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Series Foreword
Richard A. Polin, MD

“Medicine is a science of uncertainty and an art of probability.”
—William Osler

Controversy is part of every day practice in the NICU. Good practitioners strive to 
incorporate the best evidence into clinical care. However, for much of what we do, 
the evidence is either inconclusive or does not exist. In those circumstances, we have 
come to rely on the teachings of experienced practitioners who have taught us the 
importance of clinical expertise. This series, “Neonatology Questions and Contro-
versies,” provides clinical guidance by summarizing the best evidence and tempering 
those recommendations with the art of experience.

To quote David Sackett, one of the founders of evidence-based medicine:

Good doctors use both individual clinical expertise and the best available external 
evidence and neither alone is enough. Without clinical expertise, practice risks 
become tyrannized by evidence, for even excellent external evidence may be 
inapplicable to or inappropriate for an individual patient. Without current best 
evidence, practice risks become rapidly out of date to the detriment of patients.

This series focuses on the challenges faced by care providers who work in the 
NICU. When should we incorporate a new technology or therapy into every day 
practice, and will it have positive impact on morbidity or mortality? For example, 
is the new generation of ventilators better than older technologies such as CPAP, or 
do they merely offer more choices with uncertain value? Similarly, the use of probiot-
ics to prevent necrotizing enterocolitis is supported by sound scientific principles 
(and some clinical studies). However, at what point should we incorporate them 
into every day practice given that the available preparations are not well character-
ized or proven safe? A more difficult and common question is when to use a new 
technology with uncertain value in a critically ill infant. As many clinicians have 
suggested, sometimes the best approach is to do nothing and “stand there.”

The “Questions and Controversies” series was developed to highlight the clini-
cal problems of most concern to practitioners. The editors of each volume (Drs. 
Bancalari, Oh, Guignard, Baumgart, Kleinman, Seri, Ohls, Maheshwari, Neu, and 
Perlman) have done an extraordinary job in selecting topics of clinical importance 
to every day practice. When appropriate, less controversial topics have been elimi-
nated and replaced by others thought to be of greater clinical importance. In total, 
there are 56 new chapters in the series. During the preparation of the “Hemodynam-
ics and Cardiology” volume, Dr. Charles Kleinman died. Despite an illness that 
would have caused many to retire, Charlie worked until near the time of his death. 
He came to work each day, teaching students and young practitioners and offering 
his wisdom and expertise to families of infants with congenital heart disease. We are 
dedicating the second edition of the series to his memory. As with the first edition, 
I am indebted to the exceptional group of editors who chose the content and edited 
each of the volumes. I also wish to thank Lisa Barnes (content development specialist 
at Elsevier) and Judy Fletcher (publishing director at Elsevier), who provided incred-
ible assistance in bringing this project to fruition.
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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. Quantifica-
tion of glomerular filtration rate was established, first in infants, then in term neo-
nates 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 subsequently inves-
tigated. 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 published clinical 
or experimental data, as well as the establishment of practical guidelines most often 
based on poorly or ill-controlled clinical trials generated controversies that some-
times 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 perinatal physiology, patho-
physiology and pathology, the editors gathered a distinguished group of contributors 
who are all leading experts in their respective fields. It is our conviction that phy-
sicians 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



xi

Preface

A preface is to give the editors the opportunity to review the events since the pub-
lication of the previous edition; update, add, or delete the various chapters; and 
thank the authors for their efforts and expertise in their contribution.

Since the publication of the first edition of this monograph 3 years ago, the 
survival rates of newborn infants in this country and abroad has been maintained 
at a healthy pace. The quality of life of most survivors is good. These achievements 
are the results of many evidence-based management strategies developed and imple-
mented by dedicated care providers of this population. An important component of 
these strategies is the fluid and electrolyte therapy and management of various renal 
disorders of the high-risk infants. We believe that our first edition has filled the role 
of providing new knowledge and treatment modalities to the care providers. The 
book’s popularity among our readership is evident by the high volume of sales and 
the publication of a Spanish version for our Latin American colleagues in South 
America and elsewhere (Ediciones Journal, Buenos Aires, 2011).

In addition to updating all of the chapters in the first edition with the addition 
of numerous references, the editors have added six new chapters to this edition. We 
mourned the passing of a talented and esteemed author, Dr. Karl Bauer. One of us 
(Dr. Oh), who was Dr. Bauer’s mentor, took the responsibility of writing a chapter 
that expands the contents of Dr. Bauer’s original chapter to include the body fluid 
changes during the transitional period. We also believe that urate, calcium, and 
phosphorus metabolisms are important parts of fluid and electrolyte management 
in the perinatal period. We were very fortunate to have successfully recruited Drs. 
Ron Namrung and Reginald C. Tsang, two authorities in this field, to write the 
chapter on perinatal calcium and phosphorus metabolism and Dr. Daniel Feig, an 
expert in perinatal urate metabolism, to write a chapter on this important subject. 
In addition, we added a chapter on neonatal hypertension written by Dr. Joseph 
Flynn, who is well known in this field. Recognizing that there are two areas in 
neonatal nephrology and fluid and electrolyte therapy that deserve inclusion in this 
publication—hereditary tubulopathies and the use of diuretics in newborns—we 
have asked Dr. Israel Zelikovic and one of us (Dr. Guignard) to fill those gaps.

We would like to express our deepest gratitude to all of the authors for their 
hard work in updating and writing new chapters in this book. We believe that with 
the update and the six new chapters, this book will continue to serve our dedicated 
physicians, nurses, and other allied health care providers as a reference in providing 
fluid and electrolyte therapy and management of renal diseases in this most vulner-
able population. We anticipate that optimal management of these conditions, along 
with other management strategies, will continue to contribute to good outcomes 
among high-risk infants.

William Oh, MD

Jean-Pierre Guignard, MD

Stephen Baumgart, MD

xi



CHAPTER 1 

Water Flux and Amniotic  
Fluid Volume: Understanding  
Fetal Water Flow
Marie H. Beall, MD, Jeroen P.H.M. van den Wijngaard, PhD,  
Martin van Gemert, PhD, Michael G. Ross, MD, MPH 1
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 Clinical Scenarios
 Fetal Water
 Mechanisms of Water Flow
 Aquaporins
 Conclusion

In a term human gestation, the amount of water in the fetal compartments, including 
the fetus, placenta, and amniotic fluid (AF), may exceed 5 L; in pathologic states, 
the amount may be much more because of excessive AF or fetal hydrops. Water 
largely flows from the maternal circulation to the fetus via the placenta, and the rate 
of fetal water acquisition depends on placental water permeability characteristics. In 
the gestational compartment, water is circulated between the fetus and AF. In the 
latter part of pregnancy, an important facet of this circulation is water flux from the 
AF to the fetal circulation across the amnion. Normal AF water dynamics are critical 
because insufficient (oligohydramnios) or excessive (polyhydramnios) amounts of 
AF are associated with impaired fetal outcome even in the absence of structural fetal 
abnormalities. This chapter reviews data regarding the placental transfer of water 
and examines 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 are 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.

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 AF index (AFI) of 2.6 cm 
(reference range, 5–25 cm) with normal fetal kidneys and bladder. On hospital day 
2, the AFI was 0 cm. Recorded maternal fluid balance was 8 L in and 13.6 L out. 
Serum sodium was 153 mEq/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’ gestation.1

Reduced Maternal Plasma Oncotic Pressure
Maternal malnutrition may predispose patients to increased fetal water transfer and 
polyhydramnios. We recently encountered a patient who illustrated this condition: 
A 35-year-old gravida 4, para 3 presented at 32 to 33 weeks of gestation 
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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 fL. Blood 
chemistries were normal except that the patient’s serum albumin was 1.9 g/dL (refer-
ence range, 3.3–4.9 g/dL). A diagnosis of maternal malnutrition was made. On ultra-
sound examination, the AFI was 24.5 cm, and the fetal bladder was noted to be 
significantly enlarged consistent with increased urine output. Premature labor was 
thought to be attributable to uterine overdistension. 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 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 because of an environment of increased maternal osmo-
lality, less water crossed the placenta to the fetus. Similarly, maternal dehydration 
caused by water restriction (in a sheep model)2 or caused by hot weather (in 
humans)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 (desmo-
pressin) in both humans4 and sheep5 have demonstrated 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 per-
turbed with clinically significant effect. The material presented 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/min6 is sufficient for fetal needs at term. By contrast, tracer studies 
suggest that the total water exchanged (i.e., diffusionary flow) between the ovine 
fetus and the mother is much larger, up to 70 mL/min.7 Most of this flow is bidi-
rectional, resulting in no net accumulation of water. Although the mechanisms regu-
lating the maternal–fetal flux of water are speculative, the permeability of the 
placenta to water changes with gestation,8 suggesting that placental water permeabil-
ity 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 AF across the fetal membranes (i.e., trans-
membrane flow), although this effect is thought to be small,9 partly because the AF 
is hypotonic compared with maternal serum. The driving force resulting from 
osmotic and oncotic gradients between hypotonic, low-protein AF and isotonic 
maternal serum is far greater than that induced by maternal vascular versus AF 
hydrostatic pressure. Any direct water flux between maternal serum and AF should 
therefore be from the fetus to the mother. In addition, a small amount of water is 
produced as a byproduct of fetal metabolic processes. Because 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 gestation, water is partitioned between the fetus, placenta and membranes, and 
AF. Although term human fetuses may vary considerably in size, an average fetus 
contains 3000 mL of water, of which about 350 mL is 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. AF volume 
is less correlated with fetal weight. The AF is a fetal water depot,10 and in normal 
human gestations at term, the AF volume may vary from 500 mL to more than 
1200 mL.11 In pathologic states, the AF volume may vary more widely. Below we 



 Water Flux and Amniotic Fluid Volume  5

1

present what is known regarding the formation of AF, the circulation of AF water, 
and the mechanisms controlling this circulation.

Amniotic Fluid Volume and Composition
During the first trimester, AF is isotonic with maternal plasma12 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 or 
placental surface.13 With advancing gestation, AF osmolality and sodium concentra-
tion decrease, a result of the mixture of dilute fetal urine and isotonic fetal lung 
liquid production. In comparison with the first half of pregnancy, AF osmolality 
decreases by 20 to 30 mOsm/kg H2O with advancing gestation to levels approxi-
mately 85% to 90% of maternal serum osmolality14 in humans, although there is no 
osmolality decrease in the AF near term in rats.15 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 those of fetal plasma.14

Concordant with the changes in AF content, AF volume changes dramatically 
during human pregnancy (Fig. 1-1). The average AF volume increases progressively 
from 20 mL at 10 weeks to 630 mL at 22 weeks and to 770 mL at 28 weeks’ gesta-
tion.16 Between 29 and 37 weeks’ gestation, there is little change in volume. Beyond 
39 weeks, AF volume decreases sharply, averaging 515 mL at 41 weeks. When the 
pregnancy becomes postdate, there is a 33% decline in AF volume per week17-19 
consistent with the increased incidence of oligohydramnios in postterm gestations.

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 (IM) absorption into  
fetal blood. Although some data on these processes in the human fetus are available, 
the bulk of the information about fetal AF circulation derives from animal  
models, especially 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 

Figure 1-1 Normal range of amni-
otic fluid volume in human gestation. 
(From Brace RA, Wolf EJ. Normal 
amniotic fluid volume changes 
throughout pregnancy. Am J Obstet 
Gynecol. 1989;161(2):382-388, used 
with permission.)

2500

2000

1500

1000

500

0

8 12 16 20 24 28 32 36 40 44

99%

95%

75%
50%
25%
5%
1%

A
m

ni
ot

ic
 fl

ui
d 

vo
lu

m
e 

(m
L)

Gestational age (wk)



6 Placenta and Fetal Water Flux

A

assessment of fetal bladder volume,20 although the accuracy of these measurements 
has been called into question. Exact human fetal urine production rates across gesta-
tion are not established but appear to be in the range of 25% of body weight per 
day or nearly 1000 mL/day near term.20,21

In near-term ovine fetuses, 500 to 1200 mL/day of urine is distributed to the 
AF and allantoic cavities.22,23 During the last third of gestation, the fetal glomerular 
filtration rate (GFR) increases in parallel to fetal weight, with a similar but variable 
increase in reabsorption of sodium, chloride, and free water.24 Fetal urine output 
can be modulated, as numerous endocrine factors, including arginine vasopressin, 
atrial natriuretic factor, aldosterone, and prostaglandins, have been demonstrated to 
alter fetal renal blood flow, GFR, or urine flow rates.25,26 Importantly, physiologic 
increases in fetal plasma arginine vasopressin significantly increase fetal urine osmo-
lality 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 catechol-
amines,31 and cortisol,32 even acute intravascular volume expansion,33 decrease lung 
fluid production. Given this lack of evidence of bidirectional regulation, it appears 
that, unlike the kidneys, the fetal lungs may not play an important role in the main-
tenance of AF volume homeostasis. Current opinion 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 to 760 mL/day34 of AF, 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. 

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). 
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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 more than 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 dem-
onstrate that fetal swallowing increases in response to dipsogenic (e.g., central or 
systemic) hypertonicity38 or central angiotensin II39 or orexigenic (central neuropep-
tide Y40) stimulation and decreases with acute arterial hypotension41 or hypoxia.29,42 
Thus, near-term fetal swallowed volume is subject to periodic increases as mecha-
nisms for “thirst” and “appetite” develop functionality, although decreases in swal-
lowed volume appear to be more reflective of deteriorating fetal condition.

Intramembranous 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. As 
the volume of AF does not greatly increase during the last half of pregnancy, another 
route of fluid absorption is needed. This route is the 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 composi-
tion 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 chorio-
amnion 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, and intraamniotic peptides (e.g., arginine vasopressin47,48) 
and other electrolytes (e.g., Cl−) 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 51Cr 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 because membrane ultrastructure changes are noted with polyhy-
dramnios or oligohydramnios.50

Experimental estimates of the net IM flow averages 200 to 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 although 
IM flow rates under control conditions have not been directly measured. Mathemati-
cal models of human AF dynamics also suggest significant IM water and electrolyte 
fluxes,52,53 but transmembranous flow (AF to maternal) is extremely small compared 
with 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 gesta-
tion and does not account for gestational alterations in AF volume or postterm 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 AF volume noted in stressed human fetuses. For this reason, recent 
research has addressed the regulation of water flow in the placenta and fetal mem-
branes. 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 
cells (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, transcellular 
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flow may occur across the lipid bilayer or through membrane channels or pores (i.e., 
aquaporins [AQPs]); the latter route is more efficient because the water permeability 
of the lipid membrane is low. Because the AQPs allow the passage of water only 
(and sometimes other small nonpolar 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 extra-
cellular 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. For this 
difference to be maintained, the 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 mem-
brane with water following because of 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 difference 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:

Jv LpS P RT c c= − −( ( ))∆ σ 1 2

where Jv is the volume flux; LpS is a description of membrane properties (hydraulic 
conductance times the surface area for diffusion); ΔP is the hydrostatic pressure 
difference; and −σRT(c1 − c2) is the osmotic pressure difference, with T being the 
temperature in degrees Kelvin, R the gas constant in Nm/Kmol, σ the reflection 
coefficient (a measure of the permeability of the membrane to the solute), and c1 
and c2 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 cm2 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. Because one membrane 
may have different osmotic versus hydrostatic versus diffusional permeabilities,56 an 
understanding of the forces driving membrane water flow is critical for understand-
ing flow regulatory mechanisms. This area remains controversial, but the anatomy 
of placenta and membranes suggests possible mechanisms for promoting water flux 
in one direction.

