relative humidity may lead to ‘rain-out’ (a term used
to describe ‘swamp-like’ condensation of water on the interior surfaces of
incubators or other plastic covers for tiny babies, and raises our concern for
water borne infections.

Harpin & Rutter (17) used 80-90% humidified incubators for 33 VLBW
infants, and compared them to 29 historical controls nurtured in dry incubators.
All infants were less than 30 weeks’ gestation, and were studied for the first 2 weeks
of life. Two infants developed pseudomonas sepsis in the humidified group
and one died, and one developed pseudomonas in the dry group who died.
These authors concluded that saturated humidification was effective, but may be
associated with water borne nosocomial infection.

More recently, Gaylord (18) studied 70 infants in dry incubators, comparing
them to 85 babies nursed in humidified incubators, again using historical controls.
Despite similar fluid balance, dry incubator babies were significantly more likely
to develop hypernatremia, hyperkalemia, azotemia, oliguria, and to receive more
fluid volume replacements; whereas babies in humidified incubators did not have
these problems; but had more gram negative isolates (62%) recovered from surface
cultures.

Therefore, humidity should be employed cautiously, not exceeding 80% rela-
tive humidity during incubator care. Using the sophisticated humidification mon-
itoring and control systems now incorporated into modern incubators is also
suggested. ‘Swamping’ infants either within incubators or under radiant warmers
is not recommended. Any visible water (even mist), is condensation, which pro-
motes bacterial and fungal growth.

Skin Emollients

Research on petroleum based ointments to treat the skin of newborn babies began
as early as 1981 when Rutter & Hull (19) first applied paraffin oil to premature
infants every 4-6 h, reducing transepidermal water loss, but not significantly alter-
ing fluid balance over the first several days of life. In 1996, Nopper et al (20)
conducted a small randomized trial in 16 infants, using Aquaphor®, a preserva-
tive-free petroleum ointment to reduce transepidermal water loss, bacterial coloni-
zation and sepsis. These authors claimed better skin integrity with this treatment,
and many nurseries adopted this treatment as standard practice for ELBW babies.
In 2000, however, Campbell & Baker (21) reported an increasing occurrence of
candidiasis in their nurseries after the introduction of petroleum ointment use. And
the multi-center Vermont Oxford trial (22) observed an increase in coagulase-
negative staphylococcal sepsis occurring in babies who were treated with this petro-
leum preparation. Because of these concerns for infection, and the requirement for
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Table 10-1 Transepidermal Evaporation (TEE, g/m?/h) with and
without a Flexible Polyurethane Plastic, Non-Occlusive
Skin Barrier (OpSite®, Smith Nephew Inc., Columbia,

SC, USA)
Day 1 Day 2 Day 3 Day 4 Day 5, removal
Naked 27.5 31.3 21.4 18.8 20.8
Dressed 8.9* 9.5* 9.0* 10.6* 18.8

(From Knauth A, Gordin M, McNelis W, Baumgart S. A semipermeable polyurethane mem-
brane as an artificial skin in the premature neonate. Pediatrics 83:945-950, 1989. Copyright the
American Academy of Pediatrics.)

*Indicates significant reduction in TEE.

more frequent handling (ELBW babies were required to be repeatedly re-applied
with ointment to maintain an effective moisture barrier), we no longer use this
technique in our nurseries.

Plastic Shields, Bags or Blankets

Alternatively, we have reported the use of a single layer of Saran® polyvinyl chloride
to reduce insensible water loss during the first few days of life by more than half in
low birth weight babies, and I have advocated the use of this technique, especially
for tiny infants under radiant warmers during the first 24-48 h of life (23). To date,
however, there have been no studies to evaluate the occurrence of infection or
bacterial colonization with the use of these plastic ‘blankets” Knauth et al (24)
alternatively suggested the use of a flexible polyurethane plastic, non-occlusive
skin barrier (Tegaderm® or OpSite®). Some of these barriers are treated with
anti-microbial suppressants, and are relatively infection neutral when used as
TPN catheter site dressings. We evaluated transcutaneous evaporation using
these materials, and produced a two-thirds reduction in transcutaneous water
loss shown in Table 10-1 during the first 4 days of life in a series of premature
babies. However, as seen on the right side of this table, after removal on the 5th day,
evaporation again increased, either with re-exposure of the immature skin,
or with the exfoliation of the developing keratin underneath this gently
adhesive barrier.

Porat & Brodsky (25) recently published data on the use of polyurethane dressings
covering low birth weight infants completely. They demonstrated significant reductions
in hypernatremia, excessive fluid volume intake, weight loss, bronchopulmonary dys-
plasia, and mortality with the use of an artificial layer during the first few weeks of life.

Donahue et al (26), thereafter, conducted a randomized trial of this technique
in 61 babies, but did not reveal changes in fluid volume requirements, although
improved skin integrity was suggested by these authors. For any of these strategies, a
consistent effect in reducing electrolyte disturbances has not been demonstrated.
Humidification and emollient ointments may increase the risk of infection. Some
randomized data exist, none of which supports their use. Alternatively, standard
incubation at moderate humidity between 40-60%, with or without a plastic bar-
rier, remains the most popular practice in our nurseries.

PULMONARY EDEMA FORMATION

After the initial first week of life, the risk for dehydration diminishes as the skin
barrier matures. Thereafter, and usually during the second or third week of life in
ELBW babies, many authors have now described water overload in the pathogenesis
of pulmonary edema, probably resulting from continuing overzealous fluid



replenishment therapy past the first week, when these babies were more subject to
dehydration.

Suggested pathogenesis for water overload is depicted in Fig. 10-14 (8).
Fluid replenishment volume, when administered too aggressively, may result in
increased lung water, and contribute to the pathogenesis of bronchopulmonary
dysplasia (27-29). Moreover, high fluid intakes, which have been associated with
the development of clinically significant patent ductus arteriosus and congestive
heart failure (30-32), also may contribute to the pathogenesis of BPD (33).
Increased pulsatility and diastolic run-off with a clinically significant PDA may
contribute to the development of necrotizing enterocolitis (34), and intraventri-
cular hemorrhage (35).

Perhaps the root cause of this problem is the premature infant’s markedly
immature renal development. The fetal kidney at 25 weeks has a lobulated appear-
ance, with a thin cortex predominated by small, less well developed juxta-medullary
nephrons and lacking entirely the robust cortical nephron population. The result of
diminutive anatomy is less glomerular surface available for filtration of any fluid
volume or salt excess. We can only imagine even more immature nephrons, and the
severe functional limitations present in the tiny kidneys of an extremely low birth
weight infant between 500-1000 g in development.

Prevention of latrogenic Fluid Overload

In testing the prevention strategy of low versus high fluid volume administration for
the development of fluid overload in premature infants, Bell & Acarregui recently
reviewed a meta-analysis of four randomized controlled trials (Table 10-2) (30-34).
Of the studies reported, fluid intakes ranged from as low as 50 mL/kg/day to as high
as 200 mL/kg/day routinely, depending on the study designs used. All four were
conducted primarily on VLBW (and not ELBW) populations; and only two of the
studies demonstrated significant differences in the occurrences of PDA, congestive
heart failure, BPD, NEC, or death in the high fluid groups. The meta-analysis of all
randomized data, however, favored low fluid volume infusions, revealing that PDA
with congestive heart failure and necrotizing enterocolitis were more frequently
observed in the high fluid group; death was significantly higher as well. More recently,
Kavvidia et al (36) reported the only randomized series including a number of
extremely low birth weight infants, with gestational ages ranging between 23-33

| Increased
“| lung water
BPD
Fluid volume
replenishment + | Patent ductus 5 Congestive
leading to ~| arteriosus heart failure
overload
Y
Increased NEC

—>»| pulsitility and
diastolic run-off IVH and PVL

Figure 10-14 Fluid replenishment volume, when administered too aggressively, may result in
increased lung water, and contribute to the pathogenesis of bronchopulmonary dysplasia (26-28).
Moreover, high fluid intakes have been associated with the development of clinically significant
patent ductus arteriosus and congestive heart failure (29-31), also contributing to the pathogenesis
of broncopulmonary dysplasia (BPD) (32). Increased pulsatility and diastolic run-off, with a clinically
significant PDA, may contribute to the development of necrotizing enterocolitis (33), and IVH or
intraventricular hemorrhage (34). (After Baumgart S: Fluid and electrolyte therapy in the premature
infant: Case management. In Burg F, Polin RA (eds): Workbook in Practical Neonatology
(pp. 25-39). WB Saunders, Philadelphia, 1983, with permission W.B. Saunders Co.)
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weeks, and offered only modest differences in high versus low fluid volumes pre-
scribed. No beneficial or adverse effects could be demonstrated.

Finally, Oh et al (29), for the Neonatal Research Network, summarized a
cohort of 1382 ELBW babies born at between 401-1000 g who were followed
prospectively at Network centers to characterize their prescribed daily fluid
volume intakes (both parenteral and enteral, net intake mL/kg/day (Fig. 10-15))
and percent of birth weight loss daily over the first 10 days of life; and
analyzed retrospectively for adverse outcomes of BPD and death. Multivariate logis-
tic regression demonstrated that higher fluid intake volumes with weight retention
over the first 10 days of life were significantly associated with higher risk of death or
BPD. As in other studies, however, higher birth weight was associated with lower risk
for death or BPD, suggesting that even slightly more developmentally mature infants
are less likely to require excessive fluid replenishment to maintain electrolyte
balance, described above in the sections on epidermal barrier and renal
organogenesis in ELBW babies. Wide ranges of daily fluid volume prescriptions
(41-389 mlL/kg/day) were observed in this study, with average group differences
of as little as 7-24 mL/kg/day.

It can be concluded from these published data that careful fluid volume restric-
tion reduces death, PDA, and necrotizing enterocolitis in VLBW babies between
1000-1500 g, and may also be prudent for the ELBW population < 1000 g, and that
there is also a trend towards less chronic lung disease in infants from both cate-
gories. However, we cannot readily extrapolate a fluid restriction strategy for the
treatment of ELBW babies during the first 3—5 days of life because of the risk of
dehydration with severe electrolyte disturbances, as described above. Randomized
trials of either artificial epidermal barriers to circumvent hypernatremia/hyperka-
lemia, with or without free water restriction to avoid weight retention and to allow
body water and sodium pool contraction over the first week after birth, are wanting
and warranted.

Diuretic Therapy

Diuretic therapy to treat fluid overload and pulmonary edema after it occurs
also remains controversial. In 2002, Brion et al (37) reported a meta-analysis
of six randomized controlled trials for the combination of spironolactone and thi-
azide diuretics given for 3 weeks duration or longer, with some success in the
treatment of chronic lung disease. A year later Brion & Sol (38) conducted a
second meta-analysis, describing six randomized controlled trials for the use of
furosemide in treating lung edema in acute RDS. Oxygenation was only
transiently improved with furosemide. However, furosemide is also a vasodilator,
and was associated with the development of symptomatic PDA in RDS babies.
Moreover, in some cases, significant hypovolemia developed, requiring excess
fluid administration to recover blood pressure. Brion and Sol concluded that
furosemide should not be recommended for treating acute RDS. Of note, none of
these studies was done in the era of prenatal prophylactic steroid therapy. Therefore,
combinations of therapies effective for treating pulmonary edema and the develop-
ment of BPD have not been adequately tested or reported in the present era.

Regarding lung edema, in a 1990 review Bland (39) summarized perinatal
animal models, describing lung water physiology. Prenatally, the pulmonary
epithelium actively secretes chloride ion with water; but postnatally the
lung changes over to an active Na+/K+ exchange-mediated absorbing
mechanism. This transitional change from a secretory organ to a dry organ may
be disrupted by RDS, or a clinically significant PDA with congestive heart failure;
becoming involved in the pathogenesis of pulmonary edema, and
bronchopulmonary dysplasia.
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Corticosteroid Therapy

Helve et al (40) reported the use of postnatal steroids on the epithelial sodium
channel, and described mRNA expression as diminished in very low birth weight
babies with RDS, comparing them to normal term control infants. All five RDS
subjects’ mothers had received prenatal -methasone therapy. Subsequently, when
given dexamethasone for the treatment of BPD occurring after 1 month of age in
four of these subjects, increased sodium channel mRNA expression was again
observed, suggesting a potential role for postnatal steroids in resorbing lung
edema, and diminishing lung water.

In the only study of water and sodium homeostasis in ELBW babies exposed to
prenatal steroids, Omar et al (41) reported prenatal corticosteroid effects on devel-
opment in ELBW infants ranging from 565 g to 865 g. They noted higher urine
output during the first two days of life in babies receiving prenatal steroids, when
compared to controls. The authors speculated that natriuresis may be due to better
mobilization of lung fluid through the augmentation of Na+/K+ ATP’ase in the
pulmonary epithelium. These authors also commented on a lower calculated insen-
sible water loss during the first 4 days of life in these infants, speculating that
prenatal steroids may also have improved epidermal barrier function. It is the
opinion of this author that results of studies on corticosteroids and fluid balance
remain highly speculative at this time, and unfortunately, no recommendations for
routine therapy should be made.

ELECTROLYTE IMBALANCES AND NEURODEVELOPMENT

Hyponatremia

In examining the effects of fluid and electrolyte imbalances on later neurodevelop-
ment, Bhatty et al (42) has given us a preliminary description of hyponatremia
occurring in a group of ELBW infants less than 1000 g. These authors defined a
serum sodium concentration < 125 mEq/L as clinically significant hyponatremia.
Thirty-five babies developing hyponatremia during the first few weeks of life were
compared retrospectively to 43 non-hyponatremic birth weight-matched control
infants using multivariate regression analysis. Although not statistically significant,
hyponatremic babies, in general, seemed more critically ill—all subsequently devel-
oped BPD, had longer ventilator and oxygen courses, with longer hospital stays.
Moreover, more severe IVH (grades 3 and 4) were observed in 23% of the hypona-
tremic subjects, and only 5% of the non-hyponatremic infants. Similarly, significant
retinopathy (grades 3 and 4) was more prevalent in the hyponatremic subjects.

On follow-up through early infancy, Bhatty et al (42, 57) observed a higher
occurrence of spastic cerebral palsy in infants who had developed hyponatremia,
more hypotonia, and an increased occurrence of sensory-neural hearing loss, as well
as behavioral problems reported by parents later in childhood. Using regression
analysis, the authors suggested a specific association between recovery from hypo-
natremia and neurodevelopmental problems subsequently developing in the extre-
mely low birth weight population.

When evaluating the degree of hyponatremia at onset, the degree of worst
hyponatremia (lowest serum sodium concentration), and the duration of hypona-
tremia, they found no correlation to subsequent neurodevelopmental outcomes. In
contrast, when looking at the speed of recovery from hyponatremia, the 11 infants
with more rapid correction of serum sodium concentrations (by more than
10 mEq/L in 24 h), experienced the worst neurodevelopmental outcomes later
on. The authors concluded that rapid correction of hyponatremia, particularly
within the first 24 h of onset of serum sodium concentration < 125 mEq/L, may
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Table 10-3 Published Studies Suggesting Hyponatremia is Associated with
Adverse Neurodevelopmental Outcomes

Study Study design Population = Developmental deficits
Leslie et al (1995) Case controls ELBW Sensory-neural hearing loss
Murphy et al (1997)  Case controls VLBW Cerebral palsy

Ertl & Sulyok (2001) Multivariate analysis, case controls ~ VLBW Sensory-neural hearing loss

Leslie GI, Kalaw MB, Bowen JR, Arnold JD: Risk factors for sensorineural hearing loss in extremely premature infants.
J Paediatr Child Health 31:312-6, 1995.

Murphy DJ, Hope PL, Johnson A: Neonatal risk factors for cerebral palsy in very preterm babies: case-control study.
BMJ 314:404-8, 1997.

Ertl T, Hadzsiev K, Vincze O, Pytel J, Szabo I, Sulyok E: Hyponatremia and sensorineural hearing loss in preterm
infants. Biology of the Neonate 79:109-12, 2001.
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be associated with adverse neurodevelopmental sequelae; and that the calculated
sodium correction should provide a rate no more than 0.4 mEq/L/h, or at most 10
mEq/L/day. We presently do not recommend any more rapid correction, and in
most situations we avoid entirely the use of 3% hypertonic saline acutely for
correction of hyponatremia in ELBW or VLBW neonates.

Many other studies have suggested an association between hyponatremia and
later neurodevelopmental problems (Table 10-3). Leslie et al (43) matched case
controls revealing significant sensory-neural hearing deficits in ELBW babies
under 28 weeks” gestation and 1000 g at birth. Hyponatremia in this study was
also diagnosed at a sodium concentration < 125 mEq/L. Murphy et al (44) reported
134 case controls for 59 VLBW babies developing cerebral palsy, and associated
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mL/kg/day

50

2 3 4 5 6 7 8 9 10
Day of life

Il 224 died or BPD 573 (58%)
= 585 survived without BPD (42%)
[ Daily fluid difference

mean A7-24 mL/day

Figure 10-15 Multivariate logistic regression demonstrated that higher fluid intake volumes with
weight retention over the first 10 days of life were significantly associated with higher risk of death
or broncopulmonary dysplasia (BPD) in 1382 extremely low birth weight (ELBW) infants followed
prospectively from day 1 of life. Wide ranges of daily fluid volume prescriptions (41-389 ml/kg/day)
were observed in this study, with average group differences of as little as 7-24 ml/kg/day. (After
Oh W, Poindexter BB, Perritt R, Lemons JA, Bauer CR, Ehrenkranz RA, Stoll BJ, Poole K, Wright LL,
for the Neonatal Research Network: Association between fluid intake and weight loss during the
first ten days of life and risk of bronchopulmonary dysplasia in extremely low birth weight infants.
J Pediatr 147:786-90, 2005, with permission from Elsevier, Inc.)
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cerebral palsy with hyponatremia. Ertl et al (45) matched 22 sensory-neural hearing
loss babies to 25 case controls for multivariate analysis, and found an association
between hearing impairment and hyponatremia specifically. None of these studies
reported the course of development or treatment of hyponatremia, nor made
recommendations for therapy.

And in a fascinating long-term follow-up study, Al-Dahan et al (46) reported
that sodium supplemented VLBW babies < 32 weeks given 4-5 mEq/kg/day in their
diets, and lasting from 4 to 14 days of life, had, at 10 years of age, better perfor-
mance 1Qs, better motor and memory indices, and improved parental behavioral
assessments. This report suggests that routine sodium restriction in premature
babies, although expedient to prevent hypernatremia, may not be beneficial with
respect to long term outcomes.

Hypernatremia

In contrast (and despite the frequent observation of hypernatremia in ELBW babies
already described), the data associating hypernatremia with central nervous system
disruptions have not been as closely examined. Simmons et al in (47) suggested
restricting hypertonic sodium bicarbonate use, associating the resulting hyperna-
tremia with significant intraventricular hemorrhages. However, Lupton et al (48)
re-evaluated serum sodium concentrations during the first 4 days of life in VLBW
prematures < 1500 g, who had developed IVH in that time period, and found no
association with hypernatremia. Lupton et al’s study, however, defined hypernatre-
mia at serum sodium levels > 145 mEq/L, which may not comprise a critical
threshold for evaluating neurological impairment. We certainly have seen more
severe hypernatremia in the ELBW population, with serum sodium concentrations
ranging from > 150 to as high as 180 mEq/L (1).

None of these reports on hypernatremia directly addresses the occurrences of
developmental delays with electrolyte imbalance in the ELBW population, and
further investigation is needed. Existing developmental follow-up data for this
population should probably be examined for routinely recorded serum sodium
concentrations.

AREAS FOR FURTHER INVESTIGATION

There are many areas for further investigation. For the ELBW baby, in whom vir-
tually every therapy is experimental, protocols to standardize care should be devel-
oped in each provider’s institution along with safety and outcome evaluations.
Epidermal barrier augmentation seems to be a first, natural step in these investiga-
tions, to avoid the disruption of fluid and electrolyte balance in the first place.
Materials for promoting a temporary artificial skin barrier that is neutral to infec-
tion are more elusive than we might have imagined.

Manipulations of both sodium and free water volume intake are also war-
ranted. Comparing babies receiving high volume fluid intake vs low volume fluid
restriction seems to me a naive approach to this problem. Rather, a more strict and
precise definition of fluid balance is needed. Right now we depend on serial mea-
surements of serum sodium concentration to evaluate whether ELBW babies need
more or less water volume replenishment. The trouble with this approach is that
serum sodium concentration must be abnormal before we can adjust fluid intake to
offset changing losses. Further investigation of sodium channel development and
the promotion of natural lung water resorption through endogenous means is a
more complex area for basic science investigations. Clinical trials of diuretics and
steroids should be performed before prescribing these therapies routinely. In the
area of neurodevelopmental outcomes, hyponatremia, water restriction, and
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Figure 10-16 On day 1 of life, the primary problem is the tremendously high transepidermal
water loss (TEWL). We recommend checking serum electrolytes every 8 h during day 1-2 of life, and
adjusting an electrolyte-free solution upwards in 10-20 mL increments every 6-8 h, depending on
the rate of rise in the measured serum sodium concentration. The key to this strategy is checking
serum/urine electrolytes more frequently, because, once the serum sodium rises, the patient is
already dehydrated. By day 2 the problem of hyperkalemia often emerges—volume replacement
maximizes as serum sodium concentration peaks, and sodium leaks into the cells displacing potas-
sium outwards from the intracellular compartment. Then on day 3 TEWL begins to diminish as
keratin deposition occurs, or in response to incubator care with additional humidification. At this
juncture, the serum sodium concentration may suddenly decrease. We should anticipate this
change by diminishing water volume immediately when we first see the serum sodium concentra-
tions fall, thus anticipating fluid overload and the risk for promoting a hemodynamically significant
PDA by day 4 of life, imaging the ductus prospectively may be of consequential benefit. The
occurrence of iatrogenic hyponatremia is most often observed at this time and may be associated
with patent ductus physiology, (49) and is best addressed by aggressive water volume restriction to
as little as 60 ml/kg/day, minimizing the rate of sodium correction and entirely avoiding the use of
hypertonic salt infusions. Oliguria observed while treating for PDA and hyponatremia should not be
addressed by liberalizing fluid volume administration, nor by the use of furosemide which may
actually dilate the PDA. (36) Rather, maintenance fluid restriction should be continued while the
PDA is addressed definitively, either with Indocin, or by surgical ligation. (After Sridhar S, Baumgart
S: Water and electrolyte balance in newborn infants. In Hay WW, Thureen PJ (eds): Neonatal
Nutrition and Metabolism, 2nd edn, 2006 in press, with permission Cambridge University Press,
Cambridge, UK.)

sodium supplementation are hot topics for investigation, given the numerous asso-
ciations with sensory-neural hearing loss and cerebral palsy reviewed previously.
Randomized controlled trials for routine sodium replacement versus restriction
therapy may now be warranted. Regarding life-threatening hypernatremia and
hyperkalemia, no investigative reports to date have described late adverse neuro-
developmental outcomes, and such investigations should at least include multiva-
riate analysis of presently existing databases in this regard.