Mechanism of Placental Water Flow
Placental Anatomy57,58

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 pla-
cental water flux because primates and rodents share a hemochorial placental 
structure. In hemochorial placentas, the maternal blood is contained in sinuses in 
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direct contact with one or more layers of fetal epithelium. In humans, this epithe-
lium is the syncytiotrophoblast, a layer of contiguous cells with few or no intercel-
lular 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 underlying the syncytium; however, by the third trimester, this 
layer is not continuous and is therefore not a limiting factor for placental perme-
ability.) The human placenta is therefore monochorial. Guinea pig placentas are 
also monochorial; the fetal vessels are covered with connective tissue that is in 
turn covered with a single layer of syncytium.59 In mice, the layer immediately 
opposed to the maternal blood is a cytotrophoblast layer, covering two layers of 
syncytium. Because of the presence of three layers in much of the placenta, the 
mouse placenta is labeled trichorial. Similar to the case in humans, the mouse 
cytotrophoblast does not appear to be continuous, suggesting that the cytotropho-
blast layer does not limit membrane permeability. The rat placenta is similar to 
that of 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 × 10−3 cm/s; the permeability of basal membrane (fetal 
side) vesicles was higher at 3.1 ± 0.20 × 10−3 cm/s.60 The difference between the 
basal and apical sides of the syncytiotrophoblasts was taken to indicate that the 
apical (maternal) 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 sheep have been extensively used in studies of fetal physiology and 
placental permeability, their placentas differ from those of humans in important 
respects. The sheep placenta is classified as epitheliochorial, meaning that the mater-
nal and fetal circulations are contained within blood vessels with maternal and fetal 
epithelial layers interposed between them. In general, compared with the hemocho-
rial 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 
because the presence of maternal vessels in the sheep placenta increases the likeli-
hood 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 placental 
lobule and therefore at cross-current to the fetal blood flow61 (Fig. 1-3). Unlike in 
mice and rats, investigation has not revealed countercurrent blood flow in ovine 
placentas.62

The preceeding 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, rats and mice have an 
“inverted yolk sac placenta,” a structure with no analogy in the primate placenta. 
Readers are referred to Faber and Thornberg57 and Benirschke63 for additional 
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 by active 
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transport of solutes such as sodium or by depletion of solute from the local peri-
membrane environment (caused by the so-called “unstirred layer” effect). The rela-
tive direction of maternal and fetal blood flows can be concurrent, countercurrent, 
crosscurrent, or in part combinations of these flows,64 and differences in the direc-
tion of blood flow may be important in establishing either osmotic or hydrostatic 
gradients within the placenta. It has not been possible to directly study putative 
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 rats, inert solutes such as mannitol and 
inulin are transferred to the maternal circulation from the fetus more readily than 
from the 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 sheep, intact gestations have yielded estimates of osmotic 
placental water flow of 0.062 mL/kg min per mOsm/kg H2O.68 The importance of 
osmotically driven water flow in sheep is uncertain because the same authors found 
that the maternal plasma was consistently hyperosmolar to the fetal plasma. Theo-
retical 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 placentas of guinea pigs, reversal of the direction of the fetal 
flow reduced the rate of water transfer,70 and increasing the fetal-side perfusion 

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 because of the changing oxygen content of the maternal blood. 
(From Hempstock J, Bao YP, Bar-Issac M, et al. Intralobular differences in antioxidant enzyme 
expression and activity reflect the pattern of maternal arterial bloodflow within the human 
placenta. Placenta. 2003;24(5):517-523, used with permission.)
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pressure increased the fetal-to-maternal water flow in both the perfused guinea pig 
placentas71 and in an intact sheep model.72 Both findings suggest that water transfer 
is flow dependent.

As a whole, the available data suggest 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, the pregnancy stage, or both. 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 Intramembranous 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 because the amnion and chorion are not vascularized 
per se. The close proximity of fetal blood vessels to the placental surface provides 
accessibility to the fetal circulation, explaining the absorption of AF technetium46 
and arginine vasopressin48 into the fetal serum in subhuman fetal primates after 
esophageal ligation. In vitro experiments with isolated layers of human amnion  
and chorion have also demonstrated that the membranes act as selective barriers  
of exchange.74

Studies in the ovine model suggest that the IM pathway can be regulated to 
restore homeostasis. Because 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 1 month did 
not increase AF volume.77 In the absence of swallowing, normalized AF volume 
suggests an increase in IM flow. In addition, IM flow markedly increased after 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 functional evidence of reduced IM resorption as an adaptive 
response to oligohydramnios, although AQP water channel expression in the amnion 
may be decreased (see below). Studies have revealed that prolactin reduced the 
upregulation of IM flow because of osmotic challenge in the sheep model79 and 
reduced diffusional permeability to water in human amnion80 and guinea pig81 
amnion, suggesting that downregulation of IM flow is possible.

Controversies Regarding Intramembranous 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 or lung fluid (or both) may contain factors that 
upregulate VEGF. Their further studies demonstrated an increased water flow despite 
a constant membrane diffusional permeability (to technetium) in animals in which 
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 sheep was osmotic; however, 
there was an additional flow of about 24 mL/h, which was not osmotic dependent. 
Because protein was also transferred to the fetal circulation, this flow was believed 
to be similar to fluid flow in the lymph system.85
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These findings, in aggregate, have been interpreted to require active bulk fluid 
flow across the amnion; Brace et al84 have proposed that this fluid transport occurs 
via membrane vesicles (bulk vesicular flow), as evidenced by the high prevalence of 
amnion intracellular vesicles seen in electron microscopy.86 This theory is poorly 
accepted because 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 transcellular 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, suggesting that sodium flux 
may be a regulator of IM flow,53 although the observation that IM flow was inde-
pendent of AF composition suggests that other forces (e.g., hydrostatic forces) may 
also drive IM flow.87

Importantly, upregulation of VEGF or sodium transfer alone cannot explain AF 
composition changes after fetal esophageal ligation because AF electrolyte composi-
tion indicates that water flow increases disproportionately to solute flow.76 The 
passage of free water across a biological membrane without solutes is a characteristic 
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 to regulate water flux. We will review the char-
acteristics of AQP water channels and then comment on the evidence that AQPs 
may be involved in regulating gestational water flow.

Aquaporins
Aquaporins are cell membrane proteins approximately 30 kD in size (26–34 kD). 
Similarities in amino acid sequence suggest that the three-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 functions inde-
pendently as a water channel88 (Fig. 1-4). Although all AQPs function as water 
channels, some AQPs also allow the passage of glycerol, urea, and other small 

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 dif-
ferent format. Lower figure shows a side 
view of an AQP monomer, extracellular side 
upper. The two figures are to be viewed  
in crossed-eye stereo. C and N, ends of the 
protein. (From Harries WE, Akhavan D, 
Miercke LJ, Khademi S, Stroud RM. The 
channel architecture of aquaporin 0 at a 
2.2-A resolution. Proc Natl Acad Sci U S A. 
2004 Sep 28;101(39):14045-50, used with 
permission.)
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nonpolar molecules. These have also been called aquaglyceroporins. Multiple AQPs 
have been identified (≤13, depending on the mammalian species). Some are widely 
expressed throughout the body; others appear to be more tissue specific.

AQP function depends on cellular location. In the kidneys, several AQPs are 
expressed in specific areas of the collecting duct: whereas AQP3 and AQP4 are both 
present in the basolateral membrane of the collecting duct principal cells, 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 because 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, particularly, the absence of AQP2 
in humans is responsible for nephrogenic diabetes insipidus.

Aquaporin function is also dependent on 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-
pressin90 or forskolin.91 AQP8 is similarly transferred from hepatocyte vesicles to the 
cell membrane in response to dibutyryl cyclic AMP (cAMP) and glucagon.92 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 regu-
lation of water flow across biological membranes, and their expression and activity 
can be regulated according to the hydration status of the organism.

Aquaporins in Placentas and Membranes
Four AQPs (i.e., AQP1, 3, 8, and 9) have been widely reported in the placenta and 
fetal membranes of a variety of species, and alterations in the expression of these 
AQPs have been related to changes in AF volume. Reports also describe the finding 
of AQP494 and AQP595 in human placenta or membranes, but no information is 
available relating these AQPs to AF volume changes, and they will not be further 
considered here. AQP1 mRNA and protein have been demonstrated in ovine,96 
mouse,97 and human98 placentas associated with the placental vessels. Ovine placen-
tal AQP1 expression levels are highest early in pregnancy, with a decline thereafter, 
although there is an increase in expression near term.99 AQP1 protein expression 
has been demonstrated in the fetal chorioamnion at term in human gestations100 
associated with amnion epithelium and cytotrophoblast of the chorion.97 AQP3 
message and protein has been demonstrated in the placentas and fetal chorioamnion 
of humans100,101 and mice97 and in sheep placentas,96,99 and mRNA has been found 
in rat placentas.102 In humans, AQP3 protein is expressed on the apical membranes 
of the syncytiotrophoblast101 on amnion epithelium and cytotrophoblast of the 
chorion.103 AQP3 has also been demonstrated on the trophoblasts of mice.97 AQP8 
mRNA has been detected in mouse,104 sheep,99 and human placentas and in human 
fetal chorioamnion.105 AQP9 protein and mRNA have been demonstrated in human 
placentas.101

Evidence suggests that AQPs may be involved in the regulation of placental 
water flow. In mice, AF volume is positively correlated with placental AQP3 mRNA 
expression.97 In humans with abnormalities of AF volume, message for AQP3 and 
AQP9 is decreased in placentas in polyhydramnios,106,107 and message for AQP3 is 
increased in placentas in oligohydramnios.108 This has been interpreted as a com-
pensatory change tending to increase maternal-to-fetal water flow. Data on placental 
AQP1108,109 and AQP8107,110 in human pathology have been inconsistent, making 
these AQPs less likely to be key regulators of placental water flow.

Aquaporin and Intramembranous Water Flow
AQP 1, 3, 8, and 9 have all been demonstrated in human amniochorion, and AQP 
1, 3, and 9 have been found to be associated with amnion epithelium and cytotro-
phoblast of the chorion. IM flow may therefore also be through AQPs. There is 
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evidence that AQP1 is necessary for normal AF homeostasis. Mice lacking the AQP1 
gene have significantly increased AF volume,111 and in normal mice, AF volume was 
negatively correlated with AQP1 expression.97 In conditions with pathologic AF 
volume, AQP1, 3, 8, and 9 expression are increased in human amnion derived from 
patients with increased AF volumes,57,106,107,110-113 and AQP1 and AQP3 are decreased 
in the amnion of patients with oligohydramnios.108,109 These changes were postulated 
to be a response to, rather than a cause of, the AF volume abnormalities. Alterations 
in AQP expression may also be a cause of AF volume abnormalities; AQP1 protein 
increased in sheep fetal chorioallantoic membranes in response to fetal hypoxia, 
suggesting increased IM flow as a mechanism for the oligohydramnios associated 
with fetal compromise.114 Finally, AQP expression in the chorioamnion is subject to 
hormonal regulation. In work done in our laboratory, AQP3, AQP8, and AQP9 
expression is upregulated in cultured human amnion cells after incubation with 
cAMP or forskolin, a cAMP-elevating agent.115,116 These data together support the 
hypothesis that AQPs, specifically AQP1, are important mediators of water flow out 
of the gestational sac across the amnion.

In summary, we 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 regula-
tion by up- or downregulating 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 attributable 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.

In the gestational compartment, water circulates between the fetus and the AF. 
The available evidence suggests that the IM component of this flow is mediated by 
AQPs, specifically by AQP1. IM flow can be altered over gestation and 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, polyhydram-
nios, or fetal acidosis.

Conclusion
The circulation of water between mother and fetus and within the fetal compartment 
is complex, and the mechanisms regulating water flow remain poorly understood. 
Water flow across the placenta must increase with increasing fetal water needs and 
must be relatively insensitive to transient changes in maternal status. Water circula-
tion within the gestation must sustain fetal growth and plasma volume while also 
allowing for appropriate amounts of AF for fetal growth and development.

Experimental data suggest 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 AQP water channels in placental and IM water 
flow. Experimental data have 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 association with AF volume. 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 treat-
ments for AF volume abnormalities based on the stimulation or suppression of  
the appropriate water channel.
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CHAPTER 2 

Body Water Changes in the Fetus 
and Newborn: Normal Transition 
After Birth and the Effects of 
Intrauterine Growth Aberration*
William Oh, MD

 Body Fluid Compartments
 Body Water in Fetal Growth Aberration
 Transitional Changes of Body Water After Birth
 Clinical Implications of Transitional Body Water Changes in Preterm 

Very Low Birth Weight Infants

Body Fluid Compartments
Water is the most abundant element of body composition. It is divided into two 
compartments: Intracellular water (ICW) and extracellular water (ECW); the latter 
is further divided into interstitial fluid and plasma volume (Fig. 2-1). Several methods 
are available for the measurements of body water in human infants. The general 
principle has been the use of an indicator that is infused to the subject, allowing  
for equilibration, and then obtaining a plasma sample to calculate the volume of 
interest using the principle of dilution with the following formula: V = I ÷ Pl I, in 
which V is volume of the compartment being measured, I is the amount of indicator 
infused, and Pl I is plasma concentration of infused indicator. Various indicators 
measure different body water compartments depending on their location of distribu-
tion. Table 2-1 shows the water compartments that can be measured with various 
indicators used.

In early gestation (24 weeks), the total body water (TBW) is very high (≈86% 
of body weight), and most of it (60%) is in the ECW compartment. With increasing 
gestational age and with growth, the TBW content decreases. The decline is primarily 
attributable to an increase in solids components of the body composition with 
growth as evidenced by an increase in the ICW compartment and a decline of the 
ECW compartment. At term, the TBW is down to 78% of body weight with 44% 
being in the ECW compartment, 34% in the ICW compartment and the rest (22%) 
being solid body mass. At 1 year of age, the TBW is approximately 70% of body 
weight; most of it is in the ICW (42%), and the rest is in the ECW. Solids account 
for approximately 30% of body weight.1,2 These changes also mean that a preterm 
infant born at 28 weeks’ gestation will have a high TBW and ECW.

It should be noted that the changes in body composition discussed above do 
not distinguish the variation as a result of intrauterine growth aberration. The latter 
can be in the form of macrosomia (large for gestational age [LGA]) or intrauterine 
growth restriction (IUGR; also known as small for gestational age [SGA]). Their body 
fluid characteristics are described below.

*This chapter is dedicated to the late Karl Bauer, MD, a friend and fond colleague. The author has adapted 
many of the contents of his chapter in the first edition of this publication.
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Table 2-1 INDICATORS USED FOR BODY WATER IN HUMANS*

Body Water Compartment Indicator

Total body water Antipyrine stable isotope of water (D2O or H2
18O)

Extracellular water Bromide, sucrose, inulin

Plasma volume Evans blue

Solids = Body weight – Total body water
Intracellular water = Total body water − Extracellular water
Interstitial water = Extracellular water − Plasma volume

*The other body composition can be calculated by using the following formula:

Figure 2-1 Body water distribu-
tion in a term newborn infant. 
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Body Water in Fetal Growth Aberration
Large for Gestational Age
This is a heterogeneous group of infants that consists of those with accelerated fetal 
growth as a result of poorly controlled maternal diabetes mellitus, maternal consti-
tutional obesity without diabetes, and genetic predisposition to enhanced fetal 
growth.

The data on body water in LGA infants are sparse. The only information pub-
lished in the literature is that of Clapp et al,3 who used D2O dilution technique to 
measure TBW and found that in seven infants of diabetic mothers (not all LGA), the 
value is lower than those of infants with nondiabetic mothers (73% vs. 80% body 
weight). It should be noted that not all of the infants of diabetic mothers were LGA; 
they had birth weights ranging from 1430 to 3495 g.

In the absence of good data on directly measured body water content, one may 
try to make an estimation of this parameter by indirect assessment of the data on 
body composition in these subjects.

Using dual energy x-ray absorptiometry (DEXA), Hammami et al4 measured 
the body composition of 47 LGA term infants and compared the results with a group 
of gestational age-matched appropriate for gestational age (AGA) infants. They found 
that the LGA infants had a higher absolute amount of body fat, lean body mass, and 
mineral contents. When expressed as a percent of body weight, the LGA had higher 
total body fat and mineral contents but less lean body mass. They also found that 
the increase in total body fat was highest among LGA infants whose mothers had 
impaired glucose tolerance during pregnancy.
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Intrauterine Growth Restriction or Small for Gestational Age
In contrast to LGA infants, there is abundant information regarding the body water 
composition of infants with IUGR.