BETWEEN A ROCK AND A HARD PLACE: SUGGESTIONS FOR
VIGILENT FLUID BALANCE THERAPY IN ELBW BABIES

Maintenance fluid therapy is at best a moving target that should be addressed by
adjusting required fluid volumes frequently, at least two or three times daily,
depending on our periodic clinical assessment of hydration and balance (intake
and output). We should try to anticipate and to avoid both extremes of under- and
over-hydration in ELBW babies, by anticipating their physiological progress, as
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demonstrated in a hypothetical 600 g patient in Fig. 10-16 (49). On day 1 of life, the
primary problem is the tremendously high transepidermal water loss (TEWL); We
recommend checking serum electrolytes every 8 h during the first 1-2 days of life,
and adjusting an electrolyte-free solution upwards in 10-20 mL increments every
6-8 h, depending on the rate of rise in the measured serum sodium concentration.
The key to this strategy is checking serum/urine electrolytes more frequently,
because once the serum sodium rises, you are already behind in water
volume administration, as shown. By day 2 the problem of hyperkalemia often
emerges—volume replacement maximizes as serum sodium concentration peaks,
and sodium leaks into the cells displacing potassium outwards from the intracel-
lular compartment. Then on day 3 TEWL begins to diminish as keratin deposition
occurs, or in response to incubator care with additional humidification. At this
juncture, the serum sodium concentration may suddenly decrease. We should antic-
ipate this change by diminishing water volume immediately when we first see the
serum sodium concentrations fall, thus anticipating fluid overload and the risk for
promoting a hemodynamically significant PDA by day 4 of life, imaging the ductus
prospectively may be of consequential benefit. The occurrence of iatrogenic hypo-
natremia is most often observed at this time and may be associated with ductal
physiology (50), and is best addressed by aggressive water volume restriction to as
little as 60 mL/kg/day, minimizing the rate of sodium correction and avoiding
entirely the use of hypertonic salt infusions. Oliguria observed while treating for
PDA and hyponatremia should not be treated by liberalizing fluid volume admin-
istration, nor by the use of furosemide, which may actually dilate the PDA (37).
Rather, maintenance fluid restriction should be continued while the PDA is
addressed definitively, either with Indocin, or by surgical ligation.

Monitoring changes in body weight is also an important means of assuring
appropriate fluid balance. As a reflection of transitional physiologic contraction
of extracellular fluid compartment, the VLBW infants experience a 2-3% per kg
per day weight loss during the first 3 days (51). The body weight loss stabilizes
during the 4th and 5th days of life, suggesting completion of the transitional
ECF contraction. The weight gain at 2-3% per kg per day from day 6 and on
is a reflection of the anabolic phase of infants’ metabolic status. It is very useful to
plot the daily weight changes on the postnatal weight grid in infants as
published (52).

A Parting Shot at Aggressive PDA Management

Much of this discussion regarding fluids and electrolyte imbalances in ELBW pre-
mature infants revolves around the prevention of a clinically significant patent
ductus arteriosus. In a recent and controversial opinion paper, Laughon et al
(53) questioned the significance of a PDA and how it can and should be managed.
These authors remind us of our assumption that a PDA is per se pathological.
Indeed, the ductus before birth is essential to maintain systemic circulation in
the fetus delivering oxygenated blood to vital organs while bypassing the lungs.
After birth at term, the ductus usually closes within 3 days. In LBW premature
infants > 30 weeks’ gestation, the ductus usually closes within 5 days. In the
ever troublesome VLBW premature newborn < 30 weeks’ gestation, and certainly
in the ELBW population <1000 g birth weight, at least two thirds of infants
have PDAs that do not close, and, incidentally, this is the group with serious pul-
monary disease and high pulmonary vascular resistance to shunting left-to-right
(that which results in lung congestion). The importance of diagnosis of a clinically
significant PDA (i.e., pulmonary congestive) is raised by these authors. It seems
echocardiography invariably demonstrates an anatomically patent ductus in
these critically ill babies with refractory respiratory distress; however, identifying



the significance of this finding when screening for a ductus with echocardiography
routinely on day 4 of life, as suggested above, requires examining the patient,
not just for the presence of a systolic heart murmur (difficult to auscultate
while on an oscillatory ventilator), nor just for echogenic evidence of an other-
wise normal structure, but for bounding pulses, a hyperactive precordium, and
a widened pulse pressure (systolic value more than double the diastolic).
Doppler evidence of a significant left-to-right ductal shunt is often vaguely
represented as ‘bi-directional’ on an echocardiogram, and deleterious effects of
diastolic run-off flow velocities seem exaggerated. Failure to improve oxygenation
despite prenatal corticosteroid and postnatal surfactant therapies often leads to
frustration when asking, ‘what stone can be left unturned? Therefore, treating
the ductus aggressively seems prudent, even though a markedly premature lung
morphology and fluid physiology (secretory versus dry organogenesis) may remain
the true culprits of premature lung disease. Surgical ligation is the gold standard for
premature ductal closure. Although 40% of murmurs observed remain asympto-
matic, the majority of symptomatic murmurs become asymptomatic with fluid
restriction alone (a strong recommendation for a ‘dry’ approach to parenteral
fluid prescription during the first week of life in ELBW infants) (54). Surgery is
not without risks for a hemodynamically unstable patient: bleeding, pneumothorax,
vocal cord paralysis, grades 3—4 retinopathy and infection have all been associated
with PDA surgical ligation.

Indomethacin medical therapy is used to avoid surgery in patients not
responding to fluid restriction within 48 h. In the landmark multicenter collabora-
tive trial, authored by Gersony et al (54), over 3500 infants with significant PDAs
failing fluid restriction received indomethacin for one or two courses by 2 weeks’
postnatal age (with 79% closure), before being offered surgery (35%). There were
no differences in mortality or duration of mechanical ventilation or hospital stay;
nor IVH or NEC in medical versus surgical treatment groups. At the end of the
study, however, all ductuses were closed. Other landmark studies of indomethacin
therapy have followed (e.g., prophylactic treatment for all vulnerable premature
infants to prevent PDA and intraventricular hemorrhages, or only for
those with asymptomatic PDAs having echocardiographic evidence of a ductus
on screening), but amelioration of final adverse outcomes remains wanting
(neurodevelopmental delays persist, as does chronic lung disease at > 36 weeks’
post-conceptional age) (55,56).

Conclusion

If judicious fluid and electrolyte balance is achievable in ELBW babies, neither
indomethacin nor surgery might be required.
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Chapter 11

Lung Fluid Balance in

Developing Lungs and its Role
in Neonatal Transition

Lucky Jain, MD e Richard D. Bland, MD

Fetal Lung Liquid and its Physiological Significance

How is the Fetal Lung Fluid Cleared?

Sodium Channel Pathology in the Lung

What Causes the Neonatal Lung Epithelium to Switch to
an Absorptive Mode?

Summary

Often signaled by a loud cry, the birth of a neonate marks a remarkable transition
from its dependence for gas exchange on the placenta to an independent state of air
breathing and gas exchange in the lungs. The fact that the lungs are filled with
liquid during fetal life makes this transition particularly more challenging for the
newborn. Scientists have known for a long time that fetal lungs are full of fluid,
although it was presumed to be an extension of the amniotic fluid pool. However,
studies have confirmed (1,2) that the fetal lung itself, rather than the amniotic sac,
is the source of the liquid that fills the lung during development. Through an active
process involving chloride secretion by the respiratory epithelium, this liquid forms
a slowly expanding structural template that prevents collapse and promotes growth
of the fetal lung (3,4). This active process can be inhibited by diuretics that block
Na,K-2Cl co-transport (5,6). In vitro experiments using cultured explants of lung
tissue and monolayers of epithelial cells harvested from human fetal lung have
indicated that cation-dependent chloride transport, driven by epithelial cell
Na,K-ATPase, is the mechanism responsible for liquid secretion into the lumen
of the mammalian lung during fetal life (7-9).

For effective gas exchange to occur, rapid clearance of liquid from potential
alveolar airspaces during and soon after birth is essential for establishing the timely
switch from placental to pulmonary gas exchange. It is clear now that traditional
explanations that relied on mechanical factors and Starling forces can only account
for a small fraction of the fluid absorbed (10,11) and that the normal transition
from liquid to air inflation is considerably more complex than the characteristic
‘vaginal squeeze’ theory might suggest. Physiologic events in the days before spon-
taneous delivery are accompanied by changes in the hormonal milieu of the fetus
which pave the way for a smooth neonatal transition, including clearance of the
large body of lung fluid. Respiratory morbidity resulting from failure to clear the



lung fluid is not uncommon, and can be particularly problematic in some infants
delivered prematurely, or when delivery occurs operatively before the onset of
spontaneous labor. This review will consider some of the experimental work that
provides the basis for our current understanding of lung liquid dynamics before,
during and after birth, focusing on the various pathways and mechanisms by which
this process occurs.

FETAL LUNG LIQUID AND ITS PHYSIOLOGICAL
SIGNIFICANCE

As pointed out above, the lung is a secretory organ during development, displaying
breathing-like movements but without any contribution to respiratory gas
exchange. The small fraction of the combined ventricular output of blood from
the heart that circulates through the pulmonary circulation (12) allows the delivery
to the lung epithelium of the substrates needed to make surfactant and secretion of
up to 5mL/kg/hour lung fluid at term gestation (13,14). Several studies have shown
that the presence of an appropriate volume of secreted liquid within the fetal
respiratory tract is essential for normal lung growth and development before
birth (1,2,15). Conditions that interfere with normal production of lung liquid,
such as pulmonary artery occlusion (16), diaphragmatic hernia with displacement
of abdominal contents into the chest (17), and uterine compression of the fetal
thorax from chronic leak of amniotic fluid (63), also inhibit lung growth.
Conversely, excessive accumulation of lung fluid, such as that following tracheal
occlusion, leads to excessive lung growth (1).

Fig. 11-1 is a schematic diagram showing the fluid compartments of the fetal
lung. Potential air spaces are filled with liquid that is rich in chloride (~ 150 mEq/
L) and almost free of protein (< 0.03 mg/mL) (18). The lung epithelium has tight
intercellular junctions that provide an effective barrier to macromolecules, includ-
ing albumin, whereas the vascular endothelium has wider openings that allow
passage of large plasma proteins, including globulins and fibrinogen (19-21).
Consequently, liquid in the interstitial space, which is sampled in fetal sheep by
collecting lung lymph, has a protein concentration that is about 100 times greater
than the protein concentration of liquid contained in the lung lumen (22). Despite
the large trans-epithelial difference in protein osmotic pressure, which tends to
inhibit fluid flow out of the interstitium into potential air spaces, active transport

Epithelium Systemic
vein
° Cl-
o °
Pleural ° O ANE )
space / o ° ° °
o ° ° o ° Lymphatic\® ¢
[ ] L ° ° b ) o ®
o ) Interstitial space o L] ° o
° [ ] [ ] [ ] 0
o e ©® ° o o m) ° o
e — — JC———H>eC——> C— Endothelium

e%% o o 0 e D00 o 0 eleT o0
o ...D LA o e o o .. 0 [ o PS Q. °
Microcirculation

Figure 11-1 Schematic diagram of the fluid compartments in the fetal lung, showing the tight
epithelial barrier to protein and the more permeable vascular endothelium, which restricts the
passage of globulins ([J) more than it restricts albumin (e). In the fetal mammalian lung, chloride
secretion in the respiratory epithelium is responsible for liquid production within potential air
spaces (After Bland RD: Adv Pediatr 34:175-222, 1989).
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Figure 11-2 Schematic drawing of the fluid compartments of the fetal lung, highlighting the lung epithelium, con-
sisting of type | cells that occupy most of the surface area of the lung lumen, and type Il cells that manufacture and
secrete surfactant. These cells also secrete Cl by a process that involves Na,K-2Cl co-transport and Na,K-ATPase (Na
pump) activity. This energy-dependent process, which can be blocked by loop diuretics, furosemide and bumetanide,
increases the concentration of Cl within the cell so that it exceeds its electrochemical equilibrium, with resultant extrusion
of Cl through anion-selective channels on the apical membrane surface (cystic fibrosis transmembrane conductance
regulator, CFTR or chloride channels, CLCs). Sodium (Na) and water follow the movement of Cl into the lung lumen.
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of chloride (Cl) ions across the fetal lung epithelium generates an electrical poten-
tial difference that averages about —5 mV, luminal side negative (4). The osmotic
force created by this secretory process drives liquid from the pulmonary microcir-
culation through the interstitium into potential air spaces.

Lung epithelial Cl transport, which in fetal sheep begins as early as mid-gesta-
tion (23), is inhibited by diuretics that block Na,K-2Cl co-transport (5,6). This
finding supports the concept that the driving force for trans-epithelial Cl movement
in the fetal lung is similar to the mechanism described for Cl transport across other
epithelia. Accordingly, Cl enters the epithelial cell across its basal membrane linked
to Na and to K (Fig. 11-2). Na enters the cell down its electrochemical gradient and
is subsequently extruded in exchange for K (3 Na ions exchanged for 2 K ions) by
the action of Na,K-ATPase located on the basolateral surface of the cell. This
energy-dependent process increases the concentration of Cl within the cell so
that it exceeds its electrochemical equilibrium. Cl then passively exits the epithelial
cell through anion-selective channels that are located on the apical membrane
surface. Na traverses the epithelium via paracellular pathways or via non-selective
cation channels that have been identified in fetal distal airway epithelium, while
water can flow either between epithelial cells or through water channels, one of
which (aquaporin 5) is abundantly expressed in type I lung epithelial cells (24,25).

While the Cl concentration of liquid withdrawn from the lung lumen of fetal
sheep is about 50% greater than that of plasma, the Na concentration is virtually
identical to that of plasma (3,18). The concentration of bicarbonate in lung liquid
of fetal sheep is <3 mEq/L, yielding a pH of ~ 6.3. This finding led to the notion
that the lung epithelium of fetal sheep may actively transport bicarbonate out of the
lung lumen. The demonstration that acetazolamide, a carbonic anhydrase inhibitor,
blocks secretion of lung liquid in fetal sheep supports this view. Both physiologic
and immunohistochemical studies have shown that H"-ATPases are present on the
respiratory epithelium of fetal sheep, where they likely provide an important mech-
anism for acidification of liquid within the lung lumen during development. In
vitro electrophysiological studies using fetal rat lung epithelial cells provided evi-
dence that exposure to an acid pH might activate Cl channels and thereby contrib-
ute to the production of fetal lung liquid (26). In fetal dogs and monkeys, however,
the bicarbonate concentration of lung luminal liquid is not significantly different



Table 11-1 Factors that Can Delay Clearance of Fetal Lung Fluid

Failure of antenatal decrease in fetal
lung fluid
Excessive production of fluid

Delivery without labor
Prematurity

Increased vascular permeability

Decreased epithelial transport of sodium
and water

Loss of function mutations of ENaC

Decreased Na* -K* -ATPase function

Decreased number/function of type | and Il cells
Decreased sodium-channel expression and activity

Elevated transvascular pressure (e.g., cardiogenic edema)

from that of fetal plasma (27). Thus, the importance of lung liquid pH and acidi-
fication mechanisms during mammalian lung development in utero remains
unclear.

The volume of liquid within the lung lumen of fetal sheep increases from 4 mL/
kg to 6 mL/kg at mid-gestation (23) to more than 20 mL/kg near term (21,22). The
hourly flow rate of lung liquid increases from ~ 2 mL/kg body weight at mid-gesta-
tion (23) to ~5 mL/kg body weight at term (13,14,28). Increased production of
luminal liquid during development reflects a rapidly expanding pulmonary micro-
vascular and epithelial surface area that occurs with proliferation and growth of lung
capillaries and respiratory units (23,29). The observation that unilateral pulmonary
artery occlusion decreases lung liquid production in fetal sheep by at least 50% (30)
shows that the pulmonary circulation, rather than the bronchial circulation, is the
major source of fetal lung liquid. Intravenous infusion of isotonic saline at a rate
sufficient to increase lung microvascular pressure and lung lymph flow in fetal lambs
had no effect on liquid flow across the pulmonary epithelium (31). Thus, trans-
epithelial CI secretion appears to be the major driving force responsible for the
production of liquid in the fetal lung lumen. In vitro studies of epithelial ion trans-
port across the fetal airways indicate that the epithelium of the upper respiratory
tract also secretes Cl, thereby contributing to lung liquid production (32-34).
However, most of this liquid forms in the distal portions of the fetal lung, where
total surface area is many times greater than it is in the conducting airways.

Several studies have demonstrated that both the rate of lung liquid production
and the volume of liquid within the lumen of the fetal lung normally decrease
before birth, most notably during labor (22,28,35-37). Thus, lung water content
is ~25% greater after premature delivery than it is at term, and newborn animals
that are delivered by cesarean section without prior labor have considerably more
liquid in their lungs than do animals that are delivered either vaginally or opera-
tively after the onset of labor (Table 11-1) (38,39). In studies with fetal sheep,
extravascular lung water was 45% less in mature fetuses that were in the midst of
labor than in fetuses that did not experience labor, and there was a further 38%
decrease in extravascular lung water measured in term lambs that were studied 6 h
after a normal vaginal birth (22).

HOW IS THE FETAL LUNG FLUID CLEARED?

Studies performed over the last two decades to understand the mechanism(s)
responsible for fetal lung fluid clearance at birth have shown that active Na™ trans-
port across the pulmonary epithelium drives liquid from lung lumen to the inter-
stitium, with subsequent absorption into the vasculature (40—43). In the lung, Na™
reabsorption is a two-step process (Fig. 11-3) (44). The first step is passive move-
ment of Na* from the lumen across the apical membrane into the cell through Na*
permeable ion channels. The second step is active extrusion of Na® from the cell
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Figure 11-3 Epithelial sodium absorption in the fetal lung near birth. Na enters the cell through the apical surface of
both ATI and ATII cells via amiloride-sensitive epithelial Na channels (ENaC), both highly selective channels (HSCs) and
non-selective channels (NSCs), and via cyclic nucleotide gated channels (seen only in ATI cells). Electroneutrality is
conserved with chloride movement through the cystic fibrosis transmembrane conductance regulator (CFTR) or through
chloride channels (CLCs) in ATI and ATII cells, and/or paracellularly through tight junctions. The increase in cell Na
stimulates Na,K-ATPase activity on the basolateral aspect of the cell membrane, which drives out 3 Na ions in exchange
for 2 K ions, a process that can be blocked by the cardiac glycoside ouabain. If the net ion movement is from the apical
surface to the interstitium, an osmotic gradient would be created, which would in turn direct water transport in the

Alveolus
Amiloride CFTR
Paracellular Paracellular
Na+ K+ Cl- ENaCENaC Na* K*,Cl-
HSC NSC
CNGC Na
HoONa K+ aNa*,K+H2,8

QP5

Na*
LN

</ cLC K+
Na,K-ATPase Ouabain = Na,K-ATPase

Interstitium

Pulmonary capillary

D D D D D D D O O O O O O O O O O O O Do o™ a

same direction, either through aquaporins or by diffusion.
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across the basolateral membrane into the serosal space. Several investigators have
demonstrated that the initial entry step involves apical Na* channels (ENaC) that
are sensitive to amiloride, a diuretic. This is consistent with studies by O’Brodovich
et al (45) who have shown that intraluminal instillation of amiloride in fetal guinea

pigs delays lung fluid clearance.

More recent studies using the patch-clamp technique have confirmed the role
of ENaC channels in ATT and ATII cells in the vectorial transport of Na* from the
apical surface (46-48). Indeed, cDNAs which encode amiloride-sensitive Na* chan-
nels in other Na" transporting epithelia have also been cloned from airway epithe-
lial cells (48-50). The lung epithelium is believed to switch from a predominantly
Cl™ secreting membrane at birth to a predominantly Na* absorbing membrane
after birth. These changes have also been correlated with an increased production of
the mRNA for amiloride-sensitive epithelial Na* channels (ENaC) in the developing
lung (51). Much of this information has come from studies using AT-II cells. Recent
studies have shown that ATI cells also express functional Na* channels and other
transporters capable of salt and fluid transport (52-54). In addition to ENaC
channels, which account for the amiloride-sensitive portion of the alveolar fluid
clearance, cyclic nucleotide gated channels (CNG) are also present in alveolar cells

and contribute to the amiloride-insensitive sodium and fluid uptake.

SODIUM CHANNEL PATHOLOGY IN THE LUNG

Hummler et al (55) have shown that inactivating the alpha-ENaC (a-subunit of the
epithelial Na* channel) leads to defective lung liquid clearance and premature death
in mice. Inactivating  and y ENaC subunits also leads to early death in newborn
mice, albeit due to fluid and electrolyte imbalances, showing that o-ENaC expres-
sion is critical for fetal lung fluid absorption. This is the first direct evidence that in
vivo ENaC constitutes the limiting step for Na* absorption in epithelial cells of the
lung, and in the adaptation of newborn lung to air breathing. It also supports the
hypothesis that in many newborns that have difficulty in the transition to air

breathing, Na™ channel activity may be diminished, albeit transiently.



Table 11-2 Pathologic States Associated with Abnormal
Lung lon Transport

Decreased sodium and water transport e Respiratory distress syndrome

e Transient tachypnea of the newborn
e Pulmonary edema

L]

Excessive sodium and water transport Cystic fibrosis

Studies in human neonates have also shown that immaturity of Na* transport
mechanisms contributes to the development of transient tachypnea of the newborn
(TTN) and respiratory distress syndrome (Table 11-2) (RDS) (56,57). Gowen et al
(57) were the first to show that human neonates with TTN had an immaturity of
the lung epithelial transport, measured as an amiloride induced drop in potential
difference between the nasal epithelium and subcutaneous space. The potential
difference was reduced in infants with TTN (suggesting a defect in Na* transport)
and recovery from TTN in 1-3 days was associated with an increase in potential
difference to normal level.

Similar studies have now been conducted in premature newborns with RDS
and the results are consistent with impaired Na* transport in these infants (56).
Barker et al (56) measured nasal transepithelial potential difference in premature
infants < 30 weeks” gestation. Nasal potential difference is a good measure of the
net electrogenic transport of Na™ and Cl~ (dominant ion) across the epithelial layer
(PD = Resistance x Current), and has been shown to mirror image ion transport
occurring in the lower respiratory tract. It is recorded as the potential difference
between the mucosal surface of a specific region of the nasal epithelium and the
subcutaneous space. Authors found that maximal nasal epithelial potential differ-
ence increased with birth weight and was lower in infants with RDS. Premature
infants without RDS had a nasal potential difference similar to normal full term
infants. Further, the ability of amiloride to affect the potential difference was lower
in preterm infants with RDS on day 1 of life, reflecting lower amiloride-sensitive Na
transport. This study provides important evidence for the role of decreased Na
channel activity in the pathogenesis of RDS and the accompanying pulmonary
edema.

There is additional evidence that the ability of various agents to increase lung
fluid absorption in fetal lambs is gestational age dependent (35,58—63) The mech-
anism for poor response of immature lungs to agents that stimulate Na* transport
is not known. Deficiencies could exist in one or more of several steps including
B-receptor, GTP-binding proteins, adenyl cyclase, protein kinase-A, or the Na*
channel and its regulatory proteins. Studies have shown that the expression of
a-subunit of ENaC is developmentally regulated in rats (51) and in humans (61).
However, several questions remain to be answered. For example, pseudo-hypoal-
dosteronism type I (a renal salt-wasting disease), has been reported to be associated
with mutations involving the o-subunit of ENaC (64). One would have expected
these patients to have trouble clearing fluid from their spaces considering that the
a-subunit is so critical for ENaC function. However, the incidence of RDS or TTN
is not increased in infants who have this syndrome.

A complex and yet incompletely defined relationship exists between Na" and
CI™ channels. Cystic fibrosis (CF) is a genetic disease caused by mutations of the
cystic fibrosis transmembrane conductance regulator (CFTR), which has been iden-
tified as a cCAMP-dependent Cl channel (65). In the lungs of CF patients, amiloride-
sensitive Na* absorption is increased, and aerosolized amiloride has been employed
to reverse this imbalance (55,66,67). However, despite the absence of functional
CFTR activity in fetuses that will go on to develop cystic fibrosis, fetal lung fluid
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production during gestation is unaffected and lungs are normally developed at
birth. These findings are in contrast to recent studies that link the presence of
CFTR to lung growth in congenital diaphragmatic hernia. Therefore, examining
the molecular mechanisms and the cellular regulation of Na® reabsorption are
important in understanding both normal lung development and physiology, but
also abnormalities in lung Na and water balance in both fetal and adult lungs.

WHAT CAUSES THE NEONATAL LUNG EPITHELIUM
TO SWITCH TO AN ABSORPTIVE MODE?