As in LGA infants, infants with IUGR comprise a heterogeneous group resulting 
from maternal factors, placental pathology, or fetal causes. Maternal factors include 
such conditions as maternal undernutrition; maternal disease (e.g., preeclampsia, 
toxemia of pregnancy); or maternal exposure to adverse environmental factors such 
as smoking, alcohol, or substance abuse. Placental pathology includes such condi-
tions as placental vascular disease (e.g., preeclampsia resulting in placental vascular 
insufficiency and placental anomalies). Fetal causes include genetic abnormalities 
and fetal infection. The 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 and is a categorical rather than a continuous description of growth 
impairment. All of these limitations complicate the interpretation of body composi-
tion measurements.

Body Water and Solids in Intrauterine Growth Restriction or  
Small for Gestational Age Infants
During normal intrauterine growth, TBW content decreases from 94% of body 
weight in the first trimester of pregnancy to 78% at term caused by the accumulation 
of body solids during growth.1,2 In the first two thirds of gestation, body solids 
increase because of the accretion of protein and minerals, and there is little fat 
deposition. We know from postmortem chemical analyses that at 27 weeks’ gesta-
tion, 86% of body weight is water, 12% is fat-free dry solids, and only 2% is fat.5 
In vivo measurements in AGA preterm infants with a birth weight below 1500 g 
showed a TBW content of 83%,6 and no fat was detectable by dual photon absorp-
tiometry using 153Gd magnetic resonance tomography (MRT) in preterm infants.7 
During the last trimester of gestation, the proportion of body solids increases from 
14% to 24% of body weight because of the deposition of body fat, which is 2% of 
body weight at 27 weeks’ gestation and 10% to 15% of body weight at birth.5

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 IUGR in rats, TBW was increased, reflect-
ing the reduced deposition of body fat and protein.8 In human neonates born after 
IUGR, the TBW content of the body was also increased compared with normal 
intrauterine growth. In SGA preterm neonates, the mean TBW content was 62 mL/
kg higher than in AGA preterm neonates,9 and in SGA term neonates, the mean 
TBW content was increased by 76 mL/kg10 or by 102 mL/kg,11 respectively. No 
reduction in TBW was found in only one study of a small group of SGA neonates 
with a wide range of gestational ages12 (Table 2-2).

The relative increase in TBW in SGA neonates is caused by the reduction in 
body solids, not by an accumulation of excess water caused by 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, but there is little 
deposition of fat. A reduction in fetal lean mass during IUGR has been demonstrated 
by ultrasound measurements of the cross-sectional lean body area of the fetal thigh.13 
A reduced protein and mineral deposition early in gestation is likely to disrupt organ 
development. In fact, preterm SGA neonates have a higher mortality rate and more 
chronic lung disease than gestational age-matched preterm AGA neonates,14 and 
SGA preterm neonates are still smaller and lighter at 3 years of age than AGA preterm 
neonates.15 A recent study by Zeitlin et al16 confirmed this association.

Different from preterm SGA neonates, the increase in body water content in 
term SGA neonates reflects primarily the reduced deposition of fat. The accumula-
tion of fat is the primary cause of the physiologic reduction in TBW during normal 
growth throughout the third trimester of gestation. Aside from body water measure-
ments, several lines of evidence indicate that adipose tissue is indeed reduced  
in SGA term neonates. Reduced abdominal wall fat thickness measured by 
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Table 2-2 TOTAL BODY WATER (TBW) AND EXTRACELLULAR VOLUME (ECV) IN APPROPRIATE 
FOR GESTATIONAL AGE (AGA) AND SMALL FOR GESTATIONAL AGE (SGA)  
HUMAN NEONATES

Reference Subjects Patients (n) TBW (mL/kg) Significance Method

Cassady and 
Milstead11 
(1971)

Term (37–43 
wk)

AGA
SGA

12
23

688 ± 16
790 ± 13

P < .001 Indicator dilution 
(antipyrine)

Hartnoll et al9 
(2000)

Preterm 
(25–30 wk)

AGA
SGA

35
7

906 (833–
954)

844 (637–
958)

P = .019 Indicator dilution 
(H2

18O)

Cheek et al10 
(1984)

Term 
(≥37 wk)

AGA
SGA

7
6

749
825

Not reported Indicator dilution 
(D2O)

vd Wagen  
et al12 
(1986)

GA (34–
40 wk)

AGA
SGA

11
10

780 ± 38
776 ± 13

NS Indicator dilution 
(D2O)

Author Subjects Patients (n) ECV (mL/kg) Significance Method

Cassady44 
(1970)

Term 
(≥37 wk)

AGA
SGA

13
20

376 ± 20
419 ± 45

P = .025 Indicator dilution 
(bromide)

Cheek et al10 
(1984)

Term 
(≥37 wk)

AGA
SGA

7
6

361 ± 16
395 ± 35

Not reported Indicator dilution 
(bromide)

vd Wagen  
et al12 
(1986)

GA (34–
40 wk)

AGA
SGA

11
10

355 ± 55
344 ± 35

NS Indicator dilution 
(sucrose)

GA, gestational age; NS, not significant.

ultrasonography in a late gestation fetus was found during IUGR.17 The percentage 
of adipose tissue estimated from dual photon absorptiometry using 153Gd MRT was 
2% in SGA term neonates compared with 13% in AGA term neonates,7 and thinner 
skin folds in SGA term neonates indicated a thinner subcutaneous fat layer.18 A study 
by Lapillonne et al19 using DEXA analysis also found a reduced fat content in SGA 
near-term and term infants, although the difference did not reach statistical signifi-
cance because of the small sample size.

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 composition 
measurements are usually small, and no clinical outcomes are reported. Yet from 
anthropometric studies that include large numbers of neonates, the prognostic utility 
of body composition estimated from anthropometry can be analyzed. Body weight 
below a certain cutoff point is the parameter most often used to diagnose impaired 
fetal growth. In future studies of fetal growth restriction, weight deficit should be 
quantified and expressed on a continuous scale (e.g., 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 deficit20 and the higher the risk of low intellectual perfor-
mance in adulthood.21

Another issue that complicates the interpretation of body water changes and 
IUGR is the categorization of these infants as having symmetric or asymmetric IUGR. 
Whereas the former is often defined by clinicians as having growth restriction affect-
ing all three morphometric parameters (weight, length, and head circumference), 
the latter defines the group that has growth restriction affecting the weight but not 
the length or head circumference. It is unclear if symmetric versus asymmetric 
growth restriction is a relevant predictor of childhood growth in addition to weight 
deficit. Whereas term neonates with asymmetric IUGR were more likely to 
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demonstrate catch-up growth than preterm neonates with symmetric IUGR, preterm 
SGA neonates had restriction of childhood growth regardless of having symmetric 
or asymmetric IUGR at birth.15 Reduced adipose tissue thickness is a more sensitive 
predictor for neonatal complications in SGA neonates than weight because symp-
tomatic SGA neonates with hypoglycemia or polycythemia (or both) had a thinner 
subcutaneous fat layer than asymptomatic SGA neonates, but there was no difference 
in body weight or length between the two groups.22

In summary, fetal growth aberration significantly affects body composition. 
Accelerated fetal growth results in increase in body solids and fat with a relative 
decrease in body water. IUGR, on the other hand, results in reduction in body fat 
with a relative increase in body water. Note that the body water changes in both 
situations are relative without an absolute increase in actual contents.

Transitional Changes of Body Water after Birth
Although the mechanism is unknown, there is a universal contraction of ECW in 
infants soon after birth associated with a weight loss of 7% to 15% of body weight 
by the end of the first week. The magnitude of contraction is inversely proportional 
to maturity. Term infants have an average of 5% to 7% weight loss during the first 
week (reflecting contraction of ECW),23 but very low birth weight (VLBW)24 and 
extremely low birth weight (ELBW)25 infants may lose 10% to 15% of body weight, 
respectively, during that same time frame (Fig. 2-2). This study confirmed the 
earlier studies26,27 showing that the magnitude of reduction of ECW is directly pro-
portional to its content. It should be noted that these studies represented cross-
sectional data and did not distinguish the type of infants with reference to growth 
aberration.

It is apparent that the removal of the ECW is through the renal route. The 
evidence for this is not direct but implied based on the concurrence of reduction in 
ECW, weight loss, natriuretic diuresis, and negative sodium balance.28,29 There is 
also evidence that diuresis during the first week of life is associated with an improve-
ment in respiratory distress.30

There are virtually no data available in regards to the postnatal body fluid 
transition in LGA infants. However, there is a significant body of literature in regards 
to IUGR. Postnatal weight loss in seven SGA preterm neonates (birth weight <5th 
percentile) with a mean gestational age of 35 weeks was only 5% and was  
accompanied by a proportionate reduction in body water and body solids.31 This 
study included no information about fluid intake or diuresis and no AGA  
control group.

In another study comparing five 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 with 
a maximal postnatal weight loss of 8% in the AGA control infants. On days 4 to 6 
of life, the SGA neonates had already regained birth weight, and there was no detect-
able change in TBW or body solids; at the same postnatal age, body weight and 
TBW in the AGA neonates were significantly lower than at birth.32 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 was their altered hemodynamic adaptation. SGA preterm 
neonates did not show the postnatal increase in cardiac output observed in the AGA 
neonates.

Wadhawan et al33 recently analyzed a large database from the National Institute 
of Child Health & Human Development Neonatal Research Network to compare 
the postnatal weight loss of SGA (n = 1248) versus AGA infants (n = 8213) and 
association with the risk of death or bronchopulmonary dysplasia (BPD). They found 
that the SGA infants had less prevalence of postnatal weight loss than the AGA 
infants (81.2% vs. 93.7%, respectively; P < .001). The association between postnatal 
weight loss and death or BPD was also similar between SGA and AGA groups. They 
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suggest that clinicians who consider the association between early postnatal  
weight loss and risk of death or BPD should do so independent of gestation or  
birth weight status.33 The postnatal weight loss data also confirmed the previous 
observations.31,32

More recently, Varma et al34 analyzed a group of AGA ELBW infants (n = 102) 
and concluded that the maximal postnatal weight loss was more related to maturity 
than to clinical determinants. The association between postnatal weight loss and 
clinical morbidity clearly needs further study.

Clinical implications of Transitional Body Water 
Changes in Preterm Very Low Birth Weight Infants
Fluid therapy in the immediate neonatal period in preterm and low birth weight 
neonates has the following objectives: It (1) allows for the physiologic postnatal 
contraction of the extracellular volume to occur, (2) aims at a postnatal weight loss 
of about 10% of body weight, (3) aims at a negative fluid and sodium balance on 
days 1 to 3 of life, and (4) minimizes transepidermal water loss.35 These objectives 
can be achieved with restricted water intakes and sequentially monitoring water and 
electrolyte balance by using the daily intake, output, weight changes, and serum 

Figure 2-2 Body weight change 
in low birth weight infants. Weight 
changes of infants at 100-g intervals 
are shown. (From Shaffer SG, Quimiro 
CL, Anderson JV, Hall RT. Postnatal 
weight changes in low birth weight 
infants. Pediatrics. 1987;79:702-705, 
with permission.)
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electrolyte concentrations (particularly sodium) data in adjusting the appropriate 
amount of intake to achieve theses goals. Failure to do so will result in either dehy-
dration if inadequate amount of fluid is given or increased risk of patent ductus 
arteriosus (PDA), necrotizing enterocolitis (NEC) and perhaps chronic lung disease 
if excess fluid is given.35-39 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.40,41 The physiologic rationale behind the latter is that 
if sodium intake exceeds the requirement, the sodium retention will result in water 
excess producing the same result as in excess water intake with positive water balance.

Maintaining a negative water and sodium balance during the first week is the 
key to successful fluid and electrolyte management of VLBW infants and even more 
so for ELBW infants because the latter are at much higher risk for the morbidities 
already described. The following case presentation illustrates how a clinician can 
balance the fluid and electrolyte status of an ELBW infant by paying close attention 
to daily body weight changes in the process of prescribing the daily fluid and 
electrolyte.

Let’s take the case of a 1.0 kg AGA infant admitted to the neonatal intensive care 
unit with respiratory distress who was being cared for in a hybrid humidified incuba-
tor (Giraffe OmniBed, GE Healthcare). The latter is a new high-technology incubator 
that has been shown to be very effective in maintaining body temperature and fluid 
balance in VLBW infants.42 The initial fluid order consisted of 70 mL/kg of 10% 
glucose without electrolytes. The volume is based on the estimated insensible water 
loss for this infant of 50 mL/kg and an additional 20 mL/kg for estimated water 
required to excrete approximately 5 mOsm/kg of endogenous solute load. Table 2-3 
illustrates the potential scenario in body weight changes, intake, output data, and 
estimated insensible water loss as well as the rationale for the prescribed fluid, elec-
trolyte, and nutrition intake for this infant. The scenario clearly shows that systematic 
data collection, interpretation, and forward calculation of intakes needed ensure 
negative fluid and sodium balance in this infant during the first 72 hours. Note that 
the ECW contraction generally ceases at day 4 to 6 of life; thus, the weight should 
be unchanged. By day 6 of life, the body weight should begin to increase at 20 to 
30 g/kg, which reflects anabolic or the beginning of growth phase. A useful way of 
ensuring the appropriate fluid balance is achieved is to plot the weight changes on 
a daily basis using a standard growth chart as the one shown in Figure 2-3.

There is essentially no clinical trial about fluid therapy for LGA as well as SGA 
neonates. From the body water measurements we know that despite their “wrinkled” 
appearance, SGA neonates are not dehydrated at birth. Rather, severely growth 
restricted neonates have an expanded extracellular volume. The only study providing 
data on fluid therapy in the immediate neonatal period report an attenuated 

Table 2-3 BODY WEIGHT CHANGES, INTAKE, OUTPUT, ESTIMATED INSENSIBLE WATER LOSS 
(ILW), AND CALCULATED INTAKE THE NEXT 24 HOURS IN A 1.0-KG INFANT AT 
BIRTH

Age
Weight 
(g)

Intake 
(mL/kg)

Urine (mL/
kg)

Serum (Na 
mEq/L)

Estimated 
IWL

Fluid Next 
24 h

Sodium 
(mEq/kg)

Birth 1,000 — — — 50 70† 0

24 h 970 70 20 140 80* 100‡ 1

48 h 950 100 48 140 72 120§ 1

72 h 930 120 68 140 72 140 2

7 d 980¶ 140 60 140 50 140¶ 2

*Estimated insensible water loss = Intake – Urine output – Weight changes = 70 − 20 + 30 = 80.
†10% glucose.
‡Amino acid added.
§Fat emulsion added.
¶A gain of 20 g from the previous 24 hours.
¶IWL + Urine + Stool + Weight gain = 50 + 60 + 10 + 20 = 140.
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postnatal weight loss in SGA preterm infants receiving the same amount of fluid 
intake as weight-matched AGA preterm infants.43 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. It is probably fair to state that 
the des cription of fluid therapy above is appropriate for VLBW infants of various 
growth categories. However, future clinical trials to confirm this statement are 
desirable.
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Sodium and volume homeostasis in fetuses 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 fetuses and neonates 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 devel-
opmental changes. Whereas total body water (TBW) and extracellular water (ECW) 
gradually decrease, 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.