Developmental changes in transepithelial ion and fluid movement in the lung can
be viewed as occurring in three distinct stages (68). In the first (fetal) stage, the lung
epithelium remains in a secretory mode, relying on active Cl secretion via Cl
channels and relatively low reabsorption activity of Na* channels. The second
(transitional) stage involves a reversal in the direction of ion and water movement.
A multitude of factors may be involved in this transition, including exposure of
epithelial cells to an air interface and to high concentrations of steroids and cyclic
nucleotides. This stage involves not only increased expression of Na* channels in
the lung epithelia, but possibly a switch from nonselective cation channels to highly
selective Na channels. The net increase in Na movement into the cell can also cause
a change in resting membrane potential, leading to a slowing, and eventually a
reversal of the direction of Cl movement through CI channels. The third and final
(adult) stage represents lung epithelia with predominantly Na reabsorption through
Na channels and possibly CI reabsorption through Cl channels, with a fine balance
between the activity of ion channels and tight junctions. Such an arrangement can
help ensure adequate humidification of alveolar surface while preventing excessive
buildup of fluid. There is also recent evidence to show that fetal lung fluid clearance
is facilitated by ciliary function (69) and that term neonates with genetic defects of
cilia structure and/or function (Primary Cliary Dyskinesia, PCD) have a high prev-
alence of neonatal respiratory disease (69).

A considerable amount of research effort in this area has focused on physio-
logic changes that trigger the change in lung epithelia from a Cl secretory to a Na
reabsorption mode (5,42,46,68,70-72). While several endogenous mediators (Table
11-3), including catecholamines, vasopressin, and prolactin, have been proposed to
increase lung fluid absorption, none explains this switch convincingly (62,73,74).
Mechanical factors, such as stretch and exposure of the epithelial cells to air inter-
face, are other probable candidates that have not been well studied. Jain et al (46)
have shown that alveolar expression of highly selective Na channels in the lung
epithelia is regulated by the lung microenvironment, especially the presence of
glucocorticoids, air interface, and oxygen concentration (75). Further, regulation

Table 11-3 Endogenous Factors that Can Enhance Lung Fluid
Clearance

B-adrenergics/catecholamines
Dopamine

Arginine vasopressin

PGE;

Prolactin

Surfactant

Oxygen

TNFo

Epidermal growth factor
Steroids

Alveolar expansion (stretch)




of Na channels is mediated through these factors in a tissue specific manner (76,77).
For example, aldosterone is a major factor in the kidney and colon, but probably
not in the lung (78). In the kidneys, it works by activating transcription of genes for
ENaC subunits (78). Of the several factors that have been proposed to have a lung
specific effect on Na reabsorption, some have been investigated, including gluco-
corticoids, oxygen, B-adrenergics, and surfactant (71,73,79).

High doses of glucocorticoids have been shown to stimulate transcription of
ENaC in several Na transporting epithelia as well as in the lung (61). In the alveolar
epithelia, glucocorticoids were found to induce lung Na reabsorption in the late
gestation fetal lung (62). In addition to increasing transcription of Na channel
subunits, steroids increase the number of available channels by decreasing the
rate at which membrane associated channels are degraded, and increase the activity
of existing channels. Glucocorticoids have also been shown to enhance the respon-
siveness of lungs to -adrenergic agents and thyroid hormones (80). The enhanced
Na reabsorption induced by glucocorticoids can be blocked by amiloride, suggest-
ing a role for ENaC. This effect was not observed with triiodothyronine (T3) or with
cAMP. Glucocorticoid induction was found to be receptor mediated and primarily
transcriptional. This observation is important because it provides an alternate
explanation for the beneficial effect of antenatal steroids on the lung.

In the rat fetal lung, O’Brodovich et al (45,51) have previously shown that the
expression of o-ENaC is markedly increased at ~20 days’ gestation (corresponding
to the saccular stage of lung development) and can be accelerated by exposure to
dexamethasone and increased levels of thyroid hormone. Such an effect would
translate into accelerated fetal lung fluid reabsorption at birth. Jain et al (46)
have shown that steroids are highly effective in enhancing the expression of
highly selective Na channels in lung epithelial cells. Under conditions of steroid
deprivation, alveolar cells express predominantly a non-selective cation channel that
is unlikely to transport the large load of Na and alveolar fluid clearance imposed at
birth. However, when these steroid deprived (both fetal and adult) cells are exposed
to dexamethasone, there is a rapid transition to highly selective Na channels, which
are readily seen in other Na and fluid transporting systems such as the kidney and
colon (46). In addition, steroids have been shown to have beneficial effects on the
surfactant system as well as pulmonary mechanics (80-85).

There is considerable evidence to show that high levels of endogenous cate-
cholamines at birth may be important for accelerating alveolar fluid clearance
(86-88). We (73) have shown that B-agonists increase the activity of Na channels
in the lung though a cAMP-PKA mediated mechanism. It would be logical to
conclude, that in the absence of an endogenous surge in fetal catecholamines,
exogenous catecholamines would be effective in initiating fetal lung fluid clearance.
However, recent studies (surprisingly) show that exogenous addition of epinephrine
in guinea pigs failed to stimulate fluid clearance in the newborn lungs (88). There
are several possible explanations for this finding. First, catecholamines work on the
fetal Na channel (mostly non-selective) by increasing its activity, not by increasing
the gene transcription or translation of the proteins required to assemble the chan-
nel (68,73). Thus, if the developmentally regulated ENaC channels are not available
in adequate numbers at birth, no amount of extra catecholamines are going to
make a difference. Steroids, on the other hand, increase the transcription of the
ENaC genes and, through another mechanism involving proteosomal degradation,
increase the total number of ENaC channels available at birth; however, a longer
duration (4-24 h) of exposure is required for such an effect. Indeed, if these in vitro
findings were to hold true in vivo, then neonates exposed to antenatal steroids
would be more responsive to other exogenous agents that enhance Na channel
activity (i.e. catecholamines). Helms et al (52,89) have recently shown that dopa-
mine can greatly enhance Na* channel activity working via a non cAMP dependent
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post-translational mechanism. However, since a significant (~40%) reduction in
fetal lung fluid occurs prior to spontaneous delivery, and rapid clearance of the
remaining fluid has to occur within hours after birth, it is doubtful if postnatal
steroid treatment initiated after the infant has become symptomatic will be a suc-
cessful alternate strategy.

SUMMARY

The transition from placental gas exchange to air breathing is a complex process
that requires adequate removal of fetal lung fluid and a concomitant increase in
perfusion of the newly ventilated alveoli. In neonates who are unable to make this
transition, varying degrees of respiratory distress and impairment of gas exchange
are not uncommon. Therapeutic approaches that can facilitate fetal lung fluid
clearance are likely to reduce pulmonary morbidity in the neonatal period and
help in designing therapies to combat lung edema formation in postnatal life.
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Chapter 12

Edema

Caroline D. Boyd, MD e Andrew T. Costarino, MD

Physiology of Water Control
Pathophysiology of Edema
Relevance to Critically Il Infants

Edema is abnormal accumulation of body water. In health, total body water (TBW)
volume comprises over 60% of body mass in the adult, and close to 80% in
newborns (1,2). Semi-permeable plasma membranes establish two large divisions
of the TBW: (i) intracellular water (ICW) contained within the cells; and (ii) the
surrounding extra-cellular water (ECW), which is further subdivided by the capil-
lary endothelium into plasma water and non-plasma water (the interstitial,
intercellular or ‘third” water space) (1). The ECW shields the internal cellular com-
partment from direct interface with the external environment, providing a buffer
from sudden changes in environmental stresses, therefore protecting the cell from
acute fluxes in water (and solute) concentrations. This arrangement requires the
organism to have systems that monitor the volume and composition of the ECW,
and mechanisms that correct for the water losses or gains that result from contact
with the environment and metabolism (3-5).

In illness, these systems may become stressed or dysfunctional and the TBW
balance is disrupted. While edema is any abnormal accumulation of tissue water,
most clinicians are referring to ECW interstitial water (third space) accumulation
when using the term edema.

PHYSIOLOGY OF WATER CONTROL

Regulation of Body Water Distribution

Water moves spontaneously from a region of high concentration to one of low
concentration. Osmosis is the movement of water down its concentration gradi-
ent through the cell’s semi-permeable membrane. Osmolality is the number of so-
lute particles per kg of water solvent, with one osmole constituting one
g-molecular-weight of a substance. A solution of ‘pure’ water contains 55.5 osmoles
of water per kg, but when sodium chloride or another solute is added to the
solution, the water concentration will be reduced. Since water is the solvent in all
body fluids, water concentration is expressed conversely; that is, body fluid osmo-
lality refers to the concentration of the solutes. Body water solute osmolality is
usually 280-295 milliosms per kg.

The water movements across semi permeable plasma membranes are
important in regulating cell volume. The force driving water through a semi



permeable membrane is the osmotic pressure and its magnitude is propor-
tional to the difference in the concentration of water on either side of the
membrane. The Van’t Hoff equation expresses this force in terms of millimeters
of mercury (6).

P =cRT (1)

where: P=osmotic pressure (mmHg), c=solute concentration (Osmoles/L),
R=the universal gas constant (62.3 mmHg"L/Osm+°K), T=the absolute
temperature (°K).

Solving equation 1 at body temperature demonstrates that one milliosmole
per L of solution will exert 19.3 mmHg of osmotic pressure (6). The osmolality of
both the ECW and the ICW is normally between 270-300 mOsm, so on average,
the osmotic pressure in each compartment is 5500 mmHg. Since each compart-
ment has the same or similar osmolality, there is no net movement of
water. However, if a cell was suddenly placed into pure water, a force equal to
5500 mmHg would drive water into the cell. This is why hypotonic extra-cellular
states may disrupt normal cell function, as when intravenous infusion of sterile
water causes hemolysis.

The intracellular water compartment is regulated by passive movement
of water (solvent), and by active transport of solutes across plasma membranes.
The driving force for water movement is osmotic pressure generated by the
many differences in solute concentrations (6,7) across the cell membrane.
Intracellular, non-permeable macromolecules (mostly proteins) produce
osmotic and electrochemical forces that result in unequal distribution of
small molecular weight permeable ions (Na', CI~ and K") inside the cell.
A return to equilibrium might cause cells to swell with water if not for active
transport of Na® (with Cl7) out of the cell by the cell membrane Na™/K" ATPase
pump. The Na™/K* ATPase pump is the most important regulator of the ICW (8,9),
and makes the cell effectively impermeable to sodium. In the setting of cellular
energy failure the Na'/K' ATPase pump becomes dysfunctional and cellular
edema (swelling) will occur.

While cell volume and ICW concentration are actively regulated by ion
transport at the cell membrane, this system is not, by itself, suitable for sustained
or severe challenges to cell volume because the large shifts in the concentration
of intracellular potassium would have troublesome consequences on cell function.
The ECW serves to shield the ICW from direct interface with the external
environment and dramatically reduces the range of osmotic gradients that confront
most tissue. In some tissues, where greater and more sudden changes in
solute concentrations occur (e.g., the renal medulla) or where the consequence of
cellular volume changes is more harmful (the brain) additional mechanisms exist to
adjust intracellular solute concentration (8,9). These tissues can produce and
metabolize organic osmolytes, small organic molecules found in high concentra-
tions in the cytoplasm that reduce the cross membrane gradient for water move-
ment (9). The concentration of these compounds can change dramatically without
harmful effects on cell constituents or enzymatic processes. The organic osmolytes
are of three classes: the polyols (sorbitol and myo-inostol), amino acids (taurine,
alanine and proline) and the methylamines (betaine and glycerylphosphorylcho-
line) (8,9). An osmotic challenge that tends to reduce cell volume results in an
accumulation of the organic osmolytes through uptake from the extracellular space
or a change in cell production or their degradation. This is a process that occurs
over hours. In the opposite occurrence of cellular swelling a decrease in organic
osmolytes occurs in two steps: first the osmolytes are lost through cell membrane
channels activated by the swelling, then a reduction in the uptake or production of
the compounds follows.
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Extracellular Water Regulation

The ECW serves to buffer the stress that confronts the ICW, but interaction with the
environment and energy production are reflected in changes in size of the ECW,
therefore the whole organism must have a regulatory system to respond to these
changes. The ECW regulatory response is designed to: (i) assure the integrity of the
circulation (vascular pressure); and (ii) keep the osmolality of the ECW compart-
ment within 3% of the osmolar set point (280-290 mOsm). A broad overview of
the ECW feedback control is as follows: an increase in ECW is reflected in an
increase in the plasma volume, which in turn increases blood flow and vascular
pressure. The increased vascular pressure leads to an increase in renal glomerular
filtrate and urinary flow, which then returns the ECW volume to baseline. If the
increased ECW volumes lowered plasma osmolality, modulation by hormonal
controls will result in a dilute diuresis. Decreased ECW volume results will decrease
vascular pressure and glomerular filtration, leading to decreased urinary flow that
lasts until intake replenishes the lost volume. Hypertonicity, which accompanies
many low-volume states, stimulates thirst and hormonal renal resorption of water.

The description above provides the general overview of ECW control but each
component is equipped with negative and positive feedback mechanisms which
‘fine tune’ the physiologic response. Thus, cardiac output, perfusion distribution,
urine flow and the hormonal responses, including renin-angiotensin-aldosterone
system, arginine vasopressin and atrial natriuretic peptide, all interact to maintain
homeostasis. As a result, in health, little variation in organ perfusion and vital signs
are observable despite wide variation in the external stress to the ECW.
Alternatively, in the critically ill infant, disease and treatment alter the normal
response of the vasomotor, renal and hormonal components of the ECW control
system maintaining homeostasis. Additionally, gastrointestinal intake is usually
completely controlled by others, therefore thirst mechanisms controlling voluntary
intake are nonfunctional. As a result of these consequences of disease and treatment
it is very common for the critically ill patient to have abnormal ECW water balance
and third space water accumulation—edema.

Distribution of Water within the ECW

The ECW compartment is subdivided into plasma water and interstitial water. The
distribution of water, electrolytes and proteins between these subcompartments of
the ECW is a function of the interaction among hydrostatic pressure generated by
cardiovascular function, oncotic pressure, endothelial membrane functions and the
lymphatics.

Starling Forces

Water movement across an idealized capillary wall was described qualitatively by
Starling in 1896 (10), then quantitatively refined by Pappenheimer & Soto-Rivera
(11), Landis & Pappanheimer (12) and Landis (13).

V= KF[Pcapillary - Pinterstitium] - 6[7E plasma — TC tissue] (2)

Where JV is the net flow across the capillary, Kg is the hydrostatic filtration coef-
ficient across the capillary endothelium, Pc,piiiary is the capillary hydrostatic pres-
sure, Pinerstiium 1S the hydrostatic pressure in the interstitial space, & is the
Stavermann reflection coefficient, mpjasma is the plasma oncotic pressure, and Tgsye
is the interstitial oncotic pressure.

This relationship demonstrates that the movement of fluid out of the blood
vessel is dependent on the product of the water permeability intrinsic to the



capillaries (Kg), and the net driving pressure out of or into the capillary. That net
dfiVing pressure, [(Pcapillary_ Pinterstitium) -9 (leasma_Htissue)]> is a balance
between the hydrostatic forces on either side of the capillary membrane
(Peapittary = Pinterstitium)> and the oncotic pressure on either side (I1pjasma — Hiissue)
(7,10-13).

Normally, the balance among forces results in a small amount of water leaving
the plasma at the arterial end (higher pressure) of the capillary bed, with most
re-entering the plasma as the hydrostatic pressure falls at the venous end (7). The
small amount of fluid remaining in the interstitium is removed by lymphatic
drainage. In disease, these balanced forces within the capillary bed may be disrupted
favoring accumulation of fluid in the interstitium of some, or all, organs. Imbalance
may be due to: (i) conditions of high plasma hydrostatic pressure; (ii) decreased
interstitial hydrostatic pressure; (iii) increased vascular permeability for water (4)
increased vascular permeability to proteins; (iv) low plasma oncotic pressure; (v)
high interstitial oncotic pressure; (vi) lymphatic drainage abnormalities.

PATHOPHYSIOLOGY OF EDEMA

The balance among the Starling forces is maintained in the infant but the normal
values for the constituents of equation 2 can vary in the older child and adult.
Additionally, the common diseases that lead to intensive care can alter the balance,
quickly leading to edema.

Plasma Hydrostatic Pressure (Pcapiiiary)

The average capillary hydrostatic pressure is determined by arterial and venous
pressures (Pa and Pv), and by the ratio of the capillary resistances from post to
pre-capillary (Rv/Ra). Increasing either arterial or venous pressure will increase
capillary pressure. However, a given change in Pv is about one-fifth more effective
in changing Pc than the same change in Pa. Venous resistance is relatively low,
therefore changes in Pv are readily transmitted back to the capillary. Because
arterial resistance is relatively high, changes in Pa are poorly transmitted down-
stream to the capillary.

Fetal central venous pressure, as estimated by the umbilical venous pressure, is
approximately 5.0-6.5 cmH,O (range 2-9 cmH,0). This is generally higher than in
the spontaneously breathing healthy newborn (14). At birth, central venous
pressure falls then normal resting central venous pressure increases over the first
week of life (15), which may be related to adaptation to the loss of supra-
atmospheric pressure and the buoyancy provided by the amniotic fluid.

Vascular hypertension may be present on the arterial or the venous side of the
capillary bed. Clinically encountered arterial hypertension is generally regulated by
the pre-capillary sphincters, and is not usually a source of tissue edema. In malig-
nant arterial hypertension the pressure exceeds the tissue auto regulation and organ
edema may occur.

More common is capillary bed hypertension associated with increased venous
pressures. This can be due to increased blood volume (e.g. excessive fluid admin-
istration or transfusion) or some impediment to venous drainage (e.g. pulmonary
edema due to left ventricular dysfunction, postural edema of the lower extremities).
In congestive heart failure, the chronically increased venous volume and pressure
leads to a viscous cycle of accumulation of venous blood volume, decreased arterial
volume and a triggering of compensatory mechanisms that promote renal water
and solute retention with significant corporeal and pulmonary edema.

Mechanical ventilation causes positive intra-thoracic pressure, relative to extra-
thoracic venous pressures causing corporeal venous hypertension to varying degrees.
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This pathologic respiratory—cardiac interaction has the added feature of reducing
venous return to the heart, necessitating extra fluid administration to maintain car-
diac output. As a result, critically ill patients have clinically notable edema.
Depending on the disease that requires treatment with mechanical ventilation,
these patients usually have abnormalities in the other components of the Starling
relationship, which result in systemic or pulmonary edema.

Interstitial Hydrostatic Pressure (Pijterstitium)

The interstitium is the space located between the capillary walls and the cells, and
can be termed the extracellular matrix (ECM). It is a complex, dynamic structural
entity surrounding and supporting cells and is a hydrated gel composed of three
different classes of biomolecules; (i) structural proteins (collagen, elastin), (ii)
specialized proteins (fibrillin, fibronectin), and (iii) proteoglycans (16).
Proteoglycans are composed of a protein core to which long chains of repeating
disaccharide units termed glycosaminoglycans (GAGS) are attached.
Glycosaminoglycans are located primarily on the surfaces of cells or in the ECM,
and are highly negatively charged molecules (16). Fig. 12-1 illustrates the compo-
sition of the ECM and the forces involved in controlling net capillary filtration
discussed above (17).

There are various forms of GAGS that differ from tissue to tissue, including
hyaluronic acid (present in most tissues), heparin (liver, mast cells), heparin sulfate
(basement membranes), keratin sulfate (bone), chondroitin sulfate (cartilage,
bone), and dermatan sulfate (skin, blood vessels) (16). These substances are
produced by tissue fibroblasts and their function remains a matter of speculation.
However, they do contribute to the shape of the various organs and appear to be
involved in cell signaling. In relation to the transfer of water between the plasma
and the non-plasma water, the interstitial gel is important because it determines the
pressure—volume relationship (compliance) of the interstitial space. The interstitial
pressure—volume relationship is demonstrated in Fig. 12-2 (17).

Animal studies in newborn lambs suggest that the hydrostatic pressure in the
pleural interstitial tissue of the lung increases from just above atmospheric pressure
at birth up to 6 +0.7 cmH,0 at 2 h postnatal. Over the next 6 h the pulmonary
interstitial pressure decreases, becoming sub-atmospheric (—6.0 +1.6 cmH,0). In
contrast, extra-pleural interstitial pressure did not change, remaining just under
atmospheric at —1.5 to —2.0 cmH,0. These authors speculate that the increased

Rights were not granted to include this figure in electronic media.

Please refer to the printed book.

Figure 12-1 Overview of the control of interstitial
fluid volume illustrating the composition of the ECM
as well as the Starling forces acting to maintain fluid
balance (From Aukland K, Reed RK: Interstitial-lymphatic
mechanisms in the control of extracellular fluid volume.
Physiological Reviews 73:1-78, 1993).
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Rights were not granted to include this figure in electronic media.
Please refer to the printed book.

Figure 12-2 Interstitial compliance is defined as the ratio between the change in interstitial fluid
volume and the resultant change in interstitial fluid pressure. The interstitium is usually in a state of
mild dehydration and compliance is low. In this situation, a change in interstitial fluid volume is
readily reflected by a change in interstitial fluid pressure. At some point during overhydration,
compliance increases and the pressure—volume relationship becomes linear. At this point, large
changes in interstitial fluid volume have little impact on interstitial fluid pressure (From Aukland K,
Reed RK: Interstitial-lymphatic mechanisms in the control of extracellular fluid volume. Physiological
Reviews 73:1-78, 1993).

pulmonary interstitial pressure helps promote fluid clearance from the lung inter-
stitium into the pulmonary capillaries in the first hours after birth (18).

Increased Vascular Permeability for Water K¢
(Filtration Coefficient)

The filtration coefficient is proportional to two physical characteristics of the cap-
illary bed (i) permeability for water, or water conductance for the capillaries of a
given tissue, and (ii) the available capillary surface area (7,19). The first character-
istic, the capillary permeability, is in turn determined by the number of pores (gaps)
per cm” between endothelial cells that provide a channel for the water molecule
(paracellular water transport) and the function of membrane proteins. Three
dimensional integral membrane proteins, called aquaporins, seem to function to
help control bidirectional water movement (20). These recently discovered com-
pounds have multiple isoforms that vary depending on the tissue, facilitate move-
ment down its concentration (osmolar) gradient created by energy-dependent
cation transport via Na*, K™-ATPase. Additionally, water movement is aided by
co-transporters such as Na'-glutamate or Na'-glucose co-transporter. Paracellular
water transport can vary greatly depending on tissue type and disease state. The
co-transporters are less efficient than the aquaporins but, in some tissues, for
example the intestinal mucosa, they serve as the main mechanism for water
uptake. Alternatively, water transport via aquaporins is much faster than diffusion
of water via the lipid bilayer of the plasma membrane and allows a more specific
regulation of water distribution than water movement via other pathways.
During development aquaporin expression and function is in part regulated by
hormones. In the lung, aquaporins are abundantly expressed. There appear to be at
least four isoforms, including AQP1, AQP3, AQP4 and AQPS5, but the differing
function of each is unclear (21). The AQP1 seems to be the primary form expressed
in capillary endothelium, whereas the others are localized in the airway epithelial
cells. In a rodent model, AQP1 deletion greatly reduced transcapillary osmotic
water permeability and human studies in AQPI1-null individuals suggest that
AQP1 is the major determinant of vascular water permeability in the lung (22,23).
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During the perinatal period, aquaporin expression in the lung endothelium
changes dramatically. These changes are associated with the transition from water
secretion to water absorption by the lung epithelium. The level of AQP1 in the lung
endothelium increases perinatally and is upregulated by maternal corticosteroid
treatment (22). Expression of AQP4 peaks immediately after birth (24,25), and
AQP4 mRNA can be induced by glucocorticoids and P-adrenergic agonists.
Alveolar AQPS5 protein level also gradually increases after birth (25) and B-adre-
nergic agonist exposure increases AQP5 expression and membrane localization.
Alveolar AQP3 function (26) is pH-regulated (27,28). Extracellular acidification
significantly decreases the water permeability of AQP3 expressed in human bron-
chial epithelial cells. Thus, in conditions of acidemia, for example asphyxiated or
acidotic infants, AQP3-mediated water permeability will be inhibited. These obser-
vations suggest a role for these compounds in abnormal lung water clearance in the
lung of infants with hyaline membrane disease, perinatal asphyxia and broncho-
pulmonary dysplasia, as well as the mechanism by which antenatal steroids reduce
lung water in critically ill infants (20).