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

As shown by Ziegler et al,2 the sodium and chloride content per 100 g fat-
free weight, the principal electrolytes of ECW, decrease, but protein, phosphorous, 
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 increase of body potassium 
from 4.0 mEq to 4.6 mEq during the same period of gestation.2

When individual tissues of various species were analyzed separately, there were 
variations in the rate of chemical development, possibly reflecting differences in their 
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functional maturation. Interestingly, the developmental pattern of brain electrolytes 
in fetal sheep and guinea pigs followed paraboloid relationships with gestational 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.3 This 
phenomenon may represent corresponding alterations in the volume of ECW 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 investi-
gated, brain water content and sodium concentration were found to vary from high 
for the youngest cortex to low for the oldest medulla, with the respective values for 
other brain areas falling between these extremes.4

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 (VRR) develops in the brain of ovine fetuses in a region- 
and age-related fashion. Namely, in fetuses with 60% of gestation, this VRR is 
impaired when compared with more mature animals, and it starts operating in the 
younger cortex then in the phylogenetically older medulla.5 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 matu-
ration” has not been completed,6 and the immature brain is not capable of control-
ling its volume by ionic movements but rather by the accumulation or extrusion of 
the predominant organic osmolyte (i.e., taurine).7

In addition to the well-defined VRR by the cellular osmolytes, the cell mem-
brane 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 facili-
tates 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.8

A growing body of evidence suggests that complete lack, reduced expression, 
mislocalization, deficient membrane anchoring, and dysfunction of brain AQP4 limit 
transmembrane water flux and provide first-line defense mechanisms to maintain 
cerebral water balance and to protect brain volume.9

In support of this notion, Manley et al10 demonstrated that AQP4 deficiency 
protected the brain and reduced edema formation in mice exposed to acute water 
intoxication and focal ischemic stroke. Compared with their wild-type counterparts, 
the AQP4 knockout mice had less brain water content, better neurologic outcome, 
and improved survival. Almost simultaneously, our group, using a different experi-
mental model, came essentially to the same conclusion. Namely, we found that in 
response to severe systemic hyponatremia, a rapid increase occurred in the immu-
noreactivity 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 posttranscriptional AQP4 protein changes may 
potentially be accounted for by enhanced phosphorylation and subsequent altered 
conformation and immunogenicity of the channel protein.11 Phosphorylated AQP4 
has been shown to have reduced water conductivity.12 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 or α-syntrophin deficient states. Dystrophin-null 
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mice subjected to water intoxication had delayed ICW accumulation and prolonged 
survival.13 These observations indicate that whereas functioning AQP4 favors devel-
opment of brain edema, AQP4 deficiency protects against edemagenesis when 
animals are challenged by pathological 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 pro-
gressed to term.14,15 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.16 These observations provide suggestive evidence 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 VRR.

Fetal Sodium Metabolism
The dynamic interactions between maternal and fetal circulation and amniotic fluid 
(AF) 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 because they behave like a low-permeability barrier 
or contain specific transcellular transport mechanisms. In general, minerals that are 
contained in the plasma at low concentrations and are mainly intracellular or seques-
tered in bones (K+, Mg, Ca, phosphate) are transported to the fetus actively, but the 
transfer of major extracellular ions (Na+, Cl−) has great interspecies variations and 
may occur through active or passive transport.17

To accomplish normal fetal growth, the accretion rate of sodium and potassium 
has been estimated to be 1.8 mmol/kg/day, and the volume of transplacental water 
flux is approximately 20 mL/kg/day in near-term human fetuses.18

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 are slightly lower, which allows passive sodium flow to the fetus.19 
It has been well documented, however, that the placental syncytiotrophoblast is 
equipped with transport systems needed for transcellular sodium transfer. Sodium 
flux from mother to fetus is 10 to 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 bidirec-
tional and nearly symmetrical.20

Amniotic Fluid Dynamics
Although there are fairly wide variations, the volume and composition of AF undergo 
characteristic changes during gestation.21 Its volume increases from 40 mL at 11 
weeks’ gestation to approximately 700 mL at 25 weeks’ gestation and then increases 
further to reach its maximum of about 920 mL at 35 weeks’ gestation. Later in gesta-
tion, it begins to decrease to about 720 mL at term followed by a more marked 
reduction in postterm pregnancies. During the first trimester of gestation, osmolality 
and electrolyte composition of the AF correspond to fetal plasma. When the fetus 
begins to void hypotonic urine at approximately 11 weeks of gestation, AF osmolal-
ity decreases progressively with advancing gestational age to reach the value of 250 
to 260 mOsm/L near term. Sodium concentration in fetal urine decreases accord-
ingly and contributes to the generation of hypotonic AF. The low AF osmolality 
provides an osmotic driving force for the outward water flow across the intra- and 
transmembranous pathways. The volume and composition of AF during late gesta-
tion are therefore determined by fetal urine and lung fluid secretion as the two 
primary sources of AF, and fetal swallowing and intramembranous absorption as the 
two primary routes of amniotic water clearance (Fig. 3-1). Quantitative estimates 
for the dynamic state of AF sodium are presented in Table 3-1.
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Mechanisms of Placental Sodium Transfer
Convincing evidence has been provided to indicate that in rats and pigs, 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.22 The presence of Na+, K+-ATPase in the trophoblast plasma 
membrane has been demonstrated.23 Moreover, in rat placentas, the activity and 
expression of the α-subunit of Na+, K+-ATPase increase is parallel with the maternal–
fetal sodium flux during the last trimester of pregnancy.24 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 has 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.

Three isoforms of the NHE protein family (NHE1, NHE2, and NHE3) have 
been detected in the microvillous membrane of syncytiotrophoblast. NHE1 proved 
to be the predominant isoform responsible for the amiloride-sensitive maternofetal 
sodium transfer.25 NHE activity increases over gestation, and the amiloride-sensitive 
Na+ uptake by the microvillous membrane is markedly elevated in term placentas 
compared with first trimester placentas.26 A similar gestational pattern was seen for 
the expression of NHE1 and NHE2 mRNA. NHE1 protein expression did not change 
over gestation, but NHE2 and NHE3 protein showed a marked increase in their 

Figure 3-1 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. Semin Perinatol. 
1993;17:150-157, with permission.)
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Table 3-1 SODIUM AND VOLUME METABOLISM IN HUMAN AMNIOTIC FLUID

Gestational 
age (wk)

Amniotic Fluid Urine Lung Flow Calculations

Volume 
(mL)

Na 
(mEq/L)

Volume 
(mL)

Na 
(mEq/L)

Volume 
(mL)

Na 
(mEq/L)

IMD 
(mL) SD (mL)

11 40 135 11 122 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

IMD, dynamic intramembranous flow; SD, dynamic swallowed volume.
From Curran MA, Nijland MJM, Mann SE, Ross MG. Human amniotic fluid mathematical model: determination and effect of 
intramembranous sodium flux. Am J Obstet Gynecol. 1998;178:484-490.
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expression between the second trimester and term.27 Interestingly, when placental 
NHE1 activity and expression were compared 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.28 Studies to reveal 
the control mechanisms of Na+ transport by NHE in brush-border membrane vesi-
cles isolated from human placental villous tissue have shown that whereas ethyliso-
propylamiloride, the specific inhibitor of the transporter, decreased Na uptake by 
98%, benzamil, the Na channel blocker, had no effect. Similarly, the activity of NHE 
remained unaffected by cyclic AMP (cAMP), phorbol ester, insulin, angiotensin II, 
or parathyroid hormone (PTH), all known to regulate Na+/H+ exchange by the 
isoform present in the renal brush-border membrane.29 Aldosterone and cortisol 
have a rapid non-genomic stimulatory effect on the activity of NHE in human pla-
cental syncytiotrophoblast at term. This effect, however, could only be observed in 
placentas from female babies, possibly because of the low expression of gluco- and 
mineralocorticoid receptors (MRs) and 11-β-hydroxysteroid dehydrogenase-2 (11-
βHSD2) mRNA in placentas from male babies.30 These observations suggest that 
estrogen may also have an important role in regulating the expression and function 
of NHE in placental membranes.

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+, 2Cl− co-transporter and 
hydrochlorothiazide-sensitive Na-Cl co-transporter appear to be absent from pla-
cental brush-border membrane vesicles,22 although bumetanide-sensitive Na+, K+, 
2Cl− co-transporter has been shown to be expressed in BeWo cells, a human 
trophoblastic cell line.31 The involvement of epithelial sodium channel (ENaC) in 
placental sodium transport has not been confirmed; however, there has been sug-
gestive evidence for the presence and gestational increase of ENaC-α-subunit in 
the allantoic membrane and trophoblast of porcine placentas.32 Moreover, func-
tional α-ENaC has been detected in the apical membrane of normal human syncy-
tiotrophoblast, but neither mRNA nor protein expression of α-ENaC could be 
identified in preeclamptic placentas, suggesting the role for placental sodium trans-
port in the pathophysiology of preeclampsia.33 The substrate-specific (phosphate, 
amino acids) co-transporter mediated Na uptake by the microvillous membrane of 
the syncytiotrophoblast has been widely accepted.29

The placenta has been claimed to act as a nutrient sensor because placental 
transport functions are altered according to the maternal nutrient supply. Indeed, 
whereas intrauterine growth restriction is associated with the reduction of a number 
of placental transporters, accelerated fetal growth is characterized by increased activ-
ity in these transporters. Evidence has been provided that these placental transport 
alterations are the result of specific regulation rather than representing a conse-
quence of altered fetal growth.34

Fetal Homeostatic Reactions
Fetal sheep infused intravascularly with normal saline had a modest increase in AF 
volume and a substantial increase in urine flow rate. These increases roughly equaled 
the intramembranous absorption that occurred in parallel with an increase in vas-
cular endothelial growth factor (VEGF) gene expression in the amnion, chorion, and 
placenta. Based on these findings, it has been suggested that the increased intra-
membranous absorption induced by volume-loading diuresis may be mediated by 
VEGF via stimulating active transport processes.35

Persistent fetal diuresis can also be induced by maternal administration of 
DDAVP (desmopressin) combined with oral water load. Water retention results in 
maternal hyponatremia followed by a slow decline in fetal plasma sodium and 
increased fetal urine flow. Fetal diuresis has been assumed to be attributable 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 
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flow rate to fetal plasma sodium concentration and by the persistent diuresis despite 
placental osmotic equilibrium.36

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.37 By contrast, long-term hypertonic NaCl infusion into 
late-gestation fetal sheep caused a significant increase in fetal plasma sodium, chlo-
ride, and osmolality, but their values in the maternal plasma remained unaltered. 
Most of the infused sodium and chloride was excreted by fetuses in large volumes 
of hypotonic urine. There was a transient increase in AF volume with unchanged 
osmolality and sodium concentration. Interestingly, because the infused NaCl was 
retained neither in the fetus nor in the AF, 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.38

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 decrease in fetal renal sodium excretion, however, 
accounted for only about 11% of total sodium conservation; the rest of the com-
pensation was achieved by the mother.39

All of 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 fetomaternal control mechanisms comes into operation to 
restore volume and salt balance to normal. The control of fetal homeostatic mecha-
nisms operating to limit or enhance salt and fluid flux across the kidney or fetal 
membrane barriers has not been clearly defined. However, there have been reports 
that in addition to the traditional volume regulatory hormones, prolactin plays an 
important 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 AF sodium concentration and osmo-
lality but an inverse relationship with AF volume, suggesting the suppression of 
hypotonic fetal urine excretion.40 The additional roles of maternal and AF prolactin, 
derived from maternal decidua in fetal-AF salt and water balance, have also been 
proposed.41 In good agreement with these findings, we have demonstrated signifi-
cantly elevated plasma prolactin levels in full-term newborn infants presenting  
with idiopathic edema42 and an increase in plasma prolactin in sodium-depleted low 
birth weight (LBW) premature infants and its restoration to normal levels when 
supplemental sodium was given.43

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 corre-
sponds to the isotonic contraction of ECW and the disposal of excess sodium and 
water through the kidney.44 It is greater and lasts longer in infants with less advanced 
maturation.45 The weight loss and the contraction of ECW is a physiologic adapta-
tion 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. 
Longitudinal studies to assess changes in body composition of preterm neonates 
with and without respiratory distress syndrome (RDS) during the immediate post-
natal 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.46 Contrasting reports have been published by others 
showing some evidence for tissue catabolism and for failure to gain solids.47-49

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.50

In LBW premature infants, the initial weight loss of 15% or more is confined 
to the extravascular ECW. Plasma volume remains unchanged, and there are no 
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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.51

It has recently been shown that the interstitium has its own regulation; its 
volume and sodium content are controlled by local, tissue-specific molecular mecha-
nisms. In animals on high-salt diets, tissue sodium is bound to glycosaminoglycans 
(GAGs) and stored in the skin interstitium in excess of water. The water-free sodium 
fraction generates local hypertonicity, which initiates regulatory cascade, including 
macrophage-driven and tonicity-responsive enhancer binding protein (TonEBP), and 
VEGF-C-mediated hyperplasia of lymphocapillary network. The expanded subcuta-
neous lymphatic system collects tissue fluid from the interstitial extracellular space 
and drains sodium and water back to the circulation.52 This mechanism may also 
be implicated in the selective reduction of the interstitium that occurs in early post-
natal life because all elements of the system are present in the neonatal tissues. The 
GAG content of the immature skin is particularly elevated, which can bind and store 
sodium and can increase local tonicity. A compromised function of this local regula-
tory pathway may result in retention of interstitial fluid and persistent expansion of 
ECF compartment with related morbidities.

Renal salt wasting and hyponatremia during early postnatal weight loss in LBW 
prematures is not compatible with isotonic contraction of ECW; rather, it indicates 
that these infants are not capable of maintaining the volume of their ECW within 
the physiologic limits.

Cheek53 has developed the concept that there was a significant decrease in cell 
water content rather than in ECW during the first days of life. MacLaurin,54 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, ECW rose slightly, and plasma 
volume remained constant. He argued that ECW is more effectively maintained than 
ICW during adaptation to early extrauterine life. In good agreement with these 
observations, Coulter and Avery55 demonstrated a paradoxical reduction in hydra-
tion of fat-free body mass (mL water/100 g fat-free body mass) in neonatal rabbit 
pups, which correlated with increasing weight gain during the first 72 hours 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 circulat-
ing plasma volume.55

The mechanisms triggering and controlling the process of initial weight loss 
have not been clearly established. Recently, it has been proposed that the postnatal 
decrease 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.56,57 However, plasma ANP does not correlate with either 
urinary flow rate or urinary sodium excretion.58

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 compartmen-
talization 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 accord-
ing to the actual need of volume regulation irrespective of its location in the cellular 
or extracellular phase.59
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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 GAGs. The interaction of the polar solid surface of 
intra- or extracellular macromolecules with water results in the formation of 
the dynamic structure of polarized water multilayer. The degree of water polar-
ization 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 hydrophilic surfaces bounded by 
a coat of structured water emerges. The range of interactions generating the 
polarized water multilayer has been variously suggested extending from nano-
meters to several micrometers. With respect to the electrical polarization and 
spatial orientation of tissue water, intra- and extracellular macromolecules there-
fore create microcompartments with different size and stability. The extent of 
water polarization is assumed to be proportional to the limitation of tissue water 
mobility.60,61

Determination of Motionally Distinct Water Fractions
Proton nuclear magnetic resonance (H1-NMR) measurements have been applied to 
assess quantitative changes in tissue water mobility because they provide 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 T2 relaxation decay curves has been applied.62

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 to 4 days of life. Rabbit pups of one group were nursed 
conventionally by their mothers, suckling ad libitum, and the other group included 
pups separated from their mothers and completely withheld from fluid intake.59

Biexponential analysis of the T2 relaxation curves revealed that the bound water 
fractions amounted to 42% to 47% in the skin, 50% to 57% in the muscle, and 34% 
to 40% in the liver, respectively, of the total tissue water. This pattern of distribution 
did not change either with age or fluid intake. By contrast, the percent contribution 
of bound water fraction in the brain fell progressively from 61% at birth to 3% to 
4% at the age of 72 to 96 hours. In response to complete fluid deprival, the reduc-
tion of bound water fraction was accelerated to attain a value of as low as 4% already 
on the first day of life.

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. In the brain, loosely bound water (48%–94%) also predo-
minated over the free (3%–49%) and tightly bound water fraction (3%–29%). 
Starving pups responded to fluid deprivation with a three- to sixfold decrease in 
the tightly bound water and with a simultaneous fourfold increase in the free 
water fractions.