The second determinant of capillary permeability, the available capillary sur-
face area, varies greatly among tissue beds and changes during development. Thus,
experimental data places values for KF anywhere from 0.01 to 0.3 ml/min/mmHg/
100 g tissue depending on the model (5). Additionally, disease states, drugs and
inflammatory mediators will alter Ky by affecting both the water conductance and
the available surface area of the capillary bed (29-31).

Increased Vascular Permeability to Proteins 6 (Stavermann
Reflection Coefficient)

The reflection coefficient is the property of the capillary membrane that describes its
permeability to plasma proteins. If the membrane is completely impermeable to
protein, the value for 6 will be 1.0 (5,19). Similar to the filtration coefficient (Kg),
the value for 9 differs greatly among capillary beds of different tissues and is influ-
enced by medications and mediators of inflammation (29-31). In the fetus and
newborn, protein permeability has been most closely examined in the lung. The
permeability of lung epithelium decreases with increasing gestational age (32).
Acute changes in lung epithelial permeability may also occur with the onset of
breathing. In the newborn lamb model, following delivery of mature animals, the
calculated protein pore size radius of approximately 6 angstroms increases transiently
to 35-56 angstroms (33). Subsequently, the pore size decreases to 7-14 angstroms in
the spontaneously breathing lamb. Immediately after birth albumin and water are
absorbed at the same rate over the first 20 min of breathing. Subsequently, the protein
flux from the airways of the term and premature animals with surfactant stopped,
whereas those with less surfactant continued to leak (33,34).

Plasma Oncotic Pressure

Osmolality of body fluids is affected by the presence of large molecular weight
plasma proteins (colloids) that do not pass freely through semi permeable mem-
branes. The primary plasma colloid is albumen. Albumen, and most other plasma
proteins are ionized at physiologic pH, so they have an associated electromotive
force that causes an unequal distribution of the smaller diffusible ions (crystalloids)
between body compartments (the Gibbs—Donnan Equilibrium) (7). The difference
in osmotic pressure associated with colloid proteins is the oncotic pressure.
Approximately two thirds is directly related to the nondiffusible proteins and
one third is a result of the Gibbs—Donnan difference in diffusible particles.
The osmotic gradient between plasma and interstitial water is a result of the



differences in oncotic pressure. Plasma oncotic pressure is 25-28 mmHg in adults,
15-17 mmHg in term neonates (35,36). It is likely lower in premature infants
because plasma proteins, including albumen, increase with increasing gestational
age (35-37). Infants with acute and chronic lung disease have lower plasma protein
levels (37).

In disease, extracorporeal losses (e.g., bleeding, proteinuria), sequestration
(e.g., ascites) and decreased production will reduce serum proteins, plasma oncotic
pressure and increase the tendency for edema (35,36)

Interstitial Oncotic Pressure

The oncotic pressure of the interstitial fluid depends on the interstitial protein
concentration and the reflection coefficient of the capillary wall—the more perme-
able the barrier the higher the interstitial oncotic pressure. Fluid filtration into the
interstitium also factors into determining the interstitial oncotic pressure. Increased
capillary filtration decreases interstitial protein concentration, thus reducing the on-
cotic pressure. Increased capillary filtration decreases interstitial protein concentra-
tion, thus reducing the oncotic pressure. The lowered interstitial oncotic
pressure will act to decrease the net capillary filtration pressure and thus return
the net capillary filtration toward normal, thereby limiting changes in interstitial
fluid volume. Typically, tissue oncotic pressure is about 50% of plasma oncotic
pressure (38—40).

Lymphatic Drainage

Under conditions where the other components of Starling’s relationship allow inter-
stitial water accumulation the lymphatic drainage must increase or tissue edema
will occur (7). Since the ability to increase lymphatic drainage varies among the
different tissue beds, the propensity to become edematous varies among organs.
Other factors affecting lymphatic drainage include: (i) body movement, where
lymphatic flow depends in part on tissue movement; (ii) lymphatic obstruction
due to tissue injury; (iii) mechanical factors.

RELEVANCE TO CRITICALLY ILL INFANTS

The example patient scenario below illustrates the physiologic principles discussed
above and contributes to understanding common problems confronting the
clinician caring for critically ill infants.

Case

A two-week-old infant boy who was born at 34 weeks’ gestational age presents
with increasing respiratory distress and diffuse radiodensity on chest radiograph.
This patient was noted to be tachypneic immediately after birth and a chest X-ray
at that time showed diffuse but mild radiodensity, small lung volumes and
prominent vascular markings. The rest of the patient’s physical examination was
remarkable only for mild oxygen desaturation while breathing air. At that
time, these findings were thought to be due to transient tachypnea of the
newborn (TTN).

This patient’s respiratory distress, after initial improvement, worsened in the
second week of life. The chest X-ray appearance changed with increased lung
radiodensity and the heart size remained normal to small. An echocardiogram
was obtained that demonstrated total anomalous pulmonary venous connection
to the inferior vena cava below the diaphragm.
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Discussion 1

The initial presentation and the diagnosis of TTN suggest that poor clearance of
pulmonary water may have contributed to the early respiratory signs. In utero, at
the end of gestation, human fetal lung secretes approximately 0.5 L of fluid a day. At
birth, most of the fluid in the lung is expelled mechanically. The fluid that remains
is absorbed during the first postnatal days as aeration of the lung is established,
surfactant reduces alveolar surface tension, and the initiation of regular spontane-
ous respiration promotes lymphatic drainage of alveolar and pulmonary interstitial
water. Additionally, the lung epithelium switches from a secretory to absorptive
epithelium and this switch involves increased expression of the epithelial
sodium channel, the sodium pump, and lung aquaporins (20), as evidenced by
postnatal increases in mRNA for these membrane constituents in the newborn rat
model. The most specific perinatal induction pattern is the sharp and transient
increase of AQP4 mRNA specific to lung tissue, occurring just after birth
and coinciding with the time course for clearance of lung liquid and stimulated
by B-agonists.

In some children this transition is delayed (with higher incidence in children
born by elective caesarean section). The lung water and microatelectesis affect
respiratory mechanics and respiratory gas exchange with resultant tachypnea and
V/Q mismatch causing mild hypoxemia. One of the most prominent features of
RDS and BPD is the lung edema believed to be caused by inadequate lung water
clearance (41).

It is more likely that the anomalous venous connection to vascular structures
below the diaphragm was associated with obstructed venous flow and venous
hypertension. The venous hypertension results in changes in the Starling relation-
ship that promote fluid movement into the intestitium and ultimately the alveoli.
The pulmonary edema will dilute alveolar surfactant worsening microatelectesis,
which in turn will reduce interstitial hydrostatic pressure and impede lymphatic
drainage (33,34). The result is a vicious cycle of increasing lung water and abnorm-
alities of lung mechanics and respiratory gas exchange. This pathophysiology
accounts for the clinical presentation of respiratory distress, abnormal chest
X-ray and absence of evidence of cardiomegally.

Case Continuation

On day 16 of life this infant was taken to surgery for repair of the anomalous
venous connection under general anesthesia and cardiopulmonary bypass. The
infant returned to the neonatal intensive care unit (NICU) following surgery
sedated on mechanical ventilation and with residual neuromuscular blockade.
During the first postoperative hours, hypotension and oliguria required intravenous
fluid boluses and blood product administration. The following morning’s chest
X-ray showed increased lung volumes and less radiodensity; however, the patient
had dramatic edema of the face abdomen and extremities.

The edema so commonly present in this post surgical setting is the result of the
many unavoidable clinical stresses on the components of the Starling relationship.
For example, many anesthetic agents are venodilating and the increased venous
capacitance requires that additional intravenous fluids be administered intra-
operatively to maintain cardiac preload. Positive pressure ventilation has the
combined effect of impeding venous return to the heart, necessitating intravenous
fluid administration and increasing the hydrostatic pressure in the veins outside the
pleura. Capillary hydrostatic pressure is increased by the fluid administration
necessary to compensate for the decreased preload associated with anesthetic
agents and the positive pressure ventilation, as well as the direct effect of the



positive pressure ventilation. The increased capillary hydrostatic pressure promotes
edema formation.

During surgery this patient was placed on cardiopulmonary bypass (CPB). The
physical trauma to the blood and the need for administration of stored blood
products associated with CPB variably triggers the release of inflammatory media-
tors. These compounds, including TNF-o, I1l-6 and others, and the associated
activation of white blood cells and other components of the immune system
affect the permeability of the endothelium to water and protein (42—44). The
diffusely increased permeability of the capillary beds leads to edema.

Low plasma oncotic pressure is likely to be present in this patient. Plasma
proteins are often low in the critically ill infant (45), due to compromised nutrition,
increased metabolism, protein consumption in inflammation and tissue injury, and
blood coagulation. Plasma proteins are also lost and not replaced during surgical
bleeding and are lost from serous surfaces through drainage catheters. The low
oncotic pressure promotes water movement out of the vascular space into the
interstitium.

Discussion 2

The oncotic pressure of the interstitium may be increased in critically ill infants
similar to our patient example. Depending on the type and magnitude of the injury,
diffusely increased permeability of the capillary beds to water may extend to
permeability to proteins. Loss of plasma protein into the interstitium will promote
edema formation.

Any process in critically ill neonates, resulting in a systemic inflammatory
response, will likely result in edema (42—45) These processes include sepsis, ana-
phylaxis, and CPB, to name a few (42—44,46,47) The edema observed in this clinical
setting is multifactorial, but the role of fluid administration, high venous hydro-
static pressure and increased capillary permeability are the key contributors.
However, more recently, it is increasingly clear that other processes also contribute
to the degree of edema, and the speed at which the edema develops (39,40). An in
vitro phenomenon known as collagen gel contraction, which is the ability of fibro-
blasts to compact a collagen gel matrix to a fraction of its ‘normal’ size over a period
of time (39,40). Pl-integrins are receptors that mediate the interaction between
fibroblasts and components of the ECM involved in this process. The contractile
ability of the ECM, noted in in vitro studies, opposes the tendency for the ECM to
swell. Inflammation may alter the function of Bl-integrin receptors, leading to
tissue expansion by decreasing the number or integrity of connections between
components of the ECM. Tissue expansion will result in decreased interstitial
fluid pressure, drawing fluid into the ECM and worsening edema (39,40).

Tissue injury and the resulting inflammatory cascade may disrupt the
usual breakdown and remodeling processes of the ECM, leading to, or allowing
for, further edema formation. Matrix metalloproteinases (MMPs) are enzymes
that hydrolyze components of the ECM, and likely play a role in numerous
biological processes, including degradation and remodeling of the ECM (48-50).
The activity of MMPs are balanced by tissue inhibitors of metalloproteinases
(TIMPs). This balance is important in many biological processes, including
embryogenesis, normal tissue remodeling, angiogenesis and wound healing.
The homeostasis that exists between MMPs and TIMPs can become deranged
in certain disease processes. This has been demonstrated in hearts subjected to
chronic volume overload, in which ventricular chambers remodel and dilate
over time (48). Matrix metalloproteinases are upregulated and overwhelm the
balance provided by TIMPs. It is possible that tissue injury leading to edema
will disrupt this balance between MMPs and TIMPs and perhaps promote
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excessive degradation and remodeling of tissue. For instance, increased quantities of
lung-specific MMPs have been demonstrated in experimental models of pulmonary
edema (50,51).

Lymphatic drainage is also likely to be reduced in dependant and extremity
areas, of this and similar patients, particularly when neuromuscular blockade is
needed for extended periods. Although unlikely in this example patient, in others
congenital anomalies of lymphatic drainage may be present. More commonly, the
surgical procedure itself, vascular catheters or other interventions may injure or
obstruct the central lymphatics. Under these circumstances variable amounts of
edema may occur generally or in the tissues near the compromised lymphatics.
Chylus pleural effusions may be present in infants following cardiothoracic surgery
secondary to injury to the thoracic duct.

Our patient example illustrates how a number of common disease states and
interventions may promote edema development in the neonatal population. Edema
may be generalized, or may be localized to a specific organ. The most common site
of localized edema is in the lungs; pulmonary edema. Our patient had a number of
reasons to develop both pulmonary and generalized edema, and all of these inciting
factors are ones seen on a regular basis in neonatal critical care. The Starling
equation is a useful starting point in understanding fluid balance, and thus
edema. However, it is clear that there are complex molecular and biochemical
processes in the development of edema that are incompletely understood and
require further investigation.
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Chapter 13

Renal Failure in the Neonate

Sharon P. Andreoli, MD

Definition

Epidemiology and Incidence of Renal Failure in the Newborn
Etiology of Renal Failure in the Newborn

Medical Management of Acute Renal Failure in the Newborn
Acute and Chronic Renal Replacement Therapy

Prognosis

Acute and chronic renal failure in the neonate is a very common problem and
there are many different causes of renal failure in the newborn (Fig. 13-1). While
many cases of acute renal failure can resolve with return of renal function to
normal, some causes of acute renal failure result in permanent renal injury that
is apparent immediately while others may result in renal disease years after the
initial insult. It is well known that renal diseases such as renal dysplasia, obstructive
uropathy, and cortical necrosis can lead to chronic kidney disease. In contrast, it has
been thought in the past that acute kidney injury caused by hypoxic ischemic and
nephrotoxic insults was reversible with return of renal function to normal.
However, recent studies have demonstrated that hypoxic and ischemic insults can
result in physiologic and morphologic alterations in the kidney that can lead to
kidney disease at a later time (1,2). Thus, as will be discussed in more detail later,
acute renal failure from any cause is a risk factor for later development of kidney
disease.

Acute renal failure is classified as prerenal, intrinsic renal disease including
vascular insults, and obstructive uropathy. In the newborn, renal failure may
have a prenatal onset in congenital diseases such as renal dysplasia with or without
obstructive uropathy and in genetic diseases such as autosomal recessive polycystic
kidney disease. Newborns with congenital and genetic renal diseases that have a
prenatal onset may have stigmata of Potter’s syndrome due to in utero oliguria with
resultant oligohydramnios. Newborns with Potter’s syndrome may have life threa-
tening pulmonary insufficiency, flattened nasal bridge, low-set ears, joint contrac-
tures and other orthopedic anomalies due to fetal constraint as a result of the
oligohydramnios.

Acute and chronic renal disease can also result from the in utero exposure of
the developing kidneys to agents that may interfere with nephrogenesis such as
angiotensin converting enzyme inhibitors, angiotensin II receptor blockers and
perhaps cylcooxygenase inhibitors (3—7). Exposure of the developing fetus to an-
giotensin converting enzyme inhibitors and angiotensin receptor blockers have each
been associated with renal dysfunction that is acute and chronic, fetal death and
under mineralization of the calvarial bones (3-5). Exposure to angiotensin con-
verting enzyme inhibitors or angiotensin receptor blockers is most detrimental for



Figure 13-1 Mag-3 renal scan in a newborn with cortical necrosis (A) and ATN (B). Each scan is at
4 h after injection of isotope. A demonstrates no renal parenchymal uptake of isotope in a neonate
with cortical necrosis while B shows delayed uptake of isotope with parenchymal accumulation of
isotope with little to no excretion of isotope into the collecting system.

renal development when the fetus is exposed in the second and third trimesters but
it has recently been shown that exposure during the first trimester is also associated
with congenital defects (6).

Renal failure in the newborn is also commonly acquired in the postnatal
period due to hypoxic ischemic injury and toxic insults. As in older children,
hospital acquired acute renal failure in newborns is frequently multifactorial
in origin (8-14). Since nephrogenesis proceeds through approximately 34 weeks’
gestation, ischemic/hypoxic and toxic insults to the developing kidney in a
premature newborn can result not only in acute renal failure but long term com-
plications associated with potential interrupted nephrogenesis. Whether renal
failure is congenital or acquired, it is important to appropriately manage the
fluid and electrolyte imbalances and other side effects of renal failure in the
newborn.

DEFINITION

Acute and chronic renal failure is characterized by an increase in the blood con-
centration of creatinine and nitrogenous waste products, a decrease in the glomer-
ular filtration rate and by the inability of the kidney to appropriately regulate fluid
and electrolyte homeostasis. Following birth, the serum creatinine in the newborn is
a reflection of maternal renal function and cannot be used as a measure of renal
function in the newborn shortly after birth (15,16). In full term healthy newborns,
the glomerular filtration rate rapidly increases and the serum creatinine declines to
about 0.4-0.6 mg/dL at about two weeks of age while the serum creatinine declines
at a slower rate in premature infants (14-16). Thus, use of the serum creatinine as a
determinate of renal insufficiency requires that the gestational age at time of birth
and the postnatal age as well as maternal factors need to be taken into account. It is
clear that a change in the serum creatinine is a rough measure of changes in renal
function and current studies are under way to define early biomarkers of acute renal
injury so that acute renal injury can be defined before changes in the serum
creatinine are detected (17). A decrease in urine output is a common clinical
manifestation of acute renal failure but many forms of acute renal failure are
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associated with normal urine output (4). Newborns with prerenal failure, or acute
renal failure due to hypoxic/ischemic insults, or cortical necrosis are more likely to
have oligo/anuria (urine output less than 1.0 cc/kg/h), while newborns with neph-
rotoxic renal insults, including aminoglycoside nephrotoxicity and contrast ne-
phropathy, are more likely to have acute renal failure with normal urine output.
The morbidity and mortality of nonoliguric acute renal failure is substantially less
than oliguric renal failure (9—14). This chapter will review the epidemiology of renal
failure in the newborn, the common causes of acute and chronic renal failure in the
newborn, with a focus on hypoxic ischemic and nephrotoxic insults, management
of acute and chronic renal failure in the newborn, and long term follow up of the
neonate who has had acute renal failure.

EPIDEMIOLOGY AND INCIDENCE OF RENAL FAILURE
IN THE NEWBORN

The precise incidence and prevalence of renal failure in the newborn is unknown,
but several studies have demonstrated that renal failure is common in the neonatal
intensive care unit (NICU) (9-19). The incidence of renal failure ranged from 6%
to 24% of newborns in NICUs, and in at least one study acute renal failure
was particularly common in neonates who had undergone cardiac surgery
(9,11,14-16,18). Neonates with severe asphyxia had a high incidence of acute renal
failure while acute renal failure is less common in neonates with moderate asphyxia
and the acute renal failure was non-oliguric, oliguric, and anuric in 60%, 25%,
and 15%, respectively (12). Other studies have demonstrated that very low birth
weight (less than 1500 g), a low Apgar Score, a patent ductus arteriosis and maternal
administration of antibiotics and nonsteroidal antiinflammatory drugs, was
associated with the development of acute renal failure (19). Other studies
have also shown that low Apgar score and maternal ingestion of nonsteroidal
antiinflammatory drugs is associated with decreased renal function in preterm
infants (20,21). The incidence of acute renal failure in newborns in a developing
country was 3.9/1000 live births and 34.5/1000 newborns admitted to the neonatal
unit (22).

Several very interesting studies have demonstrated that some newborns may
have genetic risk factors for acute renal failure. Polymorphism of the angiotensin
converting enzyme (ACE) gene or the angiotensin receptor gene with resultant
alterations in activity of the renin angiotensin system might play a role in the
development of acute renal failure (23). In studies on newborns, polymorphisms
of tumor necrosis factor alpha, interleukin 1b, interleukin 6 and interleukin 10
genes were investigated in newborns to determine if polymorphisms of these
genes would lead to a more intense inflammatory response and predispose new-
borns to acute renal failure (24). The allelic frequency of the individual genes did
not differ between newborns with acute renal failure and those without acute renal
failure, but the TNFa/IL-6 AG/GC haplotypes were present in 26% of newborns
who developed acute renal failure compared to 6% of newborns who did not
develop acute renal failure. The investigators suggested that the combination of
these polymorphisms might lead to a greater inflammatory response and the devel-
opment of acute renal failure in neonates with infection (24). In other studies, the
incidence of ACE I/D allele genotypes or the variants of the angiotensin I receptor
gene did not differ in neonates with acute renal failure compared to neonates
without acute renal failure, but they may be associated with patent ductus arteriosis
and heart failure and indirectly contribute to renal failure (23,25).

Acute renal failure occurred more commonly in very low birth weight neonates
carrying the heat shock protein 72 (1267) GG genetic variation, which is associated
with low inductability of heat shock protein 72 (26). Given the important role of



heat shock proteins in ischemic renal injury, these findings suggest that some
neonates are more susceptible to ischemic injury (27). Future studies of the genetic
background of the neonate at risk for acute renal failure due to medication expo-
sure, toxin exposure, ischemic hypoxic insults or other insults will likely impact the
management of the child at risk for acute renal failure and the management of acute
renal failure.

ETIOLOGY OF RENAL FAILURE IN THE NEWBORN

There are many different etiologies of acute renal failure in the neonate (Table 13-1)
and the most common are related to prerenal mechanisms, including hypotension,
hypovolemia, hypoxemia, perinatal and postnatal asphyxia, and sepsis (28,29). This
chapter will highlight the more common causes of renal failure in neonates, includ-
ing prerenal failure, vasomotor nephropathy/acute tubular necrosis, nephrotoxic
insults, and vascular insults.

Prerenal Failure

In prerenal failure, renal function is decreased due to decreased renal perfusion and
the kidney is intrinsically normal. Restoration of normal renal perfusion results in a
return of renal function to normal while acute tubular necrosis implies that the
kidney has suffered intrinsic damage. However, the evolution of prerenal failure to
intrinsic renal failure is not sudden and a number of compensatory mechanisms
work together to maintain renal perfusion when renal perfusion is compromised
(30,31). When renal perfusion is decreased, the afferent arteriole relaxes its vascular
tone to decrease renal vascular resistance and maintain renal blood flow. Decreased
renal perfusion results in increased catecholamine secretion, activation of the renin
angiotensin system and the generation of prostaglandins. During renal hypoperfu-
sion, the intrarenal generation of vasodilatory prostaglandins, including prostacy-
clin, mediates vasodilatation of the renal microvasculature to maintain renal
perfusion (30,31). Administration of aspirin or nonsteroidal antiinflammatory
drugs can inhibit this compensatory mechanism and precipitate acute renal insuf-
ficiency during renal hypoperfusion. As discussed below, administration of indo-
methacin for closure of the patent ductus arteriosus in premature newborns is
associated with a substantial risk of renal insufficiency (32-36). It was originally
thought that selective COX-2 inhibitors would be renal sparing but it has been
recognized that the selective COX -2 inhibitors can adversely affect renal hemody-
manics similar to the effects of non selective COX inhibitors (37). In addition,
clinical use of selective COX-2 inhibitors has been associated with acute renal fail-
ure in adult patients (38). Similarly, when renal perfusion pressure is low as in renal
artery stenosis, the intraglomerular pressure necessary to drive filtration is in part
mediated by increased intrarenal generation of angiotensin II to increase efferent
arteriolar resistance (30,39,40). Administration of angiotensin converting enzyme
inhibitors in these conditions can eliminate the pressure gradient needed to drive
filtration and precipitate acute renal failure (30,39-42). Thus, administration of
medications that can interfere with compensatory mechanisms to maintain renal
perfusion can precipitate acute renal failure in certain clinical circumstances.
Prerenal failure results from renal hypoperfusion due to true volume contrac-
tion or from a decreased effective blood volume (30). Volume contraction results
from hemorrhage, dehydration due to gastrointestinal losses, salt wasting renal or
adrenal diseases, central or nephrogenic diabetes insipidus, increased insensible
losses, and in disease states associated with third space losses such as sepsis, trau-
matized tissue and capillary leak syndrome, while decreased effective blood volume
occurs when the true blood volume is normal or increased but renal perfusion is
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Table 13-1 Etiology of Acute Renal Failure in the Neonate

Prerenal failure
Decreased true intravascular volume
Dehydration
Gastrointestinal losses
Salt wasting renal or adrenal disease
Central or nephrogenic diabetes insipidus
Third space losses (sepsis, traumatized tissue)
Decreased effective intravascular volume blood volume
Congestive heart failure
Pericarditis, cardiac tamponade
Intrinsic renal disease
Acute tubular necrosis
Ischemic/hypoxic insults
Drug induced
Aminoglycosides
Intravascular contrast
Non-steroidal anti-inflammatory drugs
Toxin mediated
Endogenous toxins
Rhabdomyolysis, hemoglobinuria
Interstitial nephritis
Drug induced—antibiotics, anticonvulsants
Idiopathic
Vascular lesions

Cortical necrosis
Renal artery thrombosis
Renal venous thrombosis

Infectious causes

Sepsis

Pyelonephritis
Obstructive uropathy
Obstruction in a solitary kidney
Bilateral ureteral obstruction
Urethral obstruction

Congenital renal diseases
Dysplasia/hypoplasia
Cystic renal diseases

Autosomal recessive polycystic kidney disease
Autosomal dominant polycystic kidney disease
Cystic dysplasia

In utero exposure to ACEl or ARBs

decreased due to diseases such as congestive heart failure and cardiac tamponade
(30). Whether prerenal failure is caused by true volume depletion or decreased
effective blood volume, correction of the underlying disturbance will return renal
function to normal.

The urine osmolality, urine sodium concentration, the fractional excretion of
sodium, and the renal failure index have all been proposed to be used to help
differentiate prerenal failure from vasomotor nephropathy/acute tubular necrosis
(ATN). This differentiation is based on the premise that the tubules are working
appropriately in prerenal failure and are therefore able to conserve salt and water
appropriately, whilst in vasomotor nephropathy tubules have progressed to
irreversible injury and are unable to appropriately conserve sodium (30,48,49).
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During prerenal failure, the tubules are able to respond to decreased renal perfusion
by appropriately conserving sodium and water such that the urine osmolality is
greater than 400-500 mOsm/L, the urine sodium is less than 10-20 meq/L, and the
fractional excretion of sodium is less than 1% in children. Since the renal tubules in
newborns and premature infants are relatively immature compared to older infants
and children, the corresponding values suggestive of renal hypoperfusion are urine
osmolality greater than 350 mOsm/L, urine sodium less than 20-30 meq/L, and a
fractional excretion of sodium of less than 2.5% (48,49). When the renal tubules
have sustained injury, as occurs in acute tubular necrosis, they cannot appropriately
conserve sodium and water such that the urine osmolality is <350 mOsm/L, the
urine sodium is >30-40 meq/L and the fractional excretion of sodium is > 2.0%.
However, the use of these numbers to differentiate prerenal failure from acute
tubular necrosis requires that the patient has normal tubular function initially.
While this may be the case in some pediatric patients, newborns (particularly pre-
mature newborns whose tubules are immature) may have prerenal failure with
urinary indices suggestive of ATN. Therefore, it is important to consider the
state of the function of the tubules prior to the potential onset that might precip-
itate vasomotor nephropathy/ATN.

Acute Ischemic Renal Failure and Nephrotoxic Renal Failure

Ischemic acute renal failure (also known as acute tubular necrosis and/or vasomotor
nephropathy) can evolve from prerenal failure if the insult is severe and sufficient
enough to result in vasoconstriction and acute tubular necrosis. The pathophysiol-
ogy of ischemic/hypoxic ATN is thought to be related to early vasoconstriction
followed by patchy tubular necrosis. The urinalysis may be unremarkable or dem-
onstrate low grade proteinuria and granular casts while urine indices of tubular
function demonstrate an inability to conserve sodium and water as described
above. The creatinine typically increases by about 0.5-1.0 mg/dL per day.
Radiographic studies demonstrate kidneys of normal size with loss of corticomed-
ullary differentiation, while a radionucleotide renal scan with technetium—99-MAG3
or technetium—99-DTPA will demonstrate normal or slightly decreased renal
blood flow with poor function and delayed accumulation of the radioisotope
in the renal parenchyma without excretion of the isotope in the collecting
system (Fig. 13-1B).

In the past it has been thought that the prognosis of ischemic acute renal
failure is good except in cases when the insult is of sufficient severity to lead to
vasculature injury and microthrombi formation with the subsequent development
of cortical necrosis. However, recent studies demonstrate that chronic changes can
occur and that such patients are at risk for later complications (1,2). As discussed
later, acute renal failure before nephrogenesis is complete may also result in dis-
rupted nephrogenesis and reduced nephron number (43-47).

The recovery of the neonate and the recovery of the renal function depend
upon the underlying events that precipitated the ischemic/hypoxic insults. The
mortality and morbidity of newborns with acute renal failure are much worse in
neonates with multiorgan failure (9,10,12,18,48-52). In neonates who recover from
ATN, the renal function returns to normal but the length of time before recovery is
quite variable. Some neonates will begin to recover renal function within days of the
onset of renal failure while recovery may not occur for several weeks in other
newborns. Return of renal function may be accompanied by a diuretic phase
with excessive urine output at a time when the tubules have begun to recover
from the insult but have not recovered sufficiently to appropriately reabsorb
solute and water. When the diuretic phase occurs during recovery, close attention
to fluid and electrolyte balance is very important to ensure adequate fluid
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management to promote recovery from acute tubular necrosis and to prevent addi-
tional renal injury. As described below, long term follow up of newborns with acute
renal failure is warranted to evaluate for late complications.

Many different drugs and agents may result in nephrotoxic acute renal failure.
Nephrotoxic acute renal failure may result from the administration of a number of
different medications as well as from indigenous compounds such as hemoglobin-
uria or myoglobinuria. Nephrotoxic acute renal failure in newborns is commonly
associated with aminoglycoside antibiotics, nonsteroidal antiinflammatory medica-
tions, intravascular contrast media, amphotericin B while other medications have
been implicated less commonly. Aminoglycoside nephrotoxicity usually presents
with nonoliguric acute renal failure with a urinalysis showing minimal urinary
abnormalities. The incidence of aminoglycoside antibiotic nephrotoxicity is related
to the dose and duration of the antibiotic therapy as well as the level of renal
function prior to the initiation of aminoglycoside therapy. The etiology of amino-
glycoside nephrotoxicity is thought to be related to the lysosomal dysfunction of
proximal tubules and is reversible once the aminoglycoside antibiotics have been
discontinued (53). However, after the aminoglycoside is discontinued, the serum
creatinine may continue to increase for several days due to ongoing tubular injury
from continued high parenchymal levels of the aminoglycoside. Acute renal failure
may also occur after administration of angiotensin converting enzyme inhibitors,
probably by alteration in intrarenal hemodymanics (41).

Nonsteroidal antiinflammatory drugs may also precipitate acute renal failure
by their effect on intrarenal hemodynamics (30-38). Indomethacin therapy, to
promote closure of the patent ductus arteriosus in premature neonates, is associ-
ated with renal dysfunction including a 56% reduction in urinary flow rate, a 27%
reduction in glomerular filtration rate and a 66% reduction in free water clearance
(32,33). Other physiologic alterations following administration of indomethacin
and ibuprofen include a decrease in urinary endothelin-1 (ET-1) and arginine
vasopressin (AVP), along with a reduction in urinary sodium excretion and frac-
tional excretion of sodium (34). Alterations in renal function occur in approxi-
mately 40% of premature newborns who have received indomethacin and such
alterations are usually reversible (35). In a large study of more than 2500 premature
newborns treated with indomethacin to promote closure of the patent ductus
arteriosus, infants with pre-existing renal and electrolyte abnormalities and infants
whose mothers had received indomethacin tocolysis, or who had chorioamnionitis,
were at significantly increased risk for the development of renal impairment (36).

Hemolysis and rhabdomyolysis from any cause can result in sufficient hemo-
globinuria or myoglobinuria to induce tubular injury and precipitate acute renal
failure (54,55). Risk factors for acute renal failure during an episode of rhabdomy-
olysis in children include dehydration, the serum concentration of myoglobin, the
presence of other organ failure, and the presence of the systemic inflammatory
response syndrome (55). The mechanisms of injury are complex but may be related
to vasoconstriction, precipitation of the pigments in the tubular lumen and/or
heme-protein induced oxidant stress (55,56).

Vascular Injury

Renal artery thrombosis and renal vein thrombosis will result in renal failure if
bilateral or if either occurs in a solitary kidney. Renal artery thrombosis is strongly
associated with an umbilical artery line and a patent ductus arteriosus (57,58). In
addition to acute renal failure, children may demonstrate hypertension, gross or
microscopic hematuria, thrombocytopenia and oliguria. In renal artery thrombosis,
the initial ultrasound may appear normal or demonstrate minor abnormalities,
while a renal scan will demonstrate little to no blood flow. In renal vein thrombosis,



the ultrasound demonstrates an enlarged, swollen kidney, while the renal scan
typically demonstrates decreased blood flow and function. Therapy should be
aimed at limiting extension of the clot by removal of the umbilical arterial catheter
and anticoagulate or fibrinolytic therapy can be considered particularly if the clot is
large (57-60).

Cortical necrosis is associated with hypoxic/ischemic insults due to perinatal
anoxia, placenta abruption and twin—twin or twin—maternal transfusions with resul-
tant activation of the coagulation cascade (61,62). Interestingly, intrauterine laser
treatment in 18 sets of twins with twin—twin transfusion resulted in no long term
renal impairment despite severe alterations of renal function, including anuria and
polyuria before the laser treatment (63). Newborns with cortical necrosis usually have
gross or microscopic hematuria, oliguria and may have hypertension as well (64). In
addition to laboratory features of an elevated blood urea nitrogen (BUN) and crea-
tinine, thrombocytopenia may also be present due to the microvascular injury.
Radiographic features include a normal renal ultrasound in the early phase while
ultrasound in the later phases may show that the kidney has undergone atrophy and
has substantially decreased in size. A radionucleotide renal scan will show decreased
to no perfusion with delayed or no function (Fig. 13-1A) in contrast to delayed uptake
of the radioisotope, which is observed in ATN (Fig. 13-1B). The prognosis of cortical
necrosis is worse than that of acute tubular necrosis. Children with cortical necrosis
may have partial recovery or no recovery at all. Typically, children with cortical
necrosis will need short or long-term dialysis therapy but children who do recover
sufficient renal function are at risk for the late development of chronic renal failure.

MEDICAL MANAGEMENT OF ACUTE RENAL FAILURE
IN THE NEWBORN

Once intrinsic renal failure has become established, management of the metabolic
complications of acute renal failure involves appropriate management of fluid
balance, electrolyte status, acid-base balance, nutrition and the initiation of renal
replacement therapy when appropriate. Diuretic therapy to stimulate urine output
eases management of acute renal failure but the conversion of oliguric to nonoli-
guric acute renal failure has not been shown to alter the course of acute renal failure
(65). Diuretic therapy has potential theoretical mechanisms to prevent, limit or
improve renal function. Mannitol (0.5-1.0 g/kg over several minutes) may increase
intratubular urine flow to limit tubular obstruction, may limit cell damage by
prevention of swelling or by acting as a scavenger of free radicals or reactive
oxygen molecules. Lasix (1-5 mg/kg/dose) will also increase urine flow rate to
decrease intratubular obstruction and will inhibit Na*K*ATPase, which will limit
oxygen consumption in already damaged tubules with a low oxygen supply. When
using mannitol in neonates with acute renal failure, a lack of response to therapy
can precipitate congestive heart failure, particularly if the newborn’s intravascular
volume is expanded before mannitol infusion. In addition, lack of excretion of
mannitol may also result in substantial hyperosmolality. Similarly, administration
of high doses of lasix in renal failure has been associated with ototoxicity (65).
When using diuretic therapy in newborns with acute renal failure, potential risks
and benefits need to be considered. When the neonate is unresponsive to therapy,
continued high doses of diuretics are not justified and unlikely to be beneficial
to the neonate. In neonates who do respond to therapy, continuous infusions
may be more effective and may be associated with less toxicity than bolus
administration.

The use of ‘renal’ dose dopamine (0.5 to 3-5 pg/kg/min) to improve renal
perfusion following an ischemic insult has become very common in intensive care
units. While dopamine increases renal blood flow by promoting vasodilatation and
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may improve urine output by promoting natriuresis, there are no definitive studies
to demonstrate that low dose dopamine is effective in decreasing the need for
dialysis or improving survival in patients with acute renal failure (66,67). In fact,
a placebo controlled randomized study of low dose dopamine in adult patients
demonstrated that low dose dopamine was not beneficial and did not confer clin-
ically significant protection from renal dysfunction (68). Other studies have
demonstrated that renal dose dopamine is not effective in the therapy of acute
renal failure and one study demonstrated that low dose dopamine worsened
renal perfusion and renal function (69-71).

Intravenous infusion of theophylline in severely asphyxiated neonates given
within the first hour after birth was associated with improved fluid balance, creat-
inine clearance, and reduced serum creatinine levels with no effects on neurological
and respiratory complications (72). Other studies in asphyxiated neonates also
demonstrated improved renal function and decreased excretion of 3-2 microglob-
ulin in the neonates given theophylline within 1 h of birth (73,74). However, the
clinical significance of the improved renal function was not clear and the incidence
of persistent pulmonary hypertension was higher in the neonates who had received
theophylline (75). Additional studies are needed to determine the significance of
these findings and the potential side effects of theophylline.

Mild hyponatremia is very common in acute renal failure and may be due to
hyponatremia dehydration but fluid overload with dilutional hyponatremia is much
more common. If the serum sodium is >120 meq/L, fluid restriction or water
removal by dialytic therapy will correct the serum sodium. However, if the serum
sodium is <120 meq/L, the child is at higher risk for seizures due to hyponatremia,
and correction to a sodium level of approximately 125 meq/L with hypertonic saline
should be considered. Since the kidney tightly regulates potassium balance and
excretes approximately 90% of dietary potassium intake, hyperkalemia is a
common and potentially life threatening electrolyte abnormality in acute renal
failure (76). The serum potassium level may be falsely elevated if the technique
of the blood drawing is traumatic and/or if the specimen is hemolyzed.
Hyperkalemia results in disturbances of cardiac rhythm by its depolarizing effect
on the cardiac conduction pathways. The concentration of serum potassium that
results in arrhythmia is dependent upon the acid base balance and the other serum
electrolytes. Hypocalcemia, which is common in renal failure, exacerbates the
adverse effects of the serum potassium on cardiac conduction pathways. Tall
peaked T-waves are the first manifestation of cardiotoxicity while prolongation of
the PR interval, flattening of P waves and widening of QRS complexes are later
abnormalities. Severe hyperkalemia will eventually lead to ventricular tachycardia
and fibrillation and requires prompt therapy with sodium bicarbonate, intravenous
glucose and insulin, intravenous calcium gluconate and albuterol (77,78). Albuterol
infusions of 400 pg, given every 2h as needed, have been shown to rapidly lower
serum potassium levels (78). Each of these therapies are temporizing measures and
do not remove potassium from the body. Kayexalate given orally, per nasogastric
tube or per rectum, will exchange sodium for potassium in the gastrointestinal tract
and result in potassium removal (76,79). Complications of kayexalate therapy
include possible hypernatremia, sodium retention and constipation. In addition,
kayexalate therapy has been associated with intestinal necrosis (80). Depending
upon the degree of hyperkalemia and the need for correction of other metabolic
derangements in acute renal failure, hyperkalemia frequently requires the initiation
of dialysis or hemofiltration. Since the kidney excretes net acids generated by diet
and intermediary metabolism, acidosis is very common in acute renal failure.
Severe acidosis can be treated with intravenous or oral sodium bicarbonate, oral
sodium citrate solutions, and/or with dialysis therapy. When considering treatment
of acidosis, it is important to consider the serum ionized calcium level. Under



Table 13-2 Comparison of Renal Replacement Therapies

PD HD CVVH(D)

Solute removal +++ ++++ +(+++)
Fluid removal ++ +++ +++(+++)
Toxin removal + ++++ —(+)
Removal of potassium ++ ++++ +(++)
Removal of ammonia + ++++ +(+++)
Need for hemodynamic

stability — +4+4 —((=)
Need for anticoagulation — ++ —/+(—/+)
Ease of access +++ — _
Continuous +++ — +++(+++)
Respiratory compromise ++ - (.
Peritonitis T+ _ _
Hypotension + +++ +++(+++)
Disequilibrium — +++ —(=))
Reverse osmosis water — ++++ ==

PD, peritoneal dialysis; HD, hemodialysis; CVVH(D), continuous venovenous hemofiltration (diafiltration).

normal circumstances, approximately half the total calcium is protein bound while
half is free and in the ionized form, which is what determines the transmembrane
potential and electrochemical gradient. Hypocalcemia is common in acute renal
failure and acidosis will increase the fraction of total calcium to the ionized form.
Treatment of acidosis can then shift the ionized calcium to the more normal ratio,
decreasing the amount of ionized calcium and precipitating tetany and/or seizures.

Since the kidney excretes the large amount of ingested phosphorus, hyperphos-
phatemia is a very common electrolyte abnormality noted during acute renal fail-
ure. Hyperphosphatemia should be treated with dietary phosphorus restriction and
with oral calcium carbonate or other calcium compounds to bind phosphorus and
prevent gastrointestinal absorption of phosphorus (81). Since most patients with
acute renal failure have hypocalcemia, the use of calcium containing phosphate
binders provides a source of calcium as well as phosphate binding capacity.

In many instances acute renal failure is associated with marked catabolism and
malnutrition can develop rapidly, leading to delayed recovery from acute renal
failure. Prompt and proper nutrition is essential in the management of the newborn
with acute and chronic renal failure. If the gastrointestinal tract is intact and
functional, enteral feedings with formula (PM 60/40) should be instituted as
soon as possible. If the newborn is oligo/anuric and sufficient calories cannot be
achieved while maintaining appropriate fluid balance, the earlier initiation of dial-
ysis should be instituted.

ACUTE AND CHRONIC RENAL REPLACEMENT THERAPY

Renal replacement therapy is provided to remove endogenous and exogenous
toxins, and to maintain fluid, electrolyte and acid base balance until renal function
returns or to maintain the neonate until renal transplantation is possible. Renal
replacement therapy may be provided by peritoneal dialysis, intermittent hemodia-
lysis, and hemofiltration with or without a dialysis circuit. Peritoneal dialysis and
hemodialysis are options for long term dialysis in infants whose renal function does
not improve, while hemofiltration is used for acute renal failure. Each mode of
renal replacement therapy has specific advantages and disadvantages (Table 13-2).
For acute renal failure the preferential use of hemofiltration by pediatric nephrol-
ogists is increasing and the use of peritoneal dialysis is decreasing except for neo-
nates and small infants (82).
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There are no studies in newborns comparing the outcome of acute or chronic
renal failure when different renal replacement therapies are used in the treatment of
acute or chronic renal failure. A recent study of the choice of renal replacement
therapy by pediatric nephrologists demonstrated that the use of peritoneal dialysis,
hemodialysis, and hemofiltration in children with acute renal failure was approx-
imately 30%, 20%, and 40%, respectively (82). Many factors, including the age and
size of the child, the cause of renal failure, the degree of metabolic derangements,
blood pressure and nutritional needs were considered in deciding when to initiate
renal replacement therapy and the modality of therapy (82).

The indications to initiate renal replacement therapy are not absolute and take
into consideration a number of factors, including the cause of renal failure, the
rapidity of the onset of renal failure, the severity of fluid and electrolyte abnorm-
alities and the nutritional needs of the neonate. Since neonates and infants have less
muscle mass compared to older children, they require initiation of renal replace-
ment therapy at lower serum levels of serum creatinine and BUN compared to older
children. The presence of fluid overload unresponsive to diuretic therapy and the
need for enteral feedings or hyperalimentation to support nutritional needs is an
important factor in considering the initiation of renal replacement therapy.

Peritoneal Dialysis

Peritoneal dialysis has been a major modality of therapy for acute and chronic renal
failure in the neonate since vascular access is difficult to maintain in newborns
(9,10,82-85). Advantages of peritoneal dialysis is that it is relatively easy to perform,
does not require heparinization, and the newborn does not need to be hemodyna-
mically stable to undergo peritoneal dialysis. The disadvantages include a slower
correction of metabolic parameters and the potential for peritonitis. To increase the
efficiency of peritoneal dialysis, frequent exchanges as often as every hour and use
of dialysate with higher glucose concentrations will remove more solute and water,
respectively. Relative contraindications include recent abdominal surgery and
massive organomegaly or intra—abdominal masses as well as ostomies, which
may increase the risk of peritonitis.

Access to the peritoneal cavity is usually through a Tenckhoff catheter.
Commercially available 1.5%, 2.5% and 4.25% glucose solutions are available for
use in peritoneal dialysis. In older children, peritoneal dialysis is usually initiated
with volumes of 15-20 cc/kg body weight, while neonates usually initiate peritoneal
dialysis with slightly lower volumes of 5-10 cc/kg body weight. Low volume peri-
toneal dialysis will have a milder effect on the hemodynamic status of the neonate
and has been shown to effectively control uremia and promote ultrafiltration in
neonates and older children (85,86). The dialysate volume can be increased depend-
ing upon the need for additional solute and fluid removal and the cardiovascular
and respiratory status. If the neonate has lactate acidosis, dialysis with the standard
solutions will increase the lactate load and aggravate the acidosis. Peritoneal dialysis
with a bicarbonate buffered dialysate solution should be used in the neonate with
lactate acidosis (86).

Substantial fluid and electrolyte imbalances can occur during peritoneal dial-
ysis, especially when using frequent exchanges, while prolonged use of hypertonic
glucose solutions can result in hyperglycemia, hypernatremia and hypovolemia.
Peritonitis (dialysate WBC > 100/mm”) is another complication of acute peritoneal
dialysis and can be treated with intraperitoneal antibiotics. If the neonate develops
hypokalemia or hypophosphatemia during the course of dialysis, then 3-5 meq/L of
KCL or 2-3 meq/L KP0, can be added to the dialysate. To avoid hypothermia in the
neonates, the dialysate should be warmed to body temperature prior to infusion
into the peritoneal cavity.



Although technically challenging, long term peritoneal dialysis has been carried
out in very low birth weight infants with a weight as low as 930 g (84) while short
term peritoneal dialysis has been used in smaller premature newborns (83).
Peritoneal dialysis has been shown to provide adequate clearance in neonates
with acute renal failure following cardiopulmonary bypass (87). The majority of
infants who have undergone long term peritoneal dialysis were found to have
normal developmental milestones or attended school regularly and had good
growth and development (88). Neonates and infants with oliguria and with extra-
renal abnormalities had a higher mortality rate compared to infants with isolated
renal disease and nonoliguric renal failure (89).

Hemodialysis

Hemodialysis has also been used for several years in the treatment of acute and
chronic renal failure during childhood (82,90,91). Hemodialysis has the advantage
that metabolic abnormalities can be corrected rather quickly and hypervolemia can
be corrected by rapid ultrafiltration as well (90,91). The disadvantages of hemodi-
alysis include the requirement for heparinization, the need for maximally purified
water by a reverse osmosis system and the need for skilled nursing personnel.
Hemodialysis is commonly used for the treatment of metabolic disorders associated
with hyperammonemia from urea cycle defects (92). Relative contraindications
include hemodynamic instability or severe hemorrhage. When hemodialysis is
needed in the child who has active hemorrhage or who is at high risk of hemor-
rhage, regional heparinization, citrate anticoagulation, and/or heparin free dialysis
can be used to minimize the risk of hemorrhage (93).