The postnatal increase of the free water fraction can be regarded as supportive 
evidence for restructuring brain water 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.
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Role of Hyaluronan 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.63 During the fetal and neonatal periods, HA concentration 
in the lung tissue is elevated and inversely proportional to the maturity of the 
neonate. Its role as a determinant of tissue water content during pulmonary adapta-
tion has been established.64

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 whereas that the T2-derived free water fraction increased, 
the bound water fraction decreased progressively with advancing maturation. HA 
correlated 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.65

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.66

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 physiologic 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.67

Inducing water diuresis by increased body hydration results in elevated HA 
content in renal papilla, but 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.68

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.69

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 chal-
lenged 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  
neonate70-74 (Fig. 3-2). 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 
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to result from isotonic contraction of expanded ECW present at birth and the dis-
posal 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 an increased incidence 
of patent ductus arteriosus (PDA), cardiac failure, bronchopulmonary dysplasia 
(BPD), necrotizing enterocolitis (NEC), and intracranial hemorrhage (ICH), all con-
ditions known to relate to fluid overload and protracted expansion of ECW.

Tang et al46 have shown that loss of body water after birth occurs to the same 
extent in healthy preterm infants and in babies with RDS and is unrelated to the 
volume of fluid administered.

Bell and Acarregui75 reviewed the results of randomized trials on water restric-
tion and BPD and concluded that although there is a trend for lower incidence 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 meta-
analysis, the most prudent prescription for water intake to premature infants seems 
to be careful restriction of water intake so that physiologic needs are met without 
allowing significant dehydration.

Recently, Oh et al76 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.77-79

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 
1-week-old newborn infants with gestational ages of 31 to 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 

Figure 3-2 Scattergram showing the inverse correlation 
between fractional sodium excretion and gestational age. 
(From Siegel BR, Oh W. Renal function as a marker of human 
fetal maturation. Acta Paediatr Scand. 1976;65:481-485, with 
permission.)
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plasma renin activity and aldosterone status strongly suggests that the adrenal glands 
of premature infants do not respond adequately to stimulation in the first week of 
life. Urinary aldosterone excretion was found to relate inversely to renal sodium 
excretion, but directly to sodium balance (Fig. 3-3). These findings indicate that the 
improvement of renal sodium conservation and establishment of positive sodium 
balance with increasing maturation is causally related to aldosterone secretion and/
or renal tubular aldosterone reactivity.80

Clinical and experimental studies attempting to define the nephron segments 
responsible for urinary sodium loss indicate that the higher fractional sodium excre-
tion in premature infants is caused by deficient proximal and distal tubular reab-
sorption of sodium. With advancing gestational and postnatal ages, significant 
improvement occurs in renal sodium conservation.81,82

Aldosterone-mediated distal reabsorption improves more rapidly to keep up 
with the sodium load presented to this nephron site.83,84 According to the concept 
of glomerulotubular imbalance, there is a morphologic and functional prepon-
derance of glomeruli to proximal tubules in immature nephrons. Consequently, it  
is argued that a greater fraction of glomerular filtrate escapes proximal tubular 
reabsorption.85,86

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.87-89

Figure 3-3 Sodium balance and the activity of the renin-angiotensin-aldosterone system in 1-week-old newborn 
infants with gestational ages of 30 to 41 weeks. PA, plasma aldosterone concentration; PRA, plasma renin activity; 
UAE, urinary aldosterone excretion. (From Sulyok E, Németh M, Tényi J, et al. Relationship between maturity, elec-
trolyte balance and the function of the renin-angiotension-aldosterone system in newborn infants. Biol Neonate. 
1979;35:60-65, with permission.)
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It is of note, however, that the distal nephron also exhibits immature sodium 
transport characteristics consisting of high passive permeability, low baseline active 
transport, and mineralocorticoid unresponsiveness with low density and activity of 
aplical Na+ channels.90,91

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 NHE via electro-
neutral 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 spanning domains with an intracellular C-terminal 
region. Their amino acid sequences show 45% to 65% homology. The six isoforms 
vary in terms of cellular location to the apical or basolateral membrane, amiloride 
sensitivity, and mode of regulation.92

NHE3, which predominantly mediates sodium-dependent apical proton secre-
tion in the proximal tubules, is stimulated by the low intracellular sodium generated 
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 with mature animals.88,89,93

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 expres-
sion, and NHE3 protein levels has been demonstrated, which can be accelerated 
with glucocorticoids in newborn rabbits but not with angiotensin II in fetal sheep.94,95 
Furthermore, thyroid hormones and the surge in circulating catecholamine levels 
and increased sympathetic nerve activity at birth have also been claimed to enhance 
NHE activity.96,97

Because glucocorticoids upregulate α-adrenergic receptor mRNA expression in 
proximal tubules, glucocorticoids may also potentiate the effect of catecholamines 
to increase NHE activity.98 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.99

It is of note that the progressive increase in renal Na+-H+ exchange with advanc-
ing gestational and postnatal age was described long before the discovery of the  
NHE system.100

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. Interest-
ingly, 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 posttranscriptional regula-
tion. PTH has been shown to inhibit, but growth hormone and insulin-like growth 
factor increase the Na-Pi-mediated sodium and phosphate uptake.101

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 and 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  
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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 diminishing proximal 
tubular sodium reabsorption.102

Molecular Basis of Distal Tubular Sodium Reabsorption
There have been several reports to reveal developmental regulation of sodium trans-
port in the cortical collecting duct (CCD), a nephron segment that plays an impor-
tant role in determining sodium excretion in the final urine. Vehaskari,90 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 2 weeks of life followed by 
the second stage, an increase in active transport capacity and simultaneous develop-
ment of mineralocorticoid responsiveness. Vehaskari90 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 caused by a decreased number of Na channels, and (4) decreased 
conductance of the existing channels.

The amiloride-sensitive ENaC is made of three homologous subunits, named 
α, β, and γ ENaC. The α-ENaC subunit expressed alone is for channel function and 
can drive sodium absorption. The β and γ subunits have been demonstrated to 
stabilize the channel and to allow proper insertion into the membrane. The expres-
sion of the three subunits together induces a multiple increase in the amiloride-
sensitive sodium flux compared with the α-ENaC alone.103 The expression profile 
of α-ENaC mRNA is very similar to that of α1 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 α-ENaC and α1 Na+, 
K+-ATPase mRNA, which reaches a plateau after birth. Furthermore, α-ENaC 
mRNA correlates directly with α1 Na+, K+-ATPase mRNA, suggesting that the renal 
expression of these transporters is regulated by common factors during the  
perinatal period.104

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 to 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 or 
impaired targeted trafficking of the channel protein may also be implicated.105

As channel proteins are redistributed to the apical membrane, they undergo 
hormone-dependent processing, which includes proteolytic cleavage and further 
glycosylation of the channel subunits.106 These biochemical pathways may be com-
promised in the perinatal period and may limit the accumulation of mature channel 
protein at the apical surface.

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 
of conducting apical ENaCs in principal cells of the CCD and to the lower open 
probability of these channels in the first week than later after the second week  
of life.107

A markedly increased abundance of the transcripts of all three ENaC subunits 
has been observed in the last 3 to 4 days of fetal life in rats. After birth, only modest 
changes could be detected with increasing α and decreasing β and γ subunits. Inter-
estingly, as the kidney matures, the expression of the ENaC subunits is redistributed 
from the inner medullary collecting duct to the CCD.108
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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  
prenatal expression of α subunit but did not affect the expression of β and γ 
subunits of renal ENaC.109

The different response is assumed to be the result of metabolization of the 
endogenous glucocorticoids by the kidney. In fact, abundant 11 β-HSD2 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 MRs is 
involved in protecting steroid receptors and in controlling glucocorticoid action in 
developing renal tissues.110

In a comprehensive study, Martinerie et al111 made an attempt to characterize 
the developmental pattern of the expression of MR isoforms, 11 β-HSD2 and α-
ENaC, the key players of the mineralocorticoid signaling pathway in murine and 
human kidneys. During renal development, a biphasic temporal expression of MR 
was demonstrated with a transient peak between 15 and 24 weeks of gestation fol-
lowed by low MR expression in late gestational and neonatal kidney and a progres-
sive increase thereafter. This cyclic MR expression was tightly correlated with the 
evolution of 11-β-HSD2 and α-ENaC, implying that the low renal MR expression 
at around birth may be involved in renal tubular unresponsiveness to aldosterone 
and compromised sodium handling by the immature kidney.111

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 techniques 
and in situ hybridization, these transport proteins have been found to begin to  
be expressed in early nascent tubular segments. Along with the structural differentia-
tion 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.112 The physiologic sig-
nificance of the transcription of these transport proteins early during development, 
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 glomerular filtration rate (GFR), 
urine output, and fractional sodium excretion contributes to renal salt wasting. 
Lorenz et al113 identified three distinct phases of fluid and electrolyte homeostasis 
in LBW premature 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 postdiuretic 
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.113,114

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

Bueva and Guignard115 also concluded that by providing restricted fluid intake 
with low sodium (1–2 mEq/kg/day), premature infants with birth weights of 1000 
to 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 
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concentration, however, fell to a level of 132 mEq/L at postnatal age of 15 to 16 
days. In their view, the high rate of sodium excretion is iatrogenic in nature and may 
be caused by 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 al116 conducted a longitudinal prospective study of 
very LBW (VLBW) premature infants with gestational ages of 23 to 31 weeks to 
measure parameters of sodium balance weekly for 5 weeks. Fluid intake did not 
exceed 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. 3-4). A state of positive sodium balance was not consistently 
detected until after approximately 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 α-ENaC mRNA expression in human kidney homog-
enates obtained from fetuses of 20 to 36 weeks’ gestation. Most importantly, they 
could demonstrate for the first time the developmental regulation of the expression 
of α-ENaC, the channel protein that mediates the final excretion of sodium during 
gestation in humans. They identified a significant increase of approximately 25% in 
α-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.

Because the current clinical practice of fluid management of LBW premature 
infants is quite variable, it is imperative to establish clinical and laboratory param-
eters 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 therapy 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 
that 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 3-2).

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 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 technique of distal nephron blockade 
have identified the distal nephron as the site where fractional sodium reabsorption 
increases as development proceeds.117,118

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-angiotensin-aldosterone (RAAS) to suppression by 
volume expansion with isotonic saline infusion.119 However, in newborn dogs, 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.120
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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 premature 
infants than in children 8 to 14 years of age.72,121

The postnatal development of the natriuretic response to salt challenge is accel-
erated by dietary manipulation. Chronic sodium loading augmented a natriuretic 
response to acute volume expansion in pre-weaned rats, but the renal response is 
incomplete and independent of GFR and plasma ANP levels.122

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 NaHCO3 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 natri-
uresis is probably different. With sodium chloride loading, sodium delivered to the 
distal nephron is reabsorbed with chloride in the thick ascending limb of Henle 
loop, but with sodium bicarbonate loading, sodium is reabsorbed in the late distal 
and cortical collecting tubules in exchange for potassium and H+.123

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.124

Intestinal Sodium Transport
Sodium absorption from the gastrointestinal tract is efficient. Fecal sodium excretion 
is usually less than 10% of the intake in VLBW premature infants and does not vary 
significantly with age over the period of 2 to 7 postnatal weeks.78

Table 3-2 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 (mL/
kg/day) Weight Loss (%)

Intake (mL/
kg/day)

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

*Initial weight loss of no more than 12% to 15% of birth weight was allowed. In the Neonatal Research Network, the study 
subjects had mean birth weight and gestational age of 736 g and 25.4 weeks in the bronchopulmonary dysplasia (BPD) 
group and 815 g and 26.7 weeks in the BPD-free survivors group.
Adapted from Bell EF, Acarregui MJ. Restricted versus liberal water intake for preventing morbidity and mortality in preterm 
infants. Cochrane Database Syst Rev. 2001;(1):CD000503; Bueva A, Guignard J-P. Renal function in preterm neonates. Pediatr 
Res. 1994;36:572-577; and 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. J Pediatr. 
2005;147:786-790.
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Al-Dahhan et al,125 investigating the development of intestinal sodium han-
dling, 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 newborn than in adult 
rabbits, and it is assumed to be accounted for by the high circulating aldosterone 
levels in neonates.126

Studies on the ontogeny of colonic sodium transport in early childhood have 
shown the highest sodium absorption rate in preterm infants with gestational ages 
of 30 to 33 weeks. This decreases in parallel with the decrease of plasma aldosterone 
as gestational 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 counter-
balances urinary sodium loss.127

Disturbances in Plasma Sodium Concentrations
Early-Onset Hyponatremia
Hyponatremia (plasma sodium <130 mEq/L) occurring in the first week of life is 
designated as an early type of hyponatremia. It is attributed to water retention, 
but sodium depletion may also contribute. It occurs in association with excessive 
free water infusion into the mother with perinatal pathology causing non-osmotic 
release of antidiuretic hormone128 and with salt-restricted parenteral fluid 
regimen.129

Placental permeability to sodium in human fetuses increases as gestation pro-
gresses so that free water is more readily retained early than late in gestation.130

Infants born to mothers on a diet deficient in sodium are also at risk for early 
hyponatremia.131

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 duration 
are influenced by the maturity of the neonate and the feeding protocol applied. In 
the early study by Roy et al,79 when fluid intake was liberal (150–200 mL/kg/day) 
and only 1.6 m/Eq/kg/day sodium was given, late hyponatremia occurred in 30% 
to 40% of VLBW infants (Fig. 3-5). When the daily sodium intake was increased to 
3 mEq/kg/day, late hyponatremia was reduced to less than 10% and was practically 
eliminated when sodium intake was further increased.78,79

Shaffer and Meade132 observed lower plasma sodium concentration in infants 
receiving 1 mEq/kg/day than in those receiving 3 mEq/kg/day sodium over 30 days; 
however, the pattern of sodium balance remained similar.

Lorenz et al133 maintained plasma sodium in the normal range when they 
administered a low-sodium intake (≈1 m/Eq/kg/day) and restricted fluid (60–
80 mL/kg/day), resulting in a weight loss of 13% to 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 VLBW infants. They 
concluded that no sodium supplement is needed.

Costarino et al129 compared a salt-restricted parenteral fluid regimen with a 
sodium-supplemented maintenance regimen (3–4 mEq/kg/day) for the treatment of 
extremely LBW (ELBW) infants during the first 5 days of life. Whereas maintenance 
sodium intake resulted in a nearly zero sodium balance, 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 conc-
entrations 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 BPD in the sodium-restricted 
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group. The authors conclude that sodium intake should be restricted and the  
least amount of IV fluid 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 require-
ments during the second and third weeks, a period of rapid growth, when late 
hyponatremia develops. 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, limiting water intake does not address the sodium deficit; it aggravates 
volume depletion.

The study by Wilkins134 argues against sodium restriction; LBW infants excreted 
excessive amounts of sodium and severe sodium depletion developed during the 
first 2 weeks regardless of plasma sodium concentration. However, after some initial 
increase, plasma sodium decreased progressively and often culminated in profound 
and prolonged hyponatremia.

Interestingly, Shaffer et al135 noted late hyponatremia in association with reduced 
ECW in six 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 randomized controlled trial, Hartnoll et al136,137 compared the effects of 
early (on the second day after birth) and delayed (when weight loss of 6% of birth 
weight was achieved) sodium supplementation of 4 mmol/kg/day on body composi-
tion and sodium balance in infants of 25 to 30 weeks’ gestational age. In the delayed 
group, there was a significant reduction in TBW and ECW by the end of the first 
week, but 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 

Figure 3-5 Postnatal course of plasma Na+, K+, and Cl− concentra-
tions in very low birth weight infants. Admission (Adm.) specimen is 
the baseline specimen at a mean age of 18 days. (From Day GM, 
Radde IC, Balfe JW, Chance GW. Electrolyte abnormalities in very 
low birth weight infants. Pediatr Res. 1976;10:522-526, with 
permission.)
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was concluded that early supplementation can delay the physiological water loss, 
which may cause an increased risk of continuing oxygen requirement not mediated 
by alterations in pulmonary artery pressure, but rather by retaining interstitial lung 
fluid, lowering lung compliance, and exacerbating respiratory compromise.

Bell and Acarregui138 also reported a significant association of restricted fluid 
intake with increased postnatal weight loss, reduced risk of PDA and NEC, and a 
clear tendency to reduce the risk of BPD, ICH, and death.

Early introduction (0–24 hr. vs. 36–48 hr.) of total parenteral nutrition (TPN) 
and moderate sodium combined with restricted fluid intake had no apparent influ-
ence on serum sodium and potassium levels but caused a reduced diuresis and lower 
postnatal weight loss in association with better weight gain at days 14 and 21 after 
birth. With respect to the similar clinical outcomes, maintained fluid balance and 
improved energy status and growth in the early intervention group early initiation 
of TPN with restricted fluid intake is recommended.139

Our own supplementation policy proposes to give extra sodium at a dose of 3 
to 5 mmol/kg/day and 1.5 to 2.5 mmol/kg/day for 8 to 21 days and 22 to 35 days, 
respectively. Delayed sodium supplementation does not interfere with cardiopulmo-
nary adaptation but ensures positive sodium balance and maintains normal plasma 
sodium concentrations. Moreover, supplemental sodium prevents the excessive acti-
vation of RAAS, and plasma renin activity, plasma aldosterone concentration, and 
urinary aldosterone excretion remain within the limits characteristic for healthy full-
term neonates140 (Fig. 3-6).

Figure 3-6 Postnatal development of plasma renin 
activity (PRA), plasma aldosterone concentration (PA), 
and urinary aldosterone excretion (UAE) in premature 
infants with and without NaCl supplementation during 
the first 6 weeks of life. (From Sulyok E, Németh M, 
Tényi I, et al. Relationship between the postnatal devel-
opment of the renin-angiotensin-aldosterone system 
and electrolyte and acid-base status of the NaCl-
supplemented premature infants. In: Spitzer A, ed. The 
Kidney during Development. Morphology and Func-
tion. New York: Masson Publishing, 1982, pp. 272-281, 
with permission.)2
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Reduction of flow-dependent urinary sodium excretion141 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 exces-
sive activation of RAAS only, which indicates some extent of volume depletion, 
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 
LBW neonates who have compromised renal function is the most common cause of 
neonatal hypernatremia. This hypernatremia can be reduced or avoided by decreas-
ing the concentration of the sodium bicarbonate given and the amount infused. 
VLBW infants are also at risk for developing hypernatremia from extremely high 
insensible water loss. This is augmented when radiant warmers and phototherapy 
are used142 and by the limited ability of the immature kidney to concentrate urine 
and reabsorb free water.143

Attempts should be made to reduce insensible water loss, carefully monitor 
water balance, and 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 who develop 
renal salt wasting often become sodium depleted and hyponatremic. Premature 
infants with late hyponatremia generally are asymptomatic. However, some develop 
apnea and neurologic symptoms such as irritability and convulsion.

Sodium chloride makes a major contribution to plasma osmolality. As a result, 
the decrease in plasma sodium is accompanied by a parallel decline in plasma osmo-
lality. A decrease in cell solute content, which occurs in chronic hyponatremia, lowers 
the increase in cell volume that initially occurs with hyponatremia. The concentra-
tions of intracellular organic osmolytes decrease; these include taurine, myoinositol, 
phosphocreatine, glutamate, glutamine, and glycerophosphorylcholine. Central AVP 
and ANP have also been shown to participate in brain volume regulation. When the 
brain is exposed to severe hyponatremia, AVP accelerates and ANP reduces cellular 
water accumulation.144 AVP action is V1-receptor mediated, and it has been claimed 
to stimulate water flux via AQP4, the brain-specific water channels, directly.145

It has also been proposed that the V1-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 (benza-
mil, amiloride analogues) prevent cellular swelling and an increase in brain water 
content.146 These findings may have relevance to hyponatremic premature infants 
because during the period of early or late hyponatremia, preterm infants may 
encounter increased AVP secretion.147

During correction of hyponatremia, the reaccumulation of organic osmolytes is 
delayed after the return of plasma sodium to normal. Rapid correction of hypona-
tremia may be associated with neurologic lesions, typically designated as central 
pontine myelinolysis, although sustained deprivation of organic solute alone may 
also have adverse effects.148

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, but there have been reports implicating 
apoptosis-mediated death of oligodentrocytes as a significant contributor to the 
demyelination. Proapoptotic markers have been detected in glial cell cytoplasm, and 
there is evidence of activated caspaces to initiate proteolytic cascade.149

Others have assumed the role of blood–brain barrier disruption, activation  
of the complement cascade, complement-induced oligodentrocyte lysis and 
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imm unologic destruction of white matter in the process of demyelinolysis.150 This 
immune-mediated mechanism is supported by the prevention of blood–brain barrier 
disruption and of the severe neurologic impairment when dexamethasone treatment 
was applied.151

Sodium deficiency during gestation in rats is associated with impaired brain 
growth and alterations in brain cholesterol, protein, and RNA content.152 Accord-
ingly, there are data indicating that neonatal sodium deficiency may have unfavorable 
influences on later development of cognitive and mental functions,153 and severe 
hyponatremia (duration and rate of correction) may be a risk factor for sensorineural 
hearing loss, cerebral palsy, ICH, and increased mortality in neonates who experi-
enced perinatal asphyxia.154 Furthermore, LBW newborn infants encountering neo-
natal hyponatremia had increased sodium intake as adolescents.155

Sodium depletion has been associated with retarded growth in height and 
weight in animals and humans, and 3 mM/kg/day sodium chloride supplementation 
in VLBW premature infants has been shown to improve growth, protein synthesis, 
and bone mineralization.156 Young rats with diet-induced sodium deficiency have 
reduced RNA concentrations and exhibit decreased rates of protein synthesis in 
skeletal muscle.157

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.158 Premature infants with late hypona-
tremia have been shown to have reduced concentrating performance because of their 
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 retention and 
further worsening of hyponatremia.159

Since Barker160 put forward the hypothesis of fetal origin of some adult diseases, 
many studies have been published to confirm the association of LBW and hyperten-
sion in adult life. Despite 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, enlarge-
ment of glomerular volume, and alterations in renal sodium handling and adreno-
cortical hormones are likely to have an impact on blood pressure.161

It is also to be considered that in LBW premature infants the responses of salt-
retaining hormones to renal salt wasting and sodium depletion, particularly the 
excessively activated RAAS, may have far-reaching consequences on the later course 
of blood pressure control. Indeed, it may trigger inflammatory response and oxygen-
derived free radical production and may compromise endothelial function as  
reflected by the elevation of asymmetric dimethylarginine, a marker and mediator 
of endothelial dysfunction.162 It appears likely that not the systemic or brain renin–
angiotensin system (RAS) but rather the intrarenal RAS with upregulated angiotensin 
II type I receptor is involved in this process. In support of this notion, angiotensin-
converting enzyme inhibitor has been demonstrated to have a long-lasting suppres-
sive effect on the development of hypertension.163

Clinical Consequences of Excessive Sodium Intake
Excessive use of hypertonic sodium bicarbonate for the correction of severe meta-
bolic acidosis associated with perinatal asphyxia and RDS causes hypernatremia. 
Inadvertent sodium load may also contribute; it was found to amount to 5.8 mEq/
kg/day on day 1 followed by a steady decline to a level of 1.8 mEq/kg/day on day 
5 in premature infants with birth weights less than 1000 g.164 Hypernatremia 
increases the risk of neonatal ICH in term and preterm infants. Increased sodium 
intake on each of the first 3 days after birth is associated with grade II to IV intra-
ventricular hemorrhage in VLBW infants even after adjustments for gestational  
age, severity of illness, respiratory factors, and gender.165 The rapid osmotic shift of 
fluid from ICW leads to cell dehydration, brain shrinkage, and tearing of the  
cerebral capillaries.166
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In immature animals, cerebral cell volume regulation is well developed to 
maintain brain size in the face of hypernatremic stress. The elevated brain water 
content is associated with an 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 
osmoprotection 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.7

High fluid and sodium chloride administration, which offsets the physiologic 
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 LBW 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 clear-
ance167 and development of delayed-onset peripheral edema, signs of increased 
intracranial pressure, and congestive heart failure.168

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 6 
months of life encountered lower blood pressure at the end of the trial and 15 years 
later.169 By contrast, high sodium intake in late gestation or in infancy generates 
oxygen free radicals and low-grade inflammation that may cause endothelial dys-
function and hypertension later in life.

In view of the widespread untoward clinical consequences of inadequate or 
excessive sodium intake, sodium supplementation in LBW neonates should be tai-
lored 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
Studies from our laboratory provided evidence that acid–base regulation and renal 
sodium handling are closely related in the neonatal period.170

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 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.

All of these observations are in line with the low activity of renal NHE3 in early 
life and its steady increase with advancing maturation.
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CHAPTER 4 

Potassium Metabolism
John M. Lorenz, MD

d Normal Metabolism
d Developmental Physiology
d 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 to 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 to 5 mmol/L. (In interstitial fluid water, with which ICF K is in equilib-
rium, [K+] is 7% to 8% higher because of 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 4-1 shows the distribution and regulation of total body K in normal 
adults.

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. Quantita-
tively, skeletal muscle is the most important cell type in this process because the 
great majority of total body and intracellular K is contained within muscle cells. 
Regulation of the external K balance refers to the regulation of total body K content. 
Although maintenance of total body K balance depends on excretion of K, predomi-
nantly by the kidney, this is a relatively slow process. In adults, daily K intake 
(50–100 mmol/day) exceeds the total K content of the ECF and only approximately 
50% of oral K load is excreted in the following 4 to 6 hours. Of the retained K, 80% 
to 90% is rapidly transported from the ECF to the ICF space. Thus, life-threatening 
hyperkalemia would result were it not for the temporary, but rapid, extracellular to 
intracellular translocation of the transient excess of K.

Regulation of Internal K Balance1

The regulation of K distribution across cell membranes is critical for cellular func-
tion. Whereas uptake of K into cells is active in exchange for Na driven by Na+, 
K+-ATPase, 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 4-2 illus-
trates the factors affecting internal K balance.

An acute increase in plasma [K+] decreases the concentration gradient against 
which the Na+, K+-ATPase pump must operate and thereby favors cellular uptake of 
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K. A chronic increase in K intake sufficient to increase plasma [K+] increases insulin-
stimulated cellular K uptake by increasing Na+, K+-ATPase abundance in muscle 
cells. An acute decrease in plasma [K+] decreases cellular K uptake by increasing the 
concentration gradient. A chronic decrease in K intake sufficient to decrease plasma 
[K+] decreases insulin stimulated cellular K uptake by decreasing Na+, K+-ATPase 
abundance in muscle cells.

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. β-Adrenergic stimulation promotes K uptake by hepatocytes, skel-
etal, and cardiac muscle via β-2 receptors. Conversely, β-adrenergic blockade impairs 

Figure 4-1 Total-body potassium distribution and regulation in a 70-kg adult under normal conditions. 
ECF, extracellular fluid; ICF, intracellular fluid. (From Williams ME, Epstein FH. Internal exchanges of potassium. 
In Seldin DW, Giebisch G (eds). The regulation of potassium balance. New York, Raven Press, 1989, pp. 3-29,  
with permission.)
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Figure 4-2 Factors influencing the distribution of potassium between the intracellular fluid (ICF) and extracellular 
fluid (ECF) compartments. (Modified from Schafer J. Renal regulation of potassium, calcium and magnesium. In 
Johnson LR (ed). Essential medical physiology. Amsterdam/Boston: Elsevier Academic Press, 3rd ed, 2003, pp. 437-
446, with permission.)
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cellular uptake of K. Insulin and the β-adrenergic system are important components 
of the extrarenal defense against hyperkalemia and act in both physiological and 
pathological concentrations. α-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, to maintain electroneutrality 
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 (HCO3) into cells as the result 
of an increase in plasma [HCO3

−], independent of ECF pH, may be associated with 
the concomitant uptake of K. Respiratory alkalosis does not promote 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 to 100 mmol/day of K, about the same amount as 
Na. K output occurs through three primary routes: urine, gastrointestinal tract,  
and skin.

Renal Potassium Excretion3

The kidney is the major excretory organ for K and is primarily responsible for the 
regulation of external K balance. K is freely filtered across the glomerulus. As shown 

Figure 4-3 Summary of potassium (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. ADH, antidiuretic hormone; ALDO, aldosterone; 
CCT, cortical collecting tubule; DCT, distal convoluted tubule; ICT, initial connecting tubule; MCD, medullary 
collecting duct; PCT, proximal convoluted tubule; R, reabsorption; S, secretion; TAL, thick ascending limb of the 
loop of Henle. (From Giebisch G, Wang W. Potassium transport from clearance to channels to pumps. Kidney Int 
1996;49:1624, with permission.)
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Figure 4-4 Cell models of potassium (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. 
ATP, adenosine triphosphate; TAL, thick 
ascending limb of the loop of Henle. (From 
Giebisch G, Wang W. Potassium transport 
from clearance to channels to pumps. Kidney 
Int 1996;49:1624, with permission.)
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in Figure 4-3, 60% to 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. 4-4). 
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-2Cl cotransporter. This co-transporter is driven by the electrochemical gradi-
ent generated by Na+, K+-ATPase in the basolateral membrane, which favors Na entry 
across the luminal membrane (Fig. 4-4). Reabsorption in this nephron segment 
results in the delivery of only 10% of the filtered K to the distal renal tubule (Fig. 
4-3). 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 Principal 
cells are responsible for K secretion, and intercalated cells are responsible for K 
reabsorption in the late distal tubule and CCT. Note that transport across the apical 
membrane is different in each nephron segment or cell type, but basolateral mem-
brane transport is similar.4
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Figure 4-5 Cell model of a principal cell with overview of factors known to regulate potassium (K) secretion. 
(From Giebisch GH. A trail of research on potassium. Kidney Int 2002;62:1498, with permission.)
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K secretion by principal cells is effected by the active exchange of K for Na 
across the basolateral membrane, driven by Na+, K+-ATPase5 (Fig. 4-5). A lumen-
negative voltage is generated across the late distal tubule and CCT by the apical 
entry of Na into the principal cell down its concentration gradient via epithelial 
sodium channels (ENaCs), driven by the extrusion of Na from the principal 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 principal cell 
via an ATPase sensitive, small conductance (SK) channel with a high open probabil-
ity. 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. 
Whereas SK channels are responsible for baseline K secretion, flow-dependent K 
secretion (see below) is thought to be mediated by maxi-K channels. The magnitude 
of transport of K across the principal cell then is determined by the electrochemical 
gradient across the late distal tubule and CCT and the permeability of the apical 
membrane of the principal cell to Na and K. The latter is a function of the number 
and open probability of ion specific apical membrane channels. 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 electrochemical 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 principal 
cell membrane to K by activating maxi-K channels.6 Therefore, K secretion in the 
late distal tubule and CCT is regulated by factors that affect the electrochemical 
gradient or apical membrane permeability to Na or K. Because 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 high K intake produces a more 
favorable electrochemical gradient for K secretion in the late distal tubule and CCT, 
increases the density of SK channels in the apical membrane, and stimulates aldo-
sterone secretion. Aldosterone stimulates K secretion in the late distal tubule and 
CCT by increasing the density of ENaCs (by recruitment of intracellular channels 
and de novo synthesis) and increasing Na+, K+-ATPase activity in the basolateral 
membrane of principal cells (by recruitment of intracellular pumps and de novo 
synthesis). Na+, K+-ATPase activity is coupled to SK density in 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 
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principal cell for K secretion, a process referred to as K adaptation. It results from 
an increase in the density of SK and maxi-K channels and increased activity of ENaCs 
in the apical membrane and increased Na+, K+-ATPase activity in the basolateral 
membrane under baseline conditions. These changes are independent of aldosterone 
but depend on increased plasma [K+].