During hemodialysis, rapid ultrafiltration may also result in hypotension,
which has also been shown to result in additional renal ischemia and potentially
prolongs the episode of acute renal failure (94). Rapid removal of BUN and
other uremic products can result in dialysis disequilibrium, particularly if the
child begins hemodialysis with a high BUN (greater than 120-150 mg/dL).
The pathogenesis of this syndrome is complex and multifactorial but may be related
to the removal of urea from the blood while brain levels decline slower, such that
disequilibrium occurs; symptoms include restlessness, fatigue, headache, nausea,
vomiting, leading to confusion, seizures and coma (95,96). This severe complica-
tion of hemodialysis can be prevented by slowly lowering the BUN during hemo-
dialysis and by the prophylactic infusion of mannitol (0.5-1 g/kg body weight)
during hemodialysis to counteract the decline in the serum osmolality that
occurs during hemodialysis.

Vascular access in newborns can be provided by umbilical vessels while older
infants and children require catheterization of a large vessel to obtain blood flows
adequate for hemodialysis. Catheters can be placed in the internal or external jug-
ular veins or in the femoral vein. To avoid hypotension, the total volume of the
dialysate circuit, including the dialyzer and tubing, should not exceed 10% of the
neonates’ blood volume. Blood flow rates to achieve clearances of 1.5-3.0 ml/kg/
min are utilized depending upon the indications for dialysis, the initial BUN level
and degree of azotemia, and the clinical status of the newborn. Again, depending
upon the clinical status of the child and the degree of azotemia, clearances can be
increased to 3-5 cc/kg/min in subsequent dialysis sessions. To maintain adequate
control of azotemia and to allow for adequate nutrition during acute renal failure,
frequent hemodialysis as often as daily may be needed, especially in the newborn.

Another important consideration in treating the child with hemodialysis for
acute renal failure is the choice of a dialysis membrane. Several studies in adults
have shown that cuprophane membranes are bio-incompatible and activate comple-
ment (98) and polymorphonuclear neutrophiles (PMNs) to degranulate, produce
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reactive oxygen molecules, and initiate the generation of proinflammatory cytokines
(97-100). The generation of these toxic products results in additional systemic and
renal injury, potentially prolonging the course of renal failure. In other studies, the
use of high-flux polyacrylonitrile (AN 69) membranes in patients receiving angio-
tensin converting enzyme inhibitors was associated with anaphylactic reactions
(101-103).

Hemofiltration

Opver the past several years, renal replacement therapy with hemofiltration, including
continuous venovenous hemofiltration (CVVH) or with the addition of a dialysis
circuit to the hemofilter, continuous venovenous hemodiafiltration (CVVHD), has
become increasingly popular in the treatment of acute renal failure during childhood
(82, 104-106). Hemofiltration without dialysis (CVVH) follows the principle of
removal of large quantities of ultrafiltrate from plasma with the replacement of an
isosmotic electrolyte solution, while hemofiltration with dialysis (CVVHD) also
results in solute removal via the added dialysis circuit. The advantages of hemofil-
tration (with or without a dialysis circuit) include that it can result in rapid fluid
removal, does not require the patient to be hemodynamically stable and is contin-
uous, avoiding rapid solute and fluid shifts as occurs in hemodialysis. The disadvan-
tages include that hemofiltration may require constant heparinization and there is a
potential for severe fluid and electrolyte abnormalities due to the large volume of
fluid removed and subsequently replaced (106). Hemofiltration/hemodiafiltration
was found to allow good control of fluid, electrolyte and acid-base balance and has
been used in newborns with inborn errors of metabolism (106,107). The survival rate
in children weighing up to 10 kg undergoing CVVH is similar to older children and
adolescents (108). As in hemodialysis, vascular access in newborns can be provided
by umbilical vessels while older infants and children require catheterization of a large
vessel to obtain blood flows adequate for hemofiltration. Catheters can be placed in
the internal or external jugular veins or in the femoral vein. Similar to hemodialysis,
the total volume of the extracorporeal circuit, including the hemofilter and tubing,
should not exceed 10% of the newborn’s blood volume.

PROGNOSIS

In the neonate, the prognosis and recovery from acute renal failure is highly depen-
dent upon the underlying etiology of the acute renal failure (9-14,50-52). Factors
that are associated with mortality include multiorgan failure, hypotension, need for
pressors, hemodynamic instability, and need for mechanical ventilation and dialysis
(9-14,50-52). Overall, mortality in newborns with acute renal failure ranges from
10-61% and is highest in infants with multiorgan failure (9-14). In infants main-
tained by peritoneal dialysis for acute renal failure, mortality was 64% in oligo/
anuric infants compared to 20% in infants with adequate urine output (12). Long
term follow up of children with acute renal failure has shown that death and renal
sequelae are common 3-5 years following acute renal failure in pediatric patients,
suggesting that the detrimental effects of acute renal failure are long lasting (109).

It is well known that neonates with congenital disease, such as dysplasia with or
without obstructive uropathy, cortical necrosis, or cystic kidney diseases, are at risk
for later development of chronic kidney disease. In contrast, it has been thought
that ischemic and nephrotoxic renal injury is reversible with renal function return-
ing to normal. However, recent studies have shown that hypoxic ischemic and
nephrotoxic insults can result in alterations that can lead to kidney disease at a
later time (1,2,44-47). Thus, acute renal failure from any cause is a risk factor for
subsequent renal disease. Acute renal failure in the full term neonate is associated



with renal disease later in life (43). In one study of 6 older children with a history
of acute renal failure not requiring dialysis in the neonate, only two were normal,
three had chronic renal failure and one was on dialysis (43). While the number
of children studied was small, this study raises concern about the long term
renal outcome for such children. An inverse relationship between the development
of hypertension and proteinuria during adulthood and birth weight has been
reported (43,44,47).

The long term effect of acute renal failure in the neonate is potentially com-
pounded when the insult occurs before the full complement of nephrons has
developed in utero. Since nephrogenesis proceeds until 34 weeks’ gestation, acute
renal failure before this time may result in reduced nephron number. Indeed, it has
been shown that preterm neonates with acute renal failure have a high incidence of
a low glomerular filtration rate and increasing proteinuria several years later (45)
and that morphologic studies have shown decreased nephron number and glomer-
ulomegaly (46). Several studies in animal models and some human studies have
documented that hyperfiltration of the remnant nephron may eventually lead to
progressive glomerulosclerosis of the remaining nephrons. Typically, the late devel-
opment of chronic renal failure first becomes apparent with the development of
hypertension, proteinuria, and eventually an elevated BUN and creatinine.

When premature neonates were investigated during childhood (ages 6.1 to
12.4 years) defects in tubular reabsorption of phosphorus were evident and the
TRP was significantly lower and the urinary excretion of phosphorus significantly
higher compared to control children (110). Urinary calcium excretion was also
higher in children born prematurely compared to control children. Others have
found nearly identical findings and the investigators attributed these alterations to
aminoglycoside nephrotoxicity (111,112) In view of these alterations in renal func-
tion, increasing proteinuria and tubular dysfunction, neonates with acute renal
failure and nephrotoxic insults need lifelong monitoring of their renal function,
blood pressure, and urinalysis.
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Obstructive Uropathy:
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in the Fetus
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Summary and Conclusions

Obstructive uropathy comprises the greatest identifiable cause of renal insufficiency
and renal failure in infants and children (1). This group of disorders creates sig-
nificant diagnostic and therapeutic challenges for the obstetrician, perinatologist,
neonatologist, pediatric nephrologist and pediatric urologist. The hallmark of
obstructive uropathy is hydronephrosis, which is most often first detected by
fetal ultrasonography. The etiology of the lesions responsible for congenital urinary
tract obstruction remains undetermined in most cases, although mutations in cer-
tain genes have been implicated in a variety of urinary tract malformations (2,3),
and malformation syndromes (4). The natural history of obstructive uropathy
remains poorly defined, and an improved understanding of pathophysiology will
be necessary to advance diagnosis and management.

While the focus of this review is the assessment of renal function in the
fetus, the rationale for measuring fetal renal function is as important as the
evaluation itself. Moreover, renal function is inextricably linked to renal
growth, development, and adaptation to injury (such as obstruction of the uri-
nary tract). The physician caring for the fetus with obstructive uropathy must be
aware of not only the fetal and neonatal outcome, but also the potential function of
the kidneys and urinary tract throughout life (Fig. 14-1). The consequences of
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Figure 14-1 Scheme showing long-term impact of congenital obstructive uropathy. The urinary
tract abnormality develops in embryonic and fetal life, but if mild (1), the consequences of the
condition may become apparent only later in adulthood, if at all. If moderate (2), progression of
renal insufficiency may develop earlier in adulthood. If severe (3), renal failure develops in infancy
or childhood. Fetal intervention should take into account not only the health and welfare of fetus
and mother, but the long-term implications of perinatal management.

urinary tract maldevelopment include not only the challenges of dialysis and
transplantation, but also those of recurrent urinary tract infections and
urinary incontinence. Any fetal intervention must therefore take into account its
potential impact on the patient’s expected quality of life through adulthood. For
these reasons, the determination of renal function in the fetus is considered in the
broad context of congenital obstructive uropathy.

PATHOGENESIS OF CONGENITAL OBSTRUCTIVE UROPATHY

The relative contribution of primary renal maldevelopment and altered renal devel-
opment secondary to obstruction to urine flow remains unclear. Studies in
animals have shown that experimentally induced fetal ureteral or urethral obstruc-
tion can result in dysplastic renal changes (generally following obstruction early in
gestation), or hydronephrosis with varying degrees of impairment of renal
growth and function (following obstruction later in gestation) (5,6).
Experimental urinary tract obstruction in the fetal sheep results in a spectrum of
renal responses that are remarkably similar to those in the human fetus with
obstructive uropathy (7). Hydronephrotic kidneys most often result from bladder
outlet obstruction or wureteral obstruction with spontaneous urinary
decompression (Fig. 14-2). In contrast, cystic kidneys have grossly visible cysts
with effacement of the medulla, while ‘dysgenetic’ kidneys are small, with
decreased numbers of glomeruli and immature tubules surrounded by mesenchy-
mal collars (Fig. 14-2) (7). The consequences of obstruction to urine flow dur-
ing renal development are highly complex, involving tubular dilatation and altered
epithelial-mesenchymal interaction, apoptosis, and cyst formation (Fig. 14-3) (8).
If initiated early in fetal life, urinary tract obstruction alters branching morphogen-
esis, leading to altered induction of glomeruli, podocyte apoptosis, and glomeru-
lar cysts (Fig. 14-3). The result of these events is a decrease in nephron number.
The severity of obstructive uropathy depends on the severity and timing of
obstruction, as well as the site and duration of obstruction (9).



60 days gestation 135 days gestation
(4/10 term) term

Bladder outlet

n=22 Hydronephrotic
Bilateral ureteral
n=8 Cystic
Unilateral ureteral
Dysgenetic

n=8

Solitary kidney

—--=—=3%» Spontaneous decompression
—> No spontaneous decompression

n=1

(number of kidneys)
Figure 14-2 Effects of various types of experimental urinary tract obstruction in the fetal sheep.
Bladder outlet obstruction most often leads to hydronephrosis (with or without spontaneous
decompression), and preservation of corticomedullary differentiation. Bilateral ureteral obstruction
with spontaneous decompression leads to hydronephrotic or cystic kidneys, but to dysgenetic
kidneys if decompression does not occur. Unilateral ureteral obstruction most often leads to dys-
genetic kidneys, but can result in hydronephrotic or cystic kidneys if spontaneous decompression
occurs. Cystic kidneys all have spontaneous decompression, and have distortion of the renal archi-
tecture by cysts, with preservation of normal intervening structures. Dysgenetic kidneys are small,
without visible cysts, without corticomedullary delineation, and with a reduced number of glomer-
uli, which are abnormal. (From Peters CA, Carr MC, Lais A et al: The response of the fetal kidney to
obstruction. J Urol 148:503, 1992, with permission.)
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Figure 14-3 Pathogenesis of obstructive renal dysplasia based on experimental fetal sheep and
monkey studies. The effects of obstruction involve a combination of renal maldevelopment and
injury: first, there is abnormal branching morphogenesis leading directly to a reduction in glomer-
ular development. Second, there is podocyte apoptosis, tubular apoptosis and epithelial-mesench-
ymal transformation, and interstitial cell transformation to myofibroblasts, which contribute to
ongoing nephron loss. (From Matsell DG, Tarantal AF: Experimental models of fetal obstructive
nephropathy. Pediatr Nephrol 17:470, 2002, with permission.)

DIFFERENTIAL DIAGNOSIS OF FETAL HYDRONEPHROSIS:
INTRODUCTION TO THE CONTROVERSIES

Even the definition of clinically significant urinary tract obstruction is subject to
debate. Peters has offered the following: ‘obstruction is a condition of impaired
urinary drainage, which, if uncorrected, will limit the ultimate functional potential
of a developing kidney’ (10). While this definition accounts for the relationship
between renal function and renal development, it does not provide a useful clinical
guide to determine a critical degree of urinary tract obstruction in the fetus or
infant. In the fetus or infant with hydronephrosis, urinary tract obstruction must be
distinguished from vesicoureteral reflux (VUR) and from physiologic renal pelvic
dilatation (9). Additional nonobstructive causes of hydronephrosis include congen-
ital extrarenal pelvis and nonrefluxing nonobstructed megaureter (Table 14-1) (11).

Ureteropelvic junction obstruction (UPJO) is the most common lesion result-
ing in congenital obstructive uropathy. Although it is most often unilateral, the
contralateral kidney may be subject to other abnormalities, such as VUR (9). The
major controversy surrounding the evaluation of UPJO is the selection of patients
for surgical pyeloplasty (as well as the timing of the procedure), with the objective
of maximizing long-term renal function. Ureterovesical obstruction and uretero-
coele with ectopic ureter are additional sites for a congenital obstructive lesion, and
must also be distinguished from uncomplicated VUR. Less commonly encountered,



Table 14-1 Causes of Antenatal Hydronephrosis

Anomalous ureteropelvic junction (UPJ)/UPJ obstruction
Multicystic kidney

Retrocaval ureter

Primary obstructive megaureter
Nonrefluxing nonobstructed megaureter
Vesicoureteral reflux

Midureteral stricture

Ectopic ureterocele

Ectopic ureter

Posterior urethral valves

Prune belly syndrome

Urethral atresia

Hydrocolpos

Pelvic tumor

Cloacal abnormality

From Elder JS: Antenatal hydronephrosis—Fetal and neonatal management. Pediatr Clin North
Am 44:1299, 1997.

retrocaval ureter, primary obstructive megaureter, or midureteral stricture can also
result in fetal hydronephrosis (Table 14-1). Multicystic dysplastic kidney can be
confused sonographically with UPJO, and is thought to result from ureteral atresia
and severe obstructive uropathy in early fetal development (12). These kidneys are
nonfunctional, and generally involute either before or after parturition, and can be
followed by serial ultrasonography. Other cystic kidney disorders, such as solitary
cysts and polycystic kidney disease, are generally easier to differentiate from
obstructive uropathy.

Although less common, bladder outlet obstruction constitutes a more serious
cause of obstructive uropathy because both kidneys are compromised. The differ-
ential diagnosis of obstructive lesions in this site includes posterior urethral valves
(PUV), prune belly syndrome, and urethral atresia (Table 14-1). The major con-
troversy in the management of these lower tract lesions also relates to patient
selection and the timing of surgical intervention, including fetal urinary diversion
(discussed below) (13). Finally, hydrocolpos, neoplasms (such as sacrococcygeal
tumors), or cloacal abnormalities rarely account for congenital urinary tract
obstruction (Table 14-1).

FETAL RENAL DEVELOPMENT AND PHYSIOLOGY

To understand the assessment of renal function in the fetus with potential obstruc-
tive uropathy, it is first necessary to review normal fetal renal physiology. Since
function follows morphology, it is useful to examine human fetal renal develop-
ment (Fig. 14-4) (14). Following the initial appearance and disappearance of the
pronephros and mesonephros in early embryonic life, the metanephros begins
development at the end of the first trimester (Fig. 14-4). Nephrogenesis undergoes
most rapid growth during the second trimester, with completion by 34 weeks’
gestation, while renal mass increases exponentially throughout the second and
third trimesters (Fig. 14-4). Fetal urine production normally increases dramatically
in the third trimester, reaching rates of approximately 50 mL/h at term (Fig. 14-5)
(15). For a 2.5 kg infant, this amounts to a urine flow rate of 20 mL/kg/h that would
translate to a high rate of diuresis in the neonate. As described below, the high fetal
urine flow rate contributes significantly to amniotic fluid volume (Fig. 14-6) (16),
which becomes compromised in severe bilateral fetal obstructive uropathy.

Fetal renal blood flow increases linearly throughout the second half of
pregnancy, from less than 20 mL/min at 20 weeks to 40-100 mL/min at
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Figure 14-4 Human fetal renal development. The pronephros and mesonephros are formed in
the first weeks of embryonic life and are replaced by the metanephros, which begins to produce
urine at about the 10th week of gestation. The most rapid period of nephrogenesis is in the
midtrimester, with nephrogenesis being complete by the 34th week. Renal mass follows an expo-
nential increase throughout the second and third trimesters. (From Harrison MR, Golbus MS, Filly RA
et al: Management of the fetus with congenital hydronephrosis. J Pediatr Surg 17:728, 1982, with
permission.)

40 weeks (Fig. 14-7) (17). Fetal glomerular filtration rate (GFR) also increases
progressively during the second half of gestation, and has been calculated from
data obtained from a clinical fetal research center (18,19). Estimated fetal creatinine
clearance increases from <1 mL/min below 25 weeks to >4 mL/min at term (Fig.
14-8a) (20). Urine concentrating capacity is reduced in the fetus due to anatomic
immaturity of the renal medulla, decreased medullary concentration of sodium
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Figure 14-5 Urine production rate in human fetuses in the second half of gestation (individual
patient data points [n =85 fetuses], with lines showing mean and 95% confidence intervals). Data
were obtained from serial measurements of fetal bladder volume using real-time ultrasonography at
2- to 5-min intervals. (From Rabinowitz R, Peters MT, Vyas S et al: Measurement of fetal urine
production in normal pregnancy by real-time ultrasonography. Am J Obstet Gynecol 161:1264,
1989, with permission.)
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Figure 14-6 Amniotic fluid volume in human pregnancies in the second and third trimesters
(individual data points [n=705 pregnancies]). Solid line is polynomial regression. (From Brace RA,
Wolf EJ: Normal amniotic fluid volume changes throughout pregnancy. Am J Obstet Gynecol
161:382, 1989, with permission.)

chloride and urea, and diminished responsiveness of collecting ducts to vasopressin
(21). Recent studies show that this is due in part to a reduced density of aquaporins
in the fetus (22,23), as well as to increased renal prostaglandin production, which
counteracts the action of vasopressin (24). Fractional excretion of sodium decreases
progressively throughout the second half of gestation, but remains at 5-20% of the
filtered load (Fig. 14-8b) (20). This is due to progressive maturation of the proximal
tubular sodium transporters (Na/H exchanger, chloride/formate exchanger and
Na-K ATPase) in the fetus (25-27). In addition, sodium channels in the collecting
duct also mature progressively (28). These changes lead to a progressive decrease in
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Figure 14-7 Renal blood flow in human fetuses in the second &
half of gestation measured by color-pulsed Doppler evaluation L 20
of the renal artery (individual data points [n=22 fetuses each
studied three times], with lines showing mean and 95% confi- 0+
dence intervals). From Veille JC, Hanson RA, Tatum K et al: 0
Quantitative assessment of human fetal renal blood flow. .
Am J Obstet Gynecol 169:1399, 1993, with permission.) Gestational age (wks)
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Figure 14-8 Renal function in the human fetus (@-@ circles) and neonate (@-@ circles) in the
second half of gestation. A, Estimated creatinine clearance; B, Calculated fractional sodium excre-
tion. Fetal values were calculated from several groups of data from a single human fetal research
center (15,18,19), and postnatal values were previously reported (30). (From Haycock GB:
Development of glomerular filtration and tubular sodium reabsorption in the human fetus and
newborn. Br J Urol 81 (Suppl. 2):33, 1998, with permission.)

fetal urine sodium concentration from 16 to 36 weeks™ gestation (Fig. 14-9) (29).
Renal adaptation to parturition is revealed by a marked reduction in fractional
excretion of sodium in neonates compared to fetuses of similar gestational age
(Fig. 14-8b) (30). The fetal kidney is capable of proton excretion, and >80% of
filtered bicarbonate is reabsorbed in the third trimester (31,32).

EVALUATION OF THE FETAL URINARY TRACT

The assessment of a fetus with hydronephrosis should first involve a detailed eval-
uation of the sonogram of the kidneys and urinary tract. The severity of fetal renal

Figure 14-9 Fetal urinary sodium concentration based on
data from 26 human fetuses 16-36 weeks' gestation with
normal urinary tracts (mean and 95% confidence intervals).

20 24 o8 30 36 (From Nicolini U, Fisk NM, Rodeck CH et al: Fetal urine bio-

chemistry: An index of renal maturation and dysfunction.

Gestational age (weeks) Br J Obstet Gynaecol 99:46, 1992, with permission.)



Table 14-2 Renal Pelvic Diameters on Antenatal and Postnatal Sonograms for

Unobstructed, Possibly Obstructed, and Definitely Obstructed Kidneys

Rights were not granted to include this data in electronic media.

Please refer to the printed book.

From Clautice-Engle T, Anderson NG, Allan RB et al: Diagnosis of obstructive hydronephrosis in infants: Comparison

sonograms performed 6 days and 6 weeks after birth. Am J Roentgenol 164:963, 1995.

pelvic dilatation does not always correlate well with renal functional outcome (33),
but anteroposterior renal pelvic diameter exceeding 7 mm in the third trimester
appears to be predictive of obstructive uropathy, with a 69-92% positive predictive
value (34,35). Of note, variability in the measurement of fetal renal pelvic diameter
averages 4 mm, such that 70% of fetuses had both ‘normal’ and ‘abnormal’ values
during a 2-h study period (36). Comparison of renal pelvic diameters measured by
antenatal ultrasonography and grouped by ultimate outcome shows a broad range
for each gestational age (Table 14-2) (37). Discrimination clearly improves with
gestational and postnatal age. Increased renal echogenicity or effacement of the
corticomedullary junction in the fetal ultrasound has been associated with dysplas-
tic changes in the kidney, and therefore an unfavorable prognosis (38). Although a
correlation between gross renal anatomy (revealed by ultrasonography) and renal
function (measured by postnatal diuretic renography) would be expected, this is
often not the case. In fact, studies have shown that the relationship between renal
histology and renal function in children with UPJO is very poor (39,40). There is
evidence that fetal renal artery Doppler examination can distinguish nonfunction-
ing cystic kidneys from normal (41), but no studies document a reliable estimate of
renal blood flow in fetal obstructive uropathy. Even postnatal measurement of the
intrarenal resistive index has not proved reliable for the evaluation of obstructive
uropathy (42).

Fetal ultrasonography also permits the examination of the lower urinary tract,
paying particular attention to dilatation and thickening of the bladder, both of
which are increased with significant bladder outlet obstruction, which occurs
with PUV. In addition, ultrasonography provides an estimation of amniotic fluid
volume, which is decreased in the second and third trimesters in any condition
associated with decreased fetal urine production. This includes bilateral renal agen-
esis, renal hypoplasia, dysplasia, polycystic kidney disease, or obstructive uropathy.
Severe oligohydramnios is associated with pulmonary hypoplasia, which becomes a
major cause of neonatal mortality in fetal obstructive uropathy (43). In fact, when
associated with severe urethral obstruction, mortality associated with second
trimester oligohydramnios has been reported to be as high as 95% (44). This is
important, as the prevention of pulmonary hypoplasia (rather than the prevention
of renal insufficiency, as described below) constitutes the major justification for the
clinical measurement of renal function in the human fetus.

Once detected by maternal ultrasonography, the mother of a fetus with urinary
tract anomalies and oligohydramnios should receive consultation by appropriate
specialists, including the perinatologist, genetic counselor, pediatric urologist, and
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pediatric nephrologist. Delivery of these infants should optimally be planned for a
tertiary care center with the necessary experience and multidisciplinary team.