A decrease in plasma [K+] as a result of decreased K intake or increased K 
excretion decreases K secretion in the distal tubule and CCT by decreasing Na+, 
K+-ATPase activity in the basolateral membrane of principal cells, redistributing SK 
channels from the apical membrane into the cell, reducing distal tubular flow rate, 
and inhibiting aldosterone secretion. These changes decrease sodium reabsorption 
via ENaCs, which in turn decrease the driving force for K secretion. In addition, 
hypokalemia promotes potassium reabsorption by intercalated cells in the late distal 
tubule and CCT (see below). A chronic decrease in K intake results in decrease SK 
channel abundance, and H+,K+-ATPase abundance consistent with K conservation.

Acute metabolic acidosis reduces K secretion by decreasing [K+] in the 
principal cell, which reduces the electrochemical gradient for K secretion, and by 
decreasing tubular fluid pH, which inhibits apical SK activity. The effect of  
chronic metabolic acidosis is complex; it depends on associated changes in filtered 
chloride (Cl) and HCO3, distal tubular flow rate, and aldosterone. Acute respiratory 
and metabolic alkalosis stimulate K secretion in the late distal tubule and CCT  
by increasing the electrochemical gradient for K secretion and increasing tubular fluid 
pH. The latter increases the permeability of the apical membrane of the principal 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 [HCO3

−] or pH rises.7 Metabolic alkalosis also stimulates the 
basolateral uptake of K.

Vasopressin has both apical and peritubular sites of action on the principal 
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 physi-
ologic 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+/
HCO3

− 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 (H+,K+-ATPase) in the apical membrane4 (Fig. 
4-4). K depletion increases the activity of H+,K+-ATPase in the apical membrane; 
decreases apical membrane K permeability (channel not shown in Fig. 4-4), reducing 
the back leak of K into the lumen down its electrochemical gradient; and increases 
basolateral membrane K permeability. Both metabolic acidosis and Na depletion also 
increase K+-H+ exchange across the apical membrane of the intercalated cell.

Intestinal Potassium Excretion
Under normal conditions, loss of K through the gastrointestinal tract is only 5% to 
10% of dietary intake. The bulk of dietary K intake is reabsorbed in the small intes-
tine. Analogous to the kidney, gastrointestinal K output is primarily a balance  
of regulated, 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 
concentration gradient, occurs via a Na-K-2Cl co-transporter. K reabsorption is 
active, mediated by a colonic apical H+,K+-ATPase. Aldosterone, glucocorticoids, 
epinephrine, and prostaglandins increase stool K content. Indomethacin and K 
depletion reduce it.

Intestinal K excretion assumes a significant role in maintaining external K 
balance in severe renal insufficiency as the result of increase in colonic basolateral 
membrane Na+, K+-ATPase, when as much as 30% to 80% of K intake may be 
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excreted in the feces. Chronic K deprivation sufficient to decrease plasma [K+] 
increases colonic apical [K+], which increases colonic K reabsorption.

Sweat Gland Potassium Excretion
Human excretory sweat [K+] is 5 to 10 mmol/L, so K losses from the skin in sweat 
are negligible under baseline conditions. This route of K excretion is not subject to 
feedback control.

Plasma [K+]
Extracellular fluid [K+] is a function of both internal and external K balance. Because 
the ICF K pool is 50-fold that of the ECF, 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.

Feedback and Feedforward Control of Plasma [K+]8

Changes in plasma [K+] trigger appropriate changes in internal and external K 
balance mechanisms as described above via classic feedback control as illustrated in 
the top of Figure 4-6. This feedback control is robust, but can be slow to respond 
to perturbations in external K balance. Evidence is emerging of feedforward control 
of internal and external K balance in response to changes in dietary K intake (i.e., 
appropriate changes in internal and external K balance in response to these dietary 
changes) in the absence of or before associated changes in plasma [K+], as illustrated in 
the bottom of Figure 4-6.

After a meal, pancreatic insulin secretion is stimulated by absorption of glucose 
and amino acids, which in turn stimulates the cellular uptake of K by hepatocytes 
and muscle cells independent of plasma [K+]. Glucagon secretion in response to a 
protein (and thereby K) -rich meal increases the glomerular filtration rate (GFR), 
which increases distal tubular flow rate and increases the transtubular K gradient 
(the ratio of urine to plasma [K+] ÷ the ratio of urine to plasma osmolality). Both of 
these effects stimulate K secretion in the late distal tubule and CCT. In addition, as 
yet unidentified K sensors (probably in the splanchnic bed) rapidly stimulate renal 
potassium secretion and insulin-stimulated extracellular K uptake in response to a 
K-containing meal in the absence of or before any associated increase in plasma [K+].

Figure 4-6 Schematic illustration of the control of extracellular fluid (ECF) [K+] via feedback (top) versus feedfor-
ward control (bottom). (From Youn JH, McDonough AA. Recent advances in understanding integrative control of 
potassium homeostasis. Annu Rev Physiol 2009;71:384, with permission.)
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Modest decreases in dietary K intake do not result in even transient changes in 
plasma [K+]. Reduced intake is able to be sensed in the absence of even minor 
changes in plasma [K+] and, via unidentified signaling pathways, reduces both 
insulin stimulated cellular K uptake and renal K excretion by redistributing SK 
channels from the apical membrane into the cell.

Feedforward control is more rapid and more precise than, but not as robust as, 
feedback control. The combination of both provides rapid, precise, and robust 
control of plasma [K+].

Developmental Physiology
Unlike adults, in whom K homeostasis requires that the external K balance be zero, 
the external K balance must be positive for the growth of fetuses and neonates. 
Changes in fetal and neonatal total body K content during development are shown 
in Figure 4-7. This is a reflection, at least in part, of an increase in muscle mass and 
ICF [K+] in muscle during development.9 K metabolism in fetuses and neonates 
reflects this K requirement.

Fetus
K is actively transported across the placenta from the mother to the fetus. The plasma 
[K+] in canine fetuses nearly always exceeds maternal plasma [K+] under basal condi-
tions.10 Human fetal plasma [K+] is also higher than that of the mother at term, but 
not significantly so at 16 to 22 weeks.11 Thus, maternal–placental–fetal K metabolism 
is appropriately geared toward supplying the fetus with the K necessary for growth. 
The estimated maximum K accretion rate in utero is 0.8 mmol/kg/day.

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 pregnant 
female dogs fed a K-deficient diet throughout gestation, there was no difference in 

Figure 4-7 Total-body potassium (K) versus body weight. d, derived from neutron activation analysis of cadavers 
(live births of nutritionally adequate mothers surviving 1–10 days).
(Data from Ellis KJ. Body composition of the neonate. In RM Cowett (ed). Principles of neonatal-perinatal metabo-
lism. New York, Springer-Verlag 1998, pp. 1077-1095.)
, chemical analysis of cadavers.
(Data from Widdowson EM, Dickerson JWT. Chemical composition of the body. In Comar CL, Bonner F (eds). Mineral 
metabolism, vol 2, part A. New York, Academic Press, 1964, pp. 2-247.)
, sequential total body K by whole-body 40K counting in 76 breast- or formula-fed, normally growing, term 
infants at 0.5, 3, and 6 months of age. (Data from 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.)
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fetal plasma [K+], fetal total body K, fetal dry weight, or litter size at near term 
compared with control subjects.10 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 to 5 to day 21 of gestation, there was no change in fetal plasma [K+] 
and only a 10% decrease in fetal total body K at 22 days of gestation.12 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 NaHCO3.

13 On the other hand, fetuses 
do not seem to be buffered against excess maternal K. Serum [K+] of pups of rat 
dams infused with KCl to maintain serum [K+] greater than 10 mmol/L for 2 hours 
also exceeded 10 mmol/L.12

Neonate
Internal Potassium Metabolism
There are no data regarding whether there are quantitative differences between 
newborns and adults in the effect of factors controlling the distribution of K  
between the ICF and ECF spaces. However, studies in newborns confirm that 
β-catecholamine14 and insulin administration stimulate the movement of K from the 
ECF to ICF space.15,16

Renal Potassium Metabolism
Thirteen to 15 days old rat pups have been shown to have the capacity to secrete 
potassium under basal conditions.17 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 or NaHCO3 loading (or loading of both) 
in the first month of life, indicating net tubular K secretion.18 In newborn dogs, 
urinary K excretion is largely the result of amiloride-sensitive K secretion under 
basal conditions and during K loading.19 Amiloride is known to selectively block 
sodium conductance across the luminal membrane in the distal tubule via inhibi-
tion of ENaCs. 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 
adults) and that the cellular mechanisms of K secretion in this segment are similar 
to those in adults.

However, the rate of K excretion per unit body or kidney weight during exog-
enous K loading is lower in immature than mature animals.19 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 gestational age, 
29.3 ± 2.7 weeks) in the first 2 weeks of life than in term infants under basal condi-
tions but similar to that in 1- to 2-week-old term infants during 3 to 5 weeks of 
life.20 There was also a significant positive correlation between K secretion and 
postmenstrual age in the preterm infants. However, the relevance of these results to 
the developmental changes in K secretory capacity is unclear because no information 
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.21,22 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.23 Plasma aldosterone concentration is 
higher in preterm and term infants than in adults,24,25 and the density of aldosterone 
binding sites, receptor affinity, and degree of nuclear binding of hormone receptors 
are similar in immature and mature rats.24 However, clearance studies in fetuses and 
neonates and immature and mature rats demonstrate a relative inse nsitivity of the 
immature kidney to aldosterone,24-26 presumably because of a postreceptor pheno-
menon. Studies in developing rabbits suggest that K secretion in the CCT in this 
species is limited by a paucity of SK channels.27 In a study of single-nephrectomy 
specimens from 20 to 36 week’s gestation infants, steady-state expression of mRNA 
encoding the SK channel did not change during this period and was only 
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approximately one-third of that in nephrectomy specimens from 7-month-old sub-
jects.28 This could be expected to result in a decreased K secretory capacity of the 
immature distal tubule. Woda et al6 have also shown the lack of response to increased 
tubular flow rate in developing rabbits as a result of the delayed expression of maxi-K 
channels. However, the kaliuresis associated with postnatal diuresis and natriuresis 
in preterm infants29 and the development of hypokalemic hypochloremic metabolic 
alkalosis in association with loop diuretic therapy in newborns (see below) suggest 
that this finding may not be relevant to human infants.

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 to 31 weeks 
of gestation on days 4 to 5 of life, so that urinary K excretion remained low and 
unchanged over this period of gestation.30

Intestinal K Metabolism
Although the neonatal intestine is certainly capable of reabsorbing dietary K, the 
relative capacity of the neonatal colon for net K secretion is unknown. However, 
when K load stimulated levels of colonic Na+, K+-ATPase activity in premature, term, 
and 4-day-old Sprague-Dawley rats were measured, enzyme activity increased in 
response to K loading in all three groups, demonstrating that preterm and term rats 
are capable of colonic adaptation to chronic K loading.31

Na+, K+-ATPase activity, H+,K+-ATPase activity, and K transport were measured 
in the colons of near-term rat pups immediately after delivery without feeding, 
10-day-old rat pups maintained with their dams, and adult (50-day-old) Sprague-
Dawley rats fed a regular diet.32 H+,K+-ATPase activity was absent in the near-term 
colon, but activity was twice the adult level in the infant colon. Although colonic 
Na+, K+-ATPase activity increased progressively with maturation, the ratio of H+,K+-
ATPase to Na+, K+-ATPase activity was threefold higher in the rat pups than in the 
adult rat colon. As a result, K uptake in the colon was almost threefold higher. Thus, 
after birth, the infant rat colon adapts postnatally, probably in response to feeding, 
by increasing colonic reabsorption in excess of the adult to promote the greater K 
reabsorption required for growth.

Feedback and Feedforward Control of Plasma [K+]
The data discussed above confirm the existence of feedback control of plasma [K+] 
in the newborn, although at least in the case of the renal response to a K load, less 
robust than in adults. There are no data regarding feedforward control in the 
newborn. However, although the dietary intake of breast- and formula-fed infants 
is relatively high (~2–3 mmol/100 kcal or 2–3 mmol/kg/day) compared with adults 
(~1.5 mmol/kg/day), the feedforward control of plasma [K+] might be expected to 
be less important than in adults because of the regularity and frequency of feeding 
in the newborn period. However, it might be expected to be more important during 
fasting.

Clinical Relevance
Perturbations in internal or external K balance on usual K intakes (1–3 mmol/kg/
day) are unusual in neonates except under a few circumstances.

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

Nonoliguric Hyperkalemia
Plasma [K+] increases in the first 24 to 72 hours after birth in very premature infants 
even in the absence of exogenous K intake or renal failure.29,33,34 This increase results 
from the transcellular movement of K from the ICF space to the ECF space.34 This 
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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.29 The reason for and appropriateness of this shift are not under-
stood. 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.29,35-40 
The magnitude 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 to 32 weeks’ 
gestation.34 The most effective strategy for managing nonoliguric hyperkalemia when 
renal secretory capacity is so restricted is to stimulate the movement of K back from 
the ECF to ICF space with albuterol inhalation14 or insulin15,16 therapy.

Even without albuterol or insulin therapy, plasma [K+] falls with the onset of 
physiologic diuresis and natriuresis, as the associated increase in delivery of water 
and Na to the distal nephron results in marked kaliuresis. In fact, many infants with 
nonoliguric hyperkalemia become hypokalemic after the onset of diuresis and natri-
uresis if K administration is not initiated as plasma [K+] declines.29

Renal Failure
As in adults, an acute severe reduction in GFR severely reduces water and Na deliv-
ery to the distal nephron and thus restricts K secretion.

Hypokalemia
Loop and Thiazide Diuretics
Hypokalemia commonly results from loop and diuretic therapy41 (Fig. 4-8). This is 
primarily the result of the stimulation of distal K secretion by the increased delivery 

Figure 4-8 Effects of loop and thiazide diuretics on internal potassium (K) balance and K transport in the distal 
nephron. ADH, antidiuretic hormone; BP, blood pressure; ECV, extracellular volume. (From Wilcox CS. Diuretics 
and potassium. In Seldin DW, Giebisch G (eds). Regulation of potassium balance. New York, Raven Press, 1989, pp. 
325-345, with permission.)
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of water and Na delivery. However, increases in aldosterone, catecholamines, vaso-
pressin, and alkalosis (caused by contraction of the ECF) also result 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 [HCO3

−] also produces a rapid 
decrease in plasma [K+], which is caused by enhanced cellular uptake of K from the 
ECF space.
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CHAPTER 5 

Renal Urate Metabolism in 
the Fetus and Newborn
Daniel I. Feig, MD, PhD

 Uric Acid in Human Disease
 Uric Acid in Diseases of Fetuses and Newborns
 Developmental Implications and Conclusions

Uric acid is the primary endpoint of purine disposal pathways in humans and pri-
mates. Most other animals have the hepatic enzyme urate oxidase that further 
metabolizes uric acid to a more water-soluble molecule, allantoin (Fig. 5-1).1 Loss 
of this enzyme during hominid evolution to three different silencing mutations some 
24, 16, and 13 million years ago2,3 results in the accumulation of uric acid in the 
bloodstream and risk for urate-mediated pathology. Urate generation rate varies 
significantly depending on the turnover of purines, which can be effected by diet, 
cell damage, and cell turnover.4 The kidneys are responsible for most (70%–80%) 
of urate clearance.5 Thus, perturbations of glomerular filtration or tubular reabsorp-
tion or active excretion can cause significant changes in serum uric acid concentra-
tions. The combination of a lack of urate oxidase and efficient tubular reabsorption 
leads to the higher serum levels of uric acid in humans.6 In neonates and infants, 
because of rapid changes in glomerular filtration rate (GFR), serum uric acid con-
centrations can vary significantly.7

Uric Acid in Human Disease
Uric acid was first noted to be associated with human disease in the mid-1800s. 
First associated with inflammatory gout, uric acid was also implicated in hyperten-
sion and cardiovascular and renal disease as early as 1879.8 In the 1970s to 1990s, 
a number of epidemiologic studies demonstrated an association between serum uric 
acid and cardiovascular disease.9-18 Although most suggested an independent risk 
contribution, some demonstrated by multiple logistic regression that uric acid was 
not independent of other more conventional risk factors, such as renal function, 
obesity, hypertension, and hypercholesterolemia.19 Belief in a direct pathogenic role 
for uric acid waned during the 1990s as, despite epidemiologic evidence, no plau-
sible physiologic mechanism could be established.