EVALUATION OF FETAL RENAL FUNCTION

The clinical evaluation of fetal renal function is challenging, and must be measured
indirectly. As described above, fetal urine flow can be determined from timing fetal
bladder filling and emptying (15), and amniotic fluid volume provides an estimate
of fetal urine production in the second and third trimesters (16). Fetal urine sam-
pling provides information regarding fetal renal function (Table 14-3). As stated
above, however, the rationale for measuring fetal renal function is to confirm which
fetuses with severe oligohydramnios have salvageable renal function, and therefore
require intervention to permit pulmonary maturation (45).

Fetal serum B,-microglobulin, normally less than 5.6 mg/L (Table 14-3), serves
as a measure of glomerular function, and does not change with gestational age
(46,47). This parameter can also be a useful predictor of renal injury in the fetus
with obstructive uropathy (Fig. 14-10) (47). Although sampling of fetal serum
B,-microglobulin is more difficult than sampling urine, sensitivity and specificity
are 80% and 99%, respectively (48), and it allows serial tracking of fetal renal
function before and after surgical intervention. In contrast, fetal urinary [3,-micro-
globulin is increased as a consequence of tubular dysfunction, with values exceeding

Table 14-3 Concentrations of Biomarkers of Fetal Renal Function
Associated with Favorable Renal Prognosis

Fetal serum markers B2-microglobulin (mg/L) <5.6
(Nicolini & Spelzini 2001, Dommergues et al 2000,
Berry et al 1995)

Fetal urine markers Sodium (mmol/L) (Nicolini & Spelzini 2001) <100
Chloride (mmol/L) (Johnson et al 1994) <90
Calcium (mmol/L) (Nicolini et al 1992) <1.2
Osmolality mOsm/L (Johnson et al 1994) <200
B2-microglobulin (mg/L) (Muller et al 1993) <2
Total protein (mg/dL) (Johnson et al 1994) <20
N-acetyl-B-D-glucosaminidase (nmol/mL/h) <100

(Tassis et al 1996)

Cystatin-C (mg/L) (Muller et al 1999) <1

Amniotic fluid markers  Cystatin-C (mg/L) (Mussap et al 2002) <1

Berry SM, Lecolier B, Smith RS et al: Predictive value of fetal serum beta 2-microglobulin for neonatal renal function.
Lancet 345:1277, 1995.

Dommergues M, Muller F, Ngo S et al: Fetal serum B,-microglobulin predicts postnatal renal function in bilateral
uropathies. Kidney Int 58:312, 2000.
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comprehensive approach to identify appropriate candidates for vesicoamniotic shunt therapy. Am J Obstet Gynecol
170:1770, 1994.
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Figure 14-10 Fetal serum B2-microglobulin concentration. A, controls (n=67); B, bilateral renal
agenesis (n=18); C, termination of pregnancy due to bilateral renal dysplasia (n=26); D, infants
with postnatal serum creatinine >50 pmol/L (n=6); E, infants with postnatal serum creatinine
<50 umol/L (n=28). (From Dommergues M, Muller F, Ngo S et al: Fetal serum B2-microglobulin
predicts postnatal renal function in bilateral uropathies. Kidney Int 58:312, 2000, with permission.)

2 mg/L, suggesting a poor renal outcome (Table 14-3) (49). Similarly, fetal urinary
N-acetyl-B-D-glucosaminidase (NAG) concentration is elevated in severe obstruc-
tive uropathy (>100 nmol/mL/h) (Table 14-3), although neither ,-microglobulin
nor NAG can be used independently to discriminate between fetuses with renal
damage and those with normal function (50).

Urinary calcium concentration exceeding 1.2 mmol/L has also been reported to
correlate with poor renal outcome (Table 14-3) (29). Following the beginning of
metanephric function at the end of the first trimester (Fig. 14-4), tubular function
matures throughout gestation, and urine becomes progressively hypotonic, with
decreasing urinary sodium concentration from 16 to 30 weeks’ gestation (Fig. 14-9)
(29). It should be noted that in the early second trimester, fetal urine sodium
concentration is normally similar to plasma, so that the effects of obstructive urop-
athy would not be detectable at 16 weeks (Fig. 14-9). However, because urine
sodium concentration decreases throughout the second and third trimesters,
values above 100 mEq/L beyond 20 weeks’ gestation should be considered abnormal
(Table 14-3) (46). In addition to urine sodium, urine chloride concentration has
also been shown to be a useful marker of fetal renal dysfunction, with values above
90 mEq/L being abnormal (Table 14-3) (51). Similarly, urine osmolality exceeding
200 mOsm/L and total protein exceeding 20 mg/dL were found to be associated
with significant fetal renal dysfunction (Table 14-3), with superior sensitivity and
specificity to B,-microglobulin or urine sodium concentration (51).

While fetal urine sodium and calcium concentration can discriminate severe
renal dysfunction secondary to obstructive uropathy, these markers are less helpful
in predicting moderate renal dysfunction (52). Although requiring sophisticated
analytical equipment, proton nuclear magnetic resonance spectroscopy can provide
superior resolution of potential biomarkers in 0.5 mL of fetal urine from patients,
subsequently followed for at least 1 year with either normal GFR, decreased GFR, or
severe renal dysplasia associated with fetal or neonatal death (53). Two-dimensional
representation of fetal urine [f,-microglobulin and sodium concentration
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Figure 14-11 Urine samples from human fetuses with bilateral urinary tract obstruction exam-
ined by proton nuclear magnetic resonance. Group 1 (n=21, squares) consisted of survivors for
>1 year with serum creatinine <50 pmol/l; group 2 (n=17, triangles) of survivors with serum
creatinine >50 pmol/l; group 3 (n= 18, crosses) of those with histologic dysplasia associated with
fetal (termination of pregnancy) or neonatal death. A, Relation between fetal urinary concentration
of B2-microglobulin and sodium concentration. B, Relation between fetal urinary valine and
threonine concentration. (From Eugene M, Muller F, Dommergues M et al: Evaluation of postnatal
renal function in fetuses with bilateral obstructive uropathies by proton nuclear magnetic resonance
spectroscopy. Am J Obstet Gynecol 170:595, 1994, with permission.)

discriminates between those with normal and decreased GFR (but survival) with
76% sensitivity, 81% specificity, and 81% negative predictive value (Fig. 14-11a)
(53). Fetal urine valine-threonine concentration discriminates with 88% sensitivity,
86% specificity, and 90% negative predictive value (Fig. 14-11b) (53).

Recently, cystatin C has been investigated as a promising marker of fetal renal
function. Cystatin C is a low molecular weight protein (13.3 kDa) that is produced
by all nucleated human cells, does not cross the placenta, and is filtered by the
glomerulus and completely reabsorbed by the tubule (54). Fetal urine cystatin C has
a similar sensitivity and specificity to urinary sodium and B,-microglobulin in
distinguishing severe renal dysfunction, but has the advantage of not varying
with gestational age (Fig. 14-12a) (54). In contrast, studies have shown that
amniotic fluid cystatin C concentration normally decreases with gestational age
from 22 weeks to 36 weeks (Fig. 14-12b), but that concentrations of cystatin
C in amniotic fluid from pregnancies with fetal uropathies are significantly
higher (1.1-1.8 mg/L) than normal (0.5-0.8 mg/L) (Table 14-3) (55).

An enhancement of sensitivity in discrimination by urinary biomarkers has
been achieved by sequential sampling of three fetal bladder aspirations, each 48 h
apart (56). The rationale for this is as follows: the first urine sample represents



Figure 14-12 Fetal urine and
amniotic fluid cystatin C concentra-
tion. A, Fetal urine cystatin C and
sodium concentration expressed
as multiples of the median
(MoM) on a logarithmic scale.
Group 1 (n=19), termination of
pregnancy or neonatal death due
to bilateral renal dysplasia; group
2 (n=19), infants with postnatal
serum creatinine  >50 pmol/L;
group 3 (n=33), infants with post-
natal creatinine <50 pmol/L. B,
Amniotic fluid cystatin C in the
second and third trimesters for
normal fetuses (n=96). Values for
22-36 week fetuses with obstruc-
tive uropathy ranged from 1.08 to
1.75 mg/L. (From Muller F., Bernard
MA, Benkirane A et al: Fetal urine
cystatin C as a predictor of postna-
tal renal function in bilateral uropa-
thies. Clin Chem 45:2292, 1999;
Mussap M, Fanos V, Pizzini C
et al: Predictive value of amniotic
fluid cystatin C levels for the
early identification of fetuses with
obstructive uropathies. Intl J Obstet
Gynaec  109:778, 2002, with
permission.)
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‘bladder’ urine, while the second represents urine that was flushed into the bladder
from the dilated upper urinary tracts, and the third represents newly produced
urine that drained into the bladder following temporary relief of obstruction by
the bladder aspirations (Fig. 14-13) (51,56). It should be recalled that with bladder
outlet obstruction, renal function is often impaired asymmetrically. Thus, bladder
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Figure 14-13 Sequential urinary electrolyte and
protein concentration in representative fetuses with
obstructive uropathy. A, Fetus demonstrates sequential
improvement in all parameters, a pattern associated with
the absence of underlying renal dysplasia and good
predicted postnatal outcome after shunt placement. B,
Fetus demonstrates sequential worsening in parameters
associated with significant irreversible underlying renal
fibrosis and dysplasia and poor postnatal outcome. Ca,
calcium; Na, sodium; T.P., total protein; Osm, osmolality;
B2m, B2-microglobulin. (From Johnson MP, Bukowski
TP, Reitleman C et al: In utero surgical treatment of

Ca

T T ——==1—  fetal obstructive uropathy: A new comprehensive
Na TP Osm B2m approach to identify appropriate candidates for vesi-
coamniotic shunt therapy. Am J Obstet Gynecol

170:1770, 1994, with permission.)

urine indices will reflect function of the more severely affected kidney, and may
underestimate the recoverability of the less damaged kidney. For this reason, if there
is a marked difference in hydronephrosis between kidneys, aspiration of the renal
pelves can be performed (45).

Three variables have been identified as independent predictors of adverse out-
come in fetal hydronephrosis: oligohydramnios, postnatal GFR <20 mL/min, and
prematurity (57). The nadir plasma creatinine concentration is a useful marker of
prognosis: fetuses with a nadir of >1.0 mg/dL all progressed to renal failure,
whereas 75% of those with a nadir serum creatinine of <0.8 mg/dL maintained
normal GFR for over 4 years (45). While oligohydramnios and reduced GFR are
directly linked to functioning renal mass, the role of prematurity is less obvious.
The fetus with significant bladder outlet obstruction is more likely to be born before
term (58). Of greater concern is the recent discovery that nephrogenesis may not
progress postnatally in very low birth weight infants, such that the ultimate number
of nephrons may remain permanently decreased (59,60). Since severe congenital
bladder outlet obstruction can itself significantly reduce the number of nephrons in
the human fetus (61), the added complication of prematurity becomes an impor-
tant variable.

FETAL SURGICAL INTERVENTION FOR OBSTRUCTIVE
UROPATHY

In the setting of oligohydramnios with bladder distension and bilateral hydrone-
phrosis, after other serious anomalies have been ruled out by fetal ultrasonography
(with amnioinfusion if necessary), fetal karyotype should be obtained from
chorionic villus sampling or amniotic fluid (Fig. 14-14) (62). A minimum of
three serial fetal urine samples should then be obtained at 48-72 h intervals as
described above, and fetuses are characterized as good prognosis (Table 14-3),
borderline prognosis (maximum of 2 abnormal values), or poor prognosis (max-
imum of 3 abnormal values). Parents are then offered the option of prenatal
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intervention if the karyotype is normal male with isolated lower urinary tract
obstruction and good or borderline urine markers (62). Vesicoamniotic shunting
is a temporary percutaneous intervention that provides diversion of fetal urine to
the amniotic space, and has been described in detail (13). As discussed below, the
ultimate outcome of patients undergoing fetal intervention for obstructive uropa-
thy is variable, with survival largely dependent on the specific underlying diagnosis
and the criteria for patient selection (62—64). In the absence of a large prospective
study, the impact of vesicoamniotic shunting on even pulmonary maturation
remains to be established conclusively.

HISTOLOGY OF THE FETAL KIDNEY IN OBSTRUCTIVE
UROPATHY

Kidneys from human fetuses with severe bladder outlet obstruction showed both
dysplastic and cystic changes, with increased apoptosis of mesenchymal and tubular
cells (65). Examination of kidneys from human fetuses with severe bladder outlet
obstruction or multicystic dysplasia with ureteral atresia showed expansion of glo-
merular and tubular cysts with retention of the macula densa and primitive loop
structure, suggesting that the abnormalities developed after initial nephron differ-
entiation (66). In another study of human fetuses of 14-37 weeks’ gestation with
severe bilateral hydronephrosis, histologic findings revealed a range of dysplastic
changes, including cessation of nephrogenesis, disappearance or myofibroblastic
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differentiation of metanephric blastema, and increased expression of o-smooth
muscle actin by mesenchymal cells (67). These changes are clearly irreversible,
and correlate with oligohydramnios, ultrasound evidence of renal dysplasia (loss
of corticomedullary differentiation, renal hyperechogenicity, and presence of
renal cortical cysts), and abnormal fetal urine sodium and/or B,-microglobulin
concentration (67).

Attempts to perform renal biopsies in fetuses with obstructive uropathy have
been of marginal usefulness. In the largest series reported to date, a successful renal
specimen was obtained by percutaneous needle aspiration in 50% of 10 biopsies
performed in fetuses with bilateral obstructive uropathy (68). Normal fetal renal
histology was found in four of these cases, with renal dysplasia being found in the
remaining patient, who went on to develop renal failure despite a fetal urine
sodium concentration of 60 mEq/L (68). The authors conclude that, while the
technique is feasible and safe, it is limited by the difficulties in obtaining an ade-
quate sample and the concern that needle biopsy does not provide representative
samples of the entire kidney (68).

POSTNATAL FOLLOW UP

Bilateral Hydronephrosis

The infant with antenatal diagnosis of bilateral hydronephrosis should have
prompt postnatal abdominal ultrasonography, voiding cystourethrography, and
nuclide renography to determine whether there is evidence for bilateral upper
tract obstruction or VUR, or bladder outlet obstruction. In such patients, contin-
uous bladder drainage through an indwelling catheter is necessary to determine the
renal functional potential before deciding on definitive surgical intervention (9).
During the transition from fetal to extrauterine life, infants with severe obstructive
uropathy (especially after relief of obstruction) may manifest an exaggeration of the
normal postnatal diuresis and natriuresis (69,70). This is due to the altered
expression of renal sodium transporters and aquaporins in bilateral obstructive
uropathy (71,72), and mediated by upregulation of cyclooxygenase 2 in the renal
medulla (73).

Unilateral Hydronephrosis

Ultrasonography of the kidneys and urinary tract should be performed after birth
in all infants with suspected antenatal hydronephrosis (Fig. 14-15). In the imme-
diate postnatal period, infants with renal pelvic diameter less than 15 mm were
found not to have significant renal abnormalities, while of those with greater pelvic
dilatation, 79% had urinary tract obstruction or VUR (74). Although there is
concern that physiologic volume contraction in the early postnatal period could
underestimate hydronephrosis if neonatal ultrasonography is performed within the
first two days of life, there is no significant difference in ultimate outcome gained by
waiting until 7-10 days of life (75). However, to enhance the reliability of the
neonatal study, most practitioners suggest a delay (75). Follow up of fetuses with
persistent postnatal hydronephrosis should include voiding cystourethrography to
rule out VUR, and diuretic renography (76) to determine the severity of functional
obstruction (Fig. 14-15) (77). A progressive increase in the severity of hydrone-
phrosis by ultrasonography may be a more reliable index of severity of obstruction
than the pattern of diuretic renography (77,78). Calyceal dilatation on ultrasound
examination may be a better index of progression than the measured pelvic dia-
meter, although all infants with pelvic diameter exceeding 50 mm should have
pyeloplasty, regardless of calyceal dilatation (79).



Figure 14-15 Algorithm for the postnatal evalua-
tion and management of infants with unilateral hydro-
nephrosis determined by antenatal ultrasonography.
Ultrasound grading of hydronephrosis is by the
Society for Fetal Urology (77). VCUG, voiding cystour-
ethrogram; T1/2, nuclide clearance half time. (From
Hafez AT, Mclorie G, Bagli D et al: Analysis of
trends on serial ultrasound for high grade
neonatal hydronephrosis. J Urol 168:1518, 2002,
with permission.)
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A significant controversy has developed regarding the indications for pyelo-
plasty in infants with a diagnosed UPJO. Koff and his associates argue that close
monitoring by renal ultrasonography and diuretic renography can avert surgical
intervention in all but approximately 25% of patients with unilateral UPJO (80),
and 35% of bilateral UPJO (81). There are several concerns with this “conservative”
approach, which has been termed “aggressive observation” by DiSandro and Kogan
(82). There is substantial experimental and clinical evidence indicating that the
severity of renal injury from UPJO can be related to the duration of obstruction
(9,82). Retrospective studies of patients with UPJO detected prenatally had better
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outcome than those diagnosed postnatally (83-85) and, in one study, pyeloplasty
resulted in improved function only in the group diagnosed prenatally (85).
Therefore, waiting for measurable functional deterioration may lead to irreversible
nephron loss. Of particular concern is the failure of patients to adhere to a schedule
of follow up studies, which may contribute to an even greater incidence of renal
deterioration in patients for whom pyeloplasty is deferred (86).

LONG-TERM IMPLICATIONS OF CONGENITAL
OBSTRUCTIVE UROPATHY

The management of obstructive uropathy in the fetus and neonate should be
governed by the expected long-term outcomes for these patients. While patients
with unilateral disease and a normal contralateral kidney should enjoy normal long-
term renal function, there may be an increased prevalence of abnormalities of the
contralateral kidney that may not be detected (9). Even after pyeloplasty, patients
with either unilateral or bilateral hydronephrosis may manifest ongoing tubular
dysfunction, such as renal tubular acidosis or a renal concentrating defect (87,88).
In patients with PUV and normal renal function, distal renal tubular acidosis can
persist long after ablation of the valves (89).

While ongoing postnatal renal maturation of children with bilateral severe
obstructive uropathy can permit a period of years of life with conservative medical
management, the needs of continued growth often lead to renal failure and the need
for renal replacement therapy (90). Thus, relentless progression of renal insuffi-
ciency characterizes many cases of PUV, with the onset of renal failure by the second
decade (90). In a recent report, the long-term outcome among patients with ante-
natal diagnosis of PUV was not different from those detected postnatally (91).
Although prenatal surgical intervention for fetal obstructive uropathy was devel-
oped in San Francisco 25 years ago to avoid this outcome, the experience has been
variable. In a retrospective review of the San Francisco program from 1981 to 1999,
14 fetuses with PUV and “favorable” urinary electrolytes underwent surgery; of
these six died, with five of the survivors developing chronic renal insufficiency
(63). The investigators concluded that favorable urinary electrolytes and surgical
intervention may not change the outcome (63). The experience for prenatal inter-
vention for lower urinary tract obstruction at Detroit, another major center, was
similar: 38% died and 50% lived beyond 2 years of age, with 57% of these devel-
oping chronic renal insufficiency or renal failure (64). Disturbingly, height was
below the 5th percentile in 50%, although “acceptable continence” was achieved
in 50% (64). A long-term additional complication of survivors includes chronic
respiratory disorders (45). In the most recent report from the Children’s Hospital of
Philadelphia (a third major center for fetal intervention in obstructive uropathy),
l-year survival was 91%, with 18 surviving candidates yielding fetal urinary
prognostic indices that were good in 13 cases and borderline or poor in 5 cases
(62). Six of the 18 children developed renal failure, 8 had persistent respiratory
problems, 9 had musculoskeletal problems, and 9 had frequent urinary tract infec-
tions (62). Neurological development was normal in all but three patients, and the
patients and their families reported that their life is worthwhile, with a “quality of
life” score not different from that of the healthy population (62). This last outcome
measure is perhaps more meaningful than any of the other statistical analysis that
we can apply to our patients.

THE FUTURE

The current state of the art allows us to visualize the fetal urinary tract as well as to
evaluate renal function in the fetus throughout the second half of gestation.
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Figure 14-16 Biochemical indices of fetal renal maturation in early pregnancy. Urea, creatinine,
B2-microglobulin and y-glutamyltransferase were measured in paired samples of amniotic fluid
(squares) and maternal serum (crosses) collected at the time of pregnancy termination between
8 and 11 weeks, and in women undergoing early transabdominal amniocentesis between 11 and
16 weeks' gestation. The increase in creatinine, p2-microglobulin and y-glutamyltransferase amni-
otic fluid concentrations after 10 weeks' gestation reflects the maturation of fetal GFR at a time
when tubular reabsorption remains immature. (From Gulbis B, Jauniaux E, Jurkovic D et al:
Biochemical investigation of fetal renal maturation in early pregnancy. Pediatr Res 39:731, 1996,
with permission.)

Unfortunately, for severe forms of obstructive uropathy, much of the damage sus-
tained by the kidneys as a result of obstruction occurs between the 8th and 16th
weeks. Analysis of amniotic fluid creatinine, gamma-glutamyltransferase, and
B,-microglobulin concentration during this interval shows an abrupt increase
after 10 weeks’ gestation (Fig. 14-16) (92) that likely reflects the onset of glomerular
filtration by the newly formed metanephros (Fig. 14-4). Unfortunately, fetal kidneys
are difficult to visualize during the first trimester, and because of nephron imma-
turity, fetal urine or amniotic fluid indices cannot reflect significant renal malde-
velopment at this point (Figs 14-4, 14-6 and 14-9).

There are many factors that converge to impact the delicate process of renal
morphogenesis in the fetus. In addition to the genome of the fetus that may contain
mutations in genes expressed by the developing metanephros, maternal and uterine
environmental factors can alter gene activity (Fig. 14-17) (93). There is considerable
experimental data to support a major role for fetal urinary flow impairment as
another factor that significantly alters gene activity (Fig. 14-17).

Advances in imaging and the discovery of new biomarkers of fetal renal func-
tion and injury should lead to new diagnostic and therapeutic approaches to con-
genital urinary tract obstruction. Three-dimensional ultrasonography can provide
improved resolution of fetal gross anatomy (94), and may enhance prenatal eval-
uation of obstructive uropathy. There is also increasing appreciation of the complex
alterations in renal gene expression and cellular responses to congenital urinary
tract obstruction (9). Microarray analysis of renal gene expression in mice or rats
with experimental or spontaneous ureteral obstruction has revealed significant
upregulation or downregulation of many molecules (95-97). Preliminary microar-
ray analysis of human fetal and infant kidneys with congenital urinary tract
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Figure 14-17 Influences on gene expression during development of the urinary tract: mutations,
teratogens, alterations in the maternal diet, and obstruction to urine flow in the fetus. (From
Woolf AS: A molecular and genetic view of human renal and urinary tract malformations. Kidney
Int 58:500, 2000, with permission.)

obstruction is consistent with patterns found in the animal models (Fig. 14-18)
(98). Further study of such changes can lead to the development of new biomarkers
of obstructive uropathy (99).

Candidate markers that are upregulated in the kidney of experimental animals
with ureteral obstruction include transforming growth factor-f1, tumor necrosis
factor-o, and monocyte chemoattractant protein-1, while epidermal growth factor
is downregulated (100-102). The urinary excretion of these molecules is altered in
children with unilateral UPJO, and may therefore prove useful also in fetal urine
assays (103-105). Over the past five years, the renal expression of dozens of mole-
cules has been shown to be altered by urinary tract obstruction (95-97), and exper-
imental manipulation of some pathways can attenuate the renal lesions (106). Some
of the salutary effects in experimental models have been achieved by gene therapy
(106). Because much of the renal injury resulting from congenital obstructive
uropathy takes place in the prenatal or early perinatal period, fetal gene therapy
is theoretically an attractive option (107). Moreover, the fetus has larger popula-
tions of less differentiated cells (such as stem cells) that may be more responsive to
such an approach. Moreover, the fetus is also immunologically naive and therefore
susceptible to induction of tolerance (107).