Between 1999 and 2004, several investigators used rodent models of mild 
hyperuricemia to investigate the pathophysiology of uric acid disorders. Because 
genetic knockouts of rodent urate oxidase tended to lead to renal failure and death 
by several weeks of age, the models of mild to moderate hyperuricemia based on 
the pharmacologic inhibition of urate oxidase20-22 were used. Such experiments 
revealed that a rise in serum uric acid led to an increase in both systolic and diastolic 
blood pressure within 1 to 2 weeks.20 Initial blood pressure response was mediated 
by activation of the renin–angiotensin system and downregulation of circulating 
nitric oxide20,23-25 and could be promptly reversed by reduction of serum uric acid 
or renin–angiotensin system blockade. Sustained hyperuricemia leads to a different 
pathophysiology. If rats that have had hyperuricemic hypertension for a couple of 
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months are allowed to normalize their uric acid by withdrawal of the urate oxidase 
inhibitor, the blood pressure will return to normal as long as the rats remain on a 
low-sodium diet. If fed a high-sodium diet, the formally hyperuricemic rats have a 
sodium sensitive hypertension that is irreversible even with no further exposure  
to hyperuricemia.21 This results from uric acid–mediated geometric changes in the 
renal afferent arterioles that then cause a shift in the pressure–natriuresis curve.26 
That is to say that a high systemic blood pressure is required to excrete dietary 
sodium load.

A large number of epidemiologic studies have linked serum uric acid and risk 
of arterial hypertension27; however, the most direct evidence for a mechanistic link 
comes from studies in adolescents. It was found that serum uric acid was above 
5.5 mg/dL in 89% of adolescents with untreated new-onset primary hypertension, 
but was elevated in fewer than 30% of subjects with secondary hypertension and 
nearly absent in healthy control participants. The relationship of uric acid to systolic 
blood pressure was linear with each 1 mg/dL increase in serum uric acid being 
associated with an 8 mm Hg increase in systolic blood pressure.28 In a randomized, 
double-blind, placebo-controlled, cross-over trial of uric acid reduction, adolescents 
with newly diagnosed hypertension and hyperuricemia were randomized to placebo 
followed by allopurinol (a xanthine oxidase inhibitor) or allopurinol followed by 
placebo for 4 weeks, each separated by a 2-week washout period.29 In subjects whose 
uric acid was decreased below 5.0 mg/dL, 86% became normotensive.

Uric acid has also been associated with several other conditions. For well over 
a century, uric acid crystal deposition has been known to contribute causatively to 
the development of gout.30 Hyperuricemia also independently predicts a reduction 
in renal function in the general population.31-33 Clinically, an elevated uric acid both 
induces and accelerates established renal disease by mediating renal vasoconstric-
tion, endothelial dysfunction, and renin activation and inducing microvascular 
lesions that impair autoregulation and cause glomerular hypertension.34-37 Even in 
the context of normal renal function, elevated serum uric acid is associated with 
greater risk of renal functional decline.32,38 Recent clinical studies suggest that lower-
ing uric acid may slow renal disease progression in subjects with hyperuricemia and 
chronic kidney disease.39 Hyperuricemia also predicts hyperinsulinemia,40 diabe-
tes,15,41-44 and weight gain.14 High-fructose intake accelerates renal disease with 
identical features as hyperuricemia45; fructose also activates endothelial, renal 

Figure 5-1 Metabolism of uric acid. Uric acid is the endproduct 
of purine disposal metabolism. Xanthine oxidase catalyzes the 
oxidation of both xanthine and hypoxanthine to uric acid. A 
byproduct of these reactions is superoxide radical. Nonprimates 
have the enzyme urate oxidase that metabolizes uric acid to 
allantoin. Humans and higher primates have lost the activity of 
urate oxidase through a series of mutations. 
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tubular, and hepatic cells, and some of the effects are mediated by uric acid.46-48 
Finally, uric acid may induce inflammation. Serum uric acid levels correlate with 
C-reactive protein (CRP) levels and with microalbuminuria in humans49,50 and in 
experimental models, uric acid stimulates CRP synthesis in human vascular cells,51 
and uric acid reduction causes CRP levels to decrease.39,52

Uric Acid in Diseases of Fetuses and Newborns
The spectrum of uric acid associated-disease in newborns is different from that of 
older children and adults. Developmentally, the earliest onset of hyperuricemia is 
seen in preeclampsia. Although many of the symptoms can be explained by excessive 
placental production of sFLT1 (fms-like tyrosine kinase), a soluble vascular endo-
thelial growth factor (VEGF) antagonist, leading to partial blockade of VEGF and 
severe endothelial dysfunction,53 uric acid is consistently elevated in preeclampsia. 
It is not clear whether uric acid is causative or merely associated with the condition, 
but higher maternal levels of uric acid during early pregnancy are predictive of the 
disease.54 Uric acid can readily cross the placenta so that maternal hyperuricemia is 
transmitted to the developing fetus. Urate supersaturation of urine in newborns can 
result in the presence of an orange-pink paste seen in diapers that have precipitated 
many visits to emergency departments and pediatrician’s offices, but generally dis-
turbs parents much more than infants and can truly be considered a normal 
variant.55,56 At higher urinary concentrations, uric acid can cause perinatal kidney 
stones57 or severe melamine–urate stones in infants exposed to melamine-
contaminated formulas.58 Premature infants with hyperuricemia are at greater risk 
for the development of retinopathy of prematurity.59 As in older children, higher 
uric acid levels are seen in neonates with hypertension, with a mean value of 3.8 mg/
dL compared with 3.4 mg/dL60 in nonhypertensive children.3

Elevated uric acid concentrations are not necessarily always disadvantageous. 
Uric acid is a potentially potent antioxidant and could play a protective role against 
reactive oxygen species. Allantoin is the primary, stable oxidation product of uric 
acid, so some groups have assayed allantoin to uric acid ratios to assess the severity 
of oxidant exposure and found much higher allantoin levels in infants with severe 
chronic lung disease.61

Generation of Uric Acid
In fetuses and neonates, the generation of uric acid is entirely attributable to the 
metabolism of endogenous purines. Although high-purine foods, including beef, 
lamb, shellfish, and beer, can be important contributors to gout flares in adults, 
breast milk and infant formula are very low in purines.62 Cell turnover and the 
concomitant release of purines from nucleic acids can provide a purine load that 
raises serum uric acid.63 This is important in tumor lysis syndrome and possibly 
during severe tissue injury, but the urate-generation rate in newborns is likely more 
closely linked to the relative efficiency of hepatic xanthine oxidase and metabolic 
purine recovery via 5-phosphoribosyl-1-pyrophosphate (PRPP). The metabolism of 
sugars may also play a role in urate homeostasis. Figure 5-2 illustrates the overlap-
ping metabolism of fructose and glucose.64 The initial step of glucose metabolism is 
the 6 phosphorylation by glucokinase (also called hexokinase). The source of both 
the energy for the reaction and the phosphate is adenosine triphosphate (ATP). 
Glucokinase is inhibited by adenosine diphosphate (ADP), which prevents acute 
intracellular ATP depletion and accumulation of low-energy moieties as substrate 
for purine disposal pathways. In contrast, fructokinase, the enzyme that initiates the 
metabolism of fructose, is not inhibited by ADP, so cellular loading with fructose 
can lead to increased urate generation.65 The dominant sugar in breast milk and 
some infant formulas is lactose, a disaccharide of glucose and galactose. Some syn-
thetic infant formulas use sucrose, a disaccharide of glucose and fructose, or high-
fructose corn syrup, 45% sucrose and 55% fructose, so they could theoretically 
contribute to increased urate production; however, this possibility has not been 
tested in clinical trials.
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Glomerular Filtration Rate
Because uric acid is freely filtered by the glomerulus, the serum uric acid concentra-
tions in neonates partly depend on the GFR. Neonates, particularly preterm neo-
nates, have reduced GFR relative to older or later gestation children. Table 5-1 shows 
the serum creatinine and GFR of pre- and full term infants.7,66,67 In children of less 
than 28 weeks’ gestation, the GFR is quite low but increases with age, reaching 
mature levels within the first months of life.68 Serum creatinine falls in parallel. 

Table 5-1 MEAN SERUM CREATININE, GLOMERULAR FILTRATION RATE, AND URIC ACID 
VALUES AT VARIOUS GESTATIONAL AND POSTNATAL AGES

Age
Serum Creatinine 
(mg/dL)

Glomerular Filtration 
Rate (mL/min/1.73m2)

Serum Uric 
Acid (mg/dL)

Fractional 
Excretion of 
Uric Acid (%)

≤28 weeks’ gestation 0.66–1.31 13.4 ± 7.9 ND ND

29–32 weeks’ 
gestation

0.59–1.18 21.9 ± 16 3.6 ± 0.6 70 ± 22

33–36 weeks’ 
gestation

0.40–1.05 32.4 ± 12 3.0 ± 0.7 48 ± 17

37–42 weeks’ 
gestation

0.34–0.85 41 ± 15 2.6 ± 0.5 39 ± 14

2–8 weeks 0.20–0.60 66 ± 25 1.8 ± 0.5 16.5 ± 12.1

2 months–1 year 0.10–0.30 96 ± 22 2.2 ± 0.8 15.2 ± 10.1

ND, not determined.
Data from Rudd et al,7 Ichida,65 Schwartz et al,66 Tsukahara et al,67 Vieux et al,68 Basu et al,69 and Stapleton.70

Figure 5-2 Interrelationship between sugar and purine metabolism. The diagram depicts a simplified version of 
glucose and fructose metabolism. Glucokinase is inhibited by adenosine diphosphate (ADP) whereas fructokinase 
is not. This results in the production of excess ADP and adenosine monophosphate (AMP) as a result of fructose 
consumption, which can then be metabolized to uric acid as a result of purine disposal. On the right side of the 
figure, ribose-5-phosphate is the initiation step of purine salvage, so alterations in that pathway can also lead to 
changes in uric acid concentration. 
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Similarly, serum uric acid falls with advancing age, suggesting that some of the 
control of urate clearance is purely filtration.69 The fractional excretion of uric acid 
and the urine urate-to-creatinine ratios are extremely high in preterm neonates but 
are much lower in full-term and older infants.69,70 This may be in part compensatory 
for the higher serum uric acid levels, but may also represent a degree of immaturity 
of the tubular reabsorption mechanisms. Because branching nephrogenesis is at least 
partially abrogated by preterm delivery, some permanent loss in nephron mass and 
renal reserve is expected and may have deleterious late effects on urate clearance in 
formally premature infants.71

Proximal Tubular Urate Transport
Uric acid is freely filtered through the glomerulus; however, more than 90% is 
reabsorbed in the proximal tubule. Because of its hydrophobicity and negative 
charge, it is unlikely that there is significant paracellular transport, leaving the  
transcellular transport as the dominant mechanism (Fig. 5-3).

The most active transporter on the luminal membrane is the urate anion trans-
porter 1 (URAT-1), which is a high-throughput anion exchanger located at the 
luminal membrane of the proximal tubule. URAT-1 primarily exchanges luminal uric 
acid for monocarboxylates, including lactate, nicotinate, and pyrazinecarboxylic 
acid. URAT-1 mediated urate reabsorption is likely enhanced by structural linkage 

Figure 5-3 Proximal tubule urate transport. Solid lines indicate the direction of urate transport; dashed lines 
show the movement of cotransported or countertransported ions. The urate anion transporter 1 (URAT-1) is a 
urate/dicarboxylate exchanger that provides most of the reabsorption for filtered uric acid. It is coupled by the 
PDZ domain containing scaffolding proteins (represented by the dotted box) to sodium/monocarboxylate cotrans-
porter 1 and 2 (SMCT 1 and SMCT 2), which are Na, monocarboxylate cotransporters. This “urate transpososome” 
results in efficient monocarboxylate reabsorption and excretion, yielding net reabsorption of Na and urate. Organic 
anion transporter 4 (OAT-4) is a urate/dicarboxylate exchanger that may modestly contribute to urate reabsorp-
tion. OATv1=Organic Anion Transporter variant 1, MRP4=human Multi-drug Resistance Protein 4, and uric acid 
transporter (UAT), also located on the luminal membrane, are thought to contribute to the active excretion of uric 
acid (see text). On the basolateral membrane, OAT-1 and OAT-3 are bidirectional urate/dicarboxylate exchangers 
that provide the major pathway for reentry of uric acid into the circulation. Facilitative glucose transporter 9 
(GLUT9) is a recently discovered fructose and uric acid transporter present on the basolateral membrane of proxi-
mal tubules and several other cell types.76 
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to sodium/monocarboxylate cotransporters SMCT-1 and SMCT-2.72 Scaffolding pro-
teins with PDZ protein binding motifs co-localize SMCT transporters and URAT-1. 
Monocarboxylate molecules entering the proximal tubular cell through SMCT trans-
porters are then excreted, in exchange for urate, by URAT-1. The results of this 
channel pairing, called by some groups the “urate transportosome,” are the local 
intracellular concentration of monocarboxlyates to drive urate reabsorption and the 
net reabsorption of sodium and urate in equal molar concentrations. Some experts 
have hypothesized that this indirect pairing of urate and sodium reabsorption led 
to an evolutionary advantage in times of a severely sodium-deficient diet and 
explains the loss of urate oxidase during hominid development.3 URAT-1 can be 
inhibited by several pharmacologic agents, including benzbromarone, probenecid, 
losartan, and high-dose salicylate. The dominant role of URAT-1 in urate reabsorp-
tion is demonstrated by patients with hereditary renal hypouricemia in which muta-
tions in URAT-1 lead to increased clearance and serum levels less than 2 mg/dL, 
which is as low as in animals with active urate oxidase.73

There are several other potential apical membrane urate transporters; however, 
their relative contribution to uric acid homeostasis is unclear. Organic anion trans-
porter 4 (OAT-4) is an anion/dicarboxylate exchanger, structurally similar to URAT-1, 
that may participate in urate reabsorption. OAT-v1 is a voltage gated anion channel 
that may contribute to urate secretion into the tubular lumen.74 Uric acid transporter 
(UAT) is a constitutively active urate channel expressed on the apical pole of proxi-
mal tubular cells that may also contribute to passive urate efflux. MRP-4 is an ATP-
dependent urate transporter that may provide modifiable urate excretion.64

OAT-1 and OAT-3 are urate transporters located on the basolateral surface of 
proximal tubule cells. These dicarboxylate/urate exchangers provide the major 
pathway for reentry of uric acid into the circulation. It is as yet unknown if, or to 
what degree, these transporters are regulated.64 Although tremendous strides in the 
understanding of proximal tubular urate handling have been made in the past 10 
years, it remains incompletely understood and the focus of intense study.

Developmental Implications and Conclusions
In utero fetal uric acid concentrations are probably controlled by maternal metabo-
lism; however, there are few data to confirm this hypothesis. The amount of uric 
acid generated by the mother is much greater than that of the fetus for reasons of 
body size and would be expected to equilibrate with the fetal circulation because 
urate readily crosses the placenta. Because fetal GFR is low, the vast majority of 
clearance occurs primarily in the maternal compartment. In the context of maternal 
hyperuricemia, particularly in severe preeclampsia or toxemia syndromes when 
maternal renal function may be impaired, the fetus would be expected to be exposed 
to higher levels of uric acid.

After delivery, the serum uric acid levels