Finally, there are human gene polymorphisms of the renin-angiotensin system
that predict the development and progression of congenital uropathies. Mutations
in the angiotensin type 2 receptor gene are associated with an increased incidence of
congenital anomalies of the kidney and urinary tract in several populations
(108,109). Italian children with congenital uropathies and renal parenchymal
lesions have a higher prevalence of the D/D genotype of angiotensin converting
enzyme (ACE) than patients without parenchymal lesions (109). European children
with chronic renal failure due to renal malformations and the D/D genotype have a
more rapid rate of loss of GFR than those with I/D or I/I genotype (Fig. 14-19)
(110). Similarly, Indian children with congenital uropathies (including PUV) and D
allele also have an adverse prognosis (111). Fetal testing for such polymorphisms
may lead to improved long-term management of patients with congenital obstruc-
tive uropathy.
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Figure 14-18 Microarray analysis was performed on kidneys from patients with congenital
obstructive uropathy (n=6), ranging from fetuses of 18 weeks' gestation to children 1 year of
age, as well as on kidneys from age-matched controls (n=6). Differential expression of selected
candidate genes (from 8400 screened) were sorted based on at least a 5-fold difference in expres-
sion. Genes given a — value are decreased, and upregulated genes are to the left of the graph. Most
of the genes are downregulated. Genes involved in vasculogenesis in humans and mesenchymal-
epithelial transformation are downregulated. Genes in ovals are candidate genes suggested from
animal studies, with potential synergistic effect, but not represented in this set of GeneChip data.
Extracellular matrix (ECM) genes are increased or decreased. Decreased forkhead C1 and BMP7 may
contribute to increased apoptosis, and additional apoptosis-related genes are implicated as well.
Increased smooth muscle actin and transgelin represent altered cytoskeletal genes. (From Liapis H:
Biology of congenital obstructive nephropathy. Exp Nephrol 93:87, 2003, with permission.)
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Figure 14-19 Renal “survival’’ analysis in children with chronic renal failure due to renal mal-
formations (n=59). During 2 years of follow-up, loss of GFR >10 mL/min per 1.73 m2 was
observed in 39% of patients with ACE D/D genotype, compared to only 11% in those with I/D
or I/l genotype. (From Hohenfellner K, Wingen A-M, Nauroth O et al: Impact of ACE I/D gene
polymorphism on congenital renal malformations. Pediatr Nephrol 16:356, 2001, with permission.)
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SUMMARY AND CONCLUSIONS

Assessment of renal function in the fetus with obstructive uropathy is a complex
and multidisciplinary process that requires an understanding of fetal renal devel-
opment and physiology, as well as of the causes and consequences of maldevelop-
ment of the urinary tract. This review addresses a number of major questions
relating to the evaluation and management of congenital obstructive uropathy,
and provides arguments for the following conclusions:

1. What is the natural history of obstructive uropathy? Based on animal
models, as well as the follow up of infants born with urinary tract obstruc-
tion, the evolution of this group of disorders is extremely heterogeneous and
dependent on many variables. These include the timing and location of the
obstructive lesion, the severity of obstruction, and the gestational age at
birth.

2. What is the relative contribution of primary renal maldevelopment versus
altered renal development secondary to obstructive injury? The patient’s
genome, as well as the fetal-maternal environment, are shared determinants
of the renal functional outcome. A better understanding of mutations
accounting for altered renal morphogenesis, as well as polymorphisms mod-
ulating the progression of secondary renal injury, will lead to better preven-
tive measures. Advances in understanding the cellular and molecular
mechanisms responsible for both abnormal renal development and the sec-
ondary adaptive responses will lead to improved therapies.

3. What constitutes a definition of significant urinary tract obstruction?
Significant obstruction ‘is a condition of impaired urinary drainage,
which, if uncorrected, will limit the ultimate functional potential of a devel-
oping kidney’ (10). This definition emphasizes the importance of long-term
outcome in any evaluation or intervention of the affected fetus.

4. What is the correlation of fetal renal pelvic dilatation with functional out-
come? Unfortunately, with the exception of extreme hydronephrosis, the
lack of precision in the measurement of fetal renal pelvic dilation results
in a poor correlation between this parameter and renal functional outcome.
Improved imaging techniques as well as standardization of procedures are
needed.

5. What is the correlation of fetal renal histologic changes with functional
outcome? Attempts to correlate fetal histologic changes with renal prognosis
have been disappointing. Even postnatal renal histology in children with
unilateral ureteropelvic junction obstruction shows poor correlation with
relative renal function. Refined approaches, such as immunohistochemistry
or laser capture microscopy, are needed.

6. Which patients should undergo pyeloplasty for ureteropelvic junction
obstruction, and what should be the criteria? The fetus with unilateral
hydronephrosis and normal amniotic fluid volume should not undergo
measurement of renal function or intervention before birth. The infant
with high grade progressive hydronephrosis should undergo early postnatal
pyeloplasty, regardless of relative renal function.

7. Which patients should undergo fetal intervention for obstructive nephro-
pathy, and what should be the criteria? Selected fetuses with bilateral hydro-
nephrosis, distended bladder, and oligohydramnios may undergo serial
ultrasonography, karyotyping, and urine sampling. Those with favorable
sonographic and urine biomarker profiles should be considered for place-
ment of a vesicoamniotic shunt by an experienced team of specialists in
an established center. At the present time, fetal intervention cannot be



mandated in any individual patient, in view of the lack of rigorous prospec-
tive controlled studies.

8. What is the impact of fetal intervention on the long-term prognosis? In
properly selected patients, the prevention of pulmonary hypoplasia is the
most important outcome of successful fetal intervention for severe obstruc-
tive uropathy, and survival can be 90% at one year. Optimization of renal
function is difficult to document, and 30-60% of survivors develop chronic
renal insufficiency or renal failure.

9. What will the future bring? Advances in imaging and the discovery of new
biomarkers of renal development and injury (proteomics) will allow evalu-
ation in the first trimester. Progress in genomics should permit the identi-
fication of mutations or polymorphisms predictive of renal malformations
or risk of progression of the renal lesions of obstructive uropathy. Gene
therapy is also theoretically more likely to be effective in the fetus than
postnatally.
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in growth pathologies, 150-155, 157, 158
measurement, 150, 156
models, 151
physical, 30-33, 31, 32
regulation of, 196, 197
extracellular volume (ECV) of, 153, 154,
intracellular volume (ECV) of, 153, 154
measurement, 31, 32, 129-134
neonatal, 152, 196
total (TBW)
developmental changes in, 23
distribution, 128, 196
See also extracellular water (ECW)
brain
volume regulation
arginine vasopressin and, 45, 46
atrial natriuretic peptide and, 45, 46
hypernatremia and, 47
water, 32
developmental changes in, 10012; p0500
hyaluronan (HA) and, 32, 33 (see also hyaluronan)
bronchopulmonary dysplasia
and high water and sodium administration, 47
metabolic alkalosis and, 71
pathogenesis, 173
water and sodium fluxes in, 33, 34, 177

C

calcium wave, 119
carbonic anhydrase, 69
carbonic anhydrase inhibitors, 69, 70
cardiovascular disease developmental origins, 101-103
cell volume regulation, 25, 26
congestive heart failure (CHF), 174
COX inhibitors, 211
creatinine
clearance
developmental changes in, 40, 232
glomerular filtration measurement from, 87
fetal and maternal serum concentrations, 85
as glomerular marker, 83, 84
measurement with Ge-IDMS, 84
molecular characteristics, 83, 84
plasma concentration, 85, 86
urinary clearance, 86
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cystatin C

distribution across age groups, 88

as renal function marker, 8789, 234, 236
cystic fibrosis (CF), 186, 188—190
cytotrophoblast, 9, 10

D

dehydration

maternal, 4

transcutaneous, 164, 165
diabetes insipidus

arginine vasopressin and, 133

etiology, 133

forms of, 133

See also oligohydramnios
dialysis. See peritoneal dialysis; hemodialysis
diuretics

loop, 63, 64

thiazide, 63, 64, 175
DNA methylation, 102

folate deficiency and, 102

See also fetal programming
dopamine

glomerular filtration rate and, 81

for oliguria, 92

renal dose, 215, 216

sodium uptake regulation by, 36
dual X-ray absorptiometry, 150
dystrophin-associated protein (DAP) complex, 25, 26

E

edema. See lung: edema; Starling equation and forces
electrolytes
imbalance, 176-178
neurodevelopment and, 176-178
See also specific electrolyte
endothelin, 81, 82, 116, 131, 136
epigenotype, fetal, 102
epigenetics, 101, 102
extracellular matrix (ECM), 200
extracellular volume (ECV). See body water: extracellular
volume of
extremely low birth weight (ELBW) neonate
body composition in, 163
characteristics, 151, 162
fluid therapy in, 179, 180
hyperkalemia in, 168-170
surface area relationships in, 163
transepidermal water loss in, 162-165
See also intrauterine growth restriction; very low birth
weight neonate

F

fetal distress, 138, 139. See also respiratory distress
syndrome
fetal programming, 46, 47, 98, 99
of blood pressure, 46, 47, 98, 99
for hypertension (see fetal programming: of blood
pressure)
mechanism for, 102
fetus
bladder volume, 6, 7
body fluid compartments, 150-155
chronic stress in, 98
diuresis by, 28
growth, 72
altered rates of, 98, 99
factors affecting, 72
see also intrauterine growth restriction
hypoxemia in, 67, 68, 138, 139
nutrition and, 102



fetus (Continued)
sodium regulation in, 28, 29
swallowing in, 7
urine production in, 6, 7
gestational age and, 6, 7, 226
modulation of, 7
water
compartments, 5 (see also body water: compartment)
flow model, 15
fluxes (see water: flux)
filtration fraction (FF), 90
furosemide, 91, 92, 120, 175, 186

G
gene imprinting, 102, 103
glomerular filtration rate (GFR)
assessment, 82-90
with constant infusion technique, 86
glomerular markers and, 83, 84 (see also kidney:
glomerular markers)
from plasma creatinine concentration, 85
from plasma disappearance curve, 86, 87
from urinary clearance (UV/P), 84
developmental changes in, 68, 79-82, 80
factors determining, 79, 81
immediate postnatal, 69
impairment, 90, 91
by non-steroidal anti-inflammatory agents (NSAIDs),
90, 91
by perinatal asphyxia, 90
late gestational, 7, 229-232
measurement (see glomerular filtration rate (GFR):
assessment)
regulation, 80, 81
glomerulogenesis, 30, 31, 100
glomerulotubular balance (GTB), 113, 116
glucocorticoids, 36, 38, 81, 115, 135, 191
glycosaminoglycans (GAGS), 30, 31, 200
growth
acid-base balance and, 72, 73
angiotensin converting enzyme and, 113, 114, 208, 209
catch-up, 98, 99
of fetus, 72
altered rates of, 98, 99
factors affecting, 72
sodium depletion and, 46
See also intrauterine growth restriction

H

hemodialysis, 217, 219, 220
membranes for, 219, 220
vascular access for, 219
hemofiltration, 220
continuous venovenous (CVVH), 220
without dialysis, 220
hyaluronan (HA), 32, 33, 201
hydrogen ion excretion, 70. See also acid-base balance
hydronephrosis, 226, 238
bilateral, 240
causes, 229
diagnosis, 227-229
unilateral, 240-242
hyperkalemia, 62, 63
and extremely low birth weight (ELBW) infants, 63, 168,
169, 170
renal failure and, 63
spurious, 62
hypernatremia
early, 44, 45
hypertonic sodium bicarbonate and, 47
neurodevelopment and, 178

hypernatremia (Continued)

treatment, 44, 45

in very-low birth weight infants, 44, 45, 165
hypertension

malignant arterial, 199

systemic

low nephron number and, 101-99
reduced glomerular filtration and, 100

hypocalvaria, 113, 114
hypokalemia, 55

alkalosis and, 64

diuretics and, 64

extrarenal defense of, 55, 56
hyponatremia

in acute renal failure, 216, 217

correction, 46

early onset, 42

iatrogenic, 179, 180

late onset, 42—44

neurodevelopment and, 176-178, 177

in premature infants, 45, 46

I

iatrogenic fluid overload, 173-175
ibuprofen, 90, 91, 91, 214. See also COX inhibitors
insulin, 55, 56, 102
insulin resistance, 97, 157
integrins, 205, 245
interstitial compliance, 201
interstitial fluid volume, 200
interstitial hydrostatic pressure, 200, 201
interstitial oncotic pressure, 203
intestinal ion transport, 62, 42
intracranial hemorrhage (ICH)
and high water and sodium administration, 16, 47
hypernatremia and, 47
intramembranous (IM) water flow, 7, 8
mechanism for, 12, 13
modeling, 13
pathway, 8
prolactin and, 12, 29
rate, 8
regulation by aquaporins, 15
intrauterine growth restriction
body water distribution and, 154, 154
causes, 150
diagnosis, 151
fetal body fluid compartments in, 150-155
oligohydramnios and, 155
red cell mass in, 154
See also extremely low birth weight (ELBW) neonate;
small for gestational age (SGA) neonate; very low birth
weight (VLBW) neonate
inulin
as glomerular marker, 83
molecular characteristics, 83,83
urinary clearance, 86
iohexol, as glomerular marker, 84, 83
iothalamate sodium, as glomerular marker, 84, 83

K
kidney
aldosterone-mediated distal reabsorption in, 35
autoregulation in, 112, 113, 117 (See also kidney:
tubuloglomerular feedback (TGF) in)
blood flow, 69
cortical collecting duct (CCD)
apical membrane ion conductance in, 37, 38
intercalated cells in, 59
sodium transport in, 37, 58
cortical necrosis, 208, 209, 215
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g kidney (Continued) N
= development, 208, 209, 229-232, 230, Na+-K+-ATPase, 27, 36, 54, 56, 58, 69, 111, 184, 186, 188,
- 243; 244 197, 229-232. See also Na+/H+ exchanger (NHE)
distal tubule, 112 transport protein
potassium excretion by, 61 Na+/H+ exchanger (NHE) transport protein
sodium reabsorption by, 37, 38 control of, 28
evaluation, 234-238 developmental changes in, 28, 36
biomarkers for, 234, 236, 237 dopamine regulation of, 36
failure (see renal failure) isoforms, 28
glomerular markers in placenta, 27
creatinine, 83, 84 necrotizing enterocolitis (NEC)
cystatin C, 87-89 high water and sodium administration and, 47
inulin, 83 water and sodium loss associated with, 33, 34, 174,
iohexol, 83, 84 229-232
iothalamate sodium, 83, 84 neonate
glomerulotubular balance in, 113 body weight
glucocorticoid metabolization by, 38 coronary heart disease and, 97
hydrogen ion excretion by, 47 initial loss of, 29, 30, 34
hydronephrotic, 226 regulation of, 30
juxtaglomerular apparatus, 112 oliguria in, 91, 92
neonatal hyaluronan in, 33 premature
nephron (see nephron) sodium balance in, 38, 40
potassium metabolism, 61, 62 water balance in, 40
proximal tubule water intake in, 41
developmental changes in, 36 spontaneous diuresis in, 42
sodium reabsorption by, 36, 37 nephrogenesis, 229. See also kidney: development
volume, 35 impaired, 82, 83
salt loading response, 39-42 ion transport and, 38
salt wasting, 38, 48 onset of, 99-100, 114, 209, 221, 230, 238
sodium handling, 38, 39 (see also salt wasting) RAAS system and, 107
tubuloglomerular feedback (TGF) in, 112, 113 renal disease and, 208, 209, 213
development, 115, 116 nephron
mediators and modulators of, 117-119 (see also specific deficit, 100, 101
compound) formation, 101
ultrafiltration, 130 hypertrophy, 100, 101
See also urine number reduction, 99-101
neurodevelopment
L electrolyte imbalances and, 176-178
- large for gestational age (LGA) neonates hyponatremia and, 177
amniotic fluid in, 157, 158 nitric oxide (NO)
body composition in, 157 glomerular filtration rate and, 81
total body water in, 157 tissue perfusion regulation by, 72
lung tubuloglomerular feedback and, 118, 119
edema, 172-176 non-steroidal anti-inflammatory agents (NSAIDs), 90, 91
causes, 172, 173
therapy for, 175, 176 (0]
epithelium permeability, 202 obstructive uropathy, 225
fluid biomarkers for, 244
absorption, 189-192 electrolyte concentration in, 238, 239
as amniotic fluid source, 6 etiology, 225
clearance, 184, 185, 187, 188, 190 evaluation, 239
compartments, 185, 186 experimental urinary tract obstruction and, 227
fetal swallowing and, 7 gene polymorphisms of, 244, 245
function, 185-187 long term impact of, 226, 242
regulation, 32 pathogenesis, 226, 228
secretion, 7, 185 renal failure and, 212
sources of, 184, 185 renal histology of, 239, 240
volume, 187 surgical intervention for, 238, 239
ion channel pathology, 188-190 survival rates for, 245
ion transport, 186—190 oligohydramnios
See also respiratory distress syndrome ACE inhibitors and, 113, 114
lymphatic system, 203 fetal constraint and, 208
fetal hydronephrosis and, 215, 216
M intrauterine growth restriction and, 155
matrix metalloproteinases (MMPs), 205, 206 maternal dehydration and, 4
metabolic acidosis pulmonary hyperplasia and, 233
and acid-base homeostasis, 57-59 oliguria
chronic, 59 dopaminergic agents for, 92
potassium secretion and, 59 furosemide for, 91, 92
treatment for, 47, 48 theophylline for, 93
methylamines, 197 oncotic pressure, 4, 9
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P R =
patent ductus arteriosus (PDA) reactive oxygen species, 119 E
atrial natriuretic peptide and, 139 renal biopsy, 240
high water and sodium administration renal blood flow, 69
and, 47 developmental changes in, 229-232
indomethacin therapy for, 181, 214 regulation, 116
management, 180, 181 renal dysplasia, 113, 114, 208, 212, 228
shunting in, 180, 181 renal failure
water and sodium loss associated with, 33, acute tubular necrosis and, 212
34, 174 acute, 208
peritoneal dialysis, 217-219. biomarkers for, 209, 210
contraindications for, 218 characterization, 209, 210
fluid and electrolyte imbalances in, 218 and chronic kidney disease, 220, 221
See also hemodialysis; renal failure etiology, 211-215
placenta genetic risk factors for, 210
anatomy, 9, 10 hemolysis and, 214
cotyledons of, 10 hyponatremia in, 100113:p0320
epitheliochorial, 10 ischemic, 213, 214
and fetal acid-base balance, 68 long term effect of, 221
maternal blood flow in, 11 medical management of, 215-217
membrane, 12 mortality and morbidity, 213, 214
monochorial, 9, 10 nonsteroidal anti-inflammatory drugs and, 214
sodium transfer mechanisms, 27, 28 prognosis, 220
syncytium, 9, 10 chronic, 209, 210
trichorial, 9, 10 congenital disease and, 212
water flux, 4, 5 epidemiology of, 210, 211
aquaporins and, 14, 15 indomethacin therapy and, 214
intramembranous (see intramembranous (IM) infectious causes of, 212
water flow) initiation of, 211-213
mechanism for, 9-13 interstitial nephritis and, 212
plasma intrinsic, 212
albumen, 202 nephrotoxic, 213, 214
hydrostatic pressure, 199, 200 obstructive uropathy and, 212 (see also obstructive
oncotic pressure, 202, 203 uropathy)
potassium concentration, 60 replacement therapy for, 217
protein concentration, 29, 30 vascular lesions and, 212, 214, 215
renin activity (PRA), 45 renal replacement therapy, 217
sodium concentration, 42—47 renin
polyols, 197 action, 111
potassium expression, 109, 114
adaptation, 58, 59 secretion, 107, 119, 120
balance, 54-60 synthesis, 107, 108
deficiency, 61 renin-angiotensin-aldosterone system (RAAS)
distribution in body, 55, 60 components, 107-113
factors influencing, 55, 60 developmental changes in, 34, 35, 82, 113-115
in fetus, 61, 62 target genes, 108, 109
excretion See also plasma: renin activity
renal, 57-59, 61 respiratory acidosis. See acid-base balance; acidosis:
routes, 56 respiratory
sweat gland, 60 respiratory distress syndrome (RDS), 29
metabolism in neonate, 61, 62 atrial natriuretic peptide and, 139
normal metabolism, 64 furosemide treatment of, 92
reabsorption, 59 impaired sodium transport in, 189
secretion mRNA expression and, 176
aldosterone stimulation of, 58, 59
intestinal, 59, 60 S
metabolic acidosis and, 59 salt loading 39-42
principle cells and, 57-59 salt restriction prophylaxis, 166—168
tubular fluid flow rate and, 59 salt wasting, 38, 48, 189
vasopressin and, 59 (see also vasopressin) Schwartz formula for glomerular filtration rate, 87, 89
transport single nephron glomerular filtration rate (SNGFR), 100, 101
diuretics effects on, 63 skin emollients, 171, 172
insulin and, 55, 56 small for gestational age (SGA) neonate, 152
maternal to fetal, 61 fluid therapy in, 156
in nephron, 56, 57 water loss in, 164
prostaglandins (PGs) See also extremely low birth weight (ELBW) neonate;
developmental changes in, 82 very low birth weight (VLBW) neonate
glomerular filtration and, 81 sodium
renal production of, 229-232 balance
proteoglycans, 200 developmental changes in, 34, 35, 40
pulmonary edema. See lung: edema fetal programming and, 46, 47
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INDEX

sodium (Continued)
channel blockers, 46
-dependent phosphate co-transport system (Na-Pi), 36
depletion and retarded growth, 46
excretion
fecal, 42
fractional, 232
metabolic acidosis and, 47, 48
neonatal, 33-36
intramembranous fluxes, 13
homeostasis, 33-42, 47, 48
acid-base balance and, 47, 48
in the neonatal period, 115
intake
excessive, 47
inadequate, 4547
metabolism, 26
plasma levels (see plasma: sodium concentration)
supplemental maintenance, 167, 168
transport
amiloride-sensitive epithelial sodium channel and, 37
angiotensin and, 111, 112
intestinal, 42
sodium-dependent phosphate co-transport system
(Na-Pi), 36
Starling equation and forces, 9, 198, 199
Stavermann reflection coefficient, 202
syncytiotrophoblast, 9, 10, 14, 26
syndrome of inappropriate secretion of ADH (SIADH), 134

T

theophylline, 93, 216

thiocyanate, 30

thrifty phenotype hypothesis, 80-82, 101, 102
toxemia, 23, 24, 150

transient tachypnea of the newborn (TTN), 189, 203

U

urea cycle disorder, 71
ureteropelvic junction obstruction (UPJO), 228, 229,
241, 242
urinary tract
evaluation, 232-234
obstruction, 236 (see also obstructive uropathy)
sonograms, 233
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urine
calcium concentration, 235
fetal, 6, 232
production, 38, 230

\%

Van't Hoff equation, 197
vascular endothelial growth factor (VEGF)
gene expression, 12, 13
intramembranous water absorption and, 28
vasopressin
glomerular filtration rate and, 81
potassium secretion and, 59
very low birth weight (VLBW) neonate
fluid therapy in, 174
mRNA expression in, 176
plasma electrolyte concentrations, 43
vesicoureteral reflux (VUR), 228, 229, 240

w

water
acquisition rate in fetus, 3
body (see body water)
compartments (see body water: compartment)
extracellular (ECW)
developmental changes in, 23
distribution of, 198
regulation of, 25, 198
fetal, 4-8 (see also body water)
filtration coefficient (Kg), 79
flux
developmental changes in, 40, 164, 165
maternal to fetal, 4, 5
mechanisms, 8-13
placental, 4, 5, 13
Starling equation and, 9
transcutaneous (insensible), 164, 165, 170-172, 176, 179
intake in premature infants, 41
intracellular (ECW)
developmental changes in, 23
regulation of, 25, 197
See also lung: edema
weight. See neonate: body weight; extremely low birth
weight (ELBW) neonate; very low birth weight
(VLBW) neonate
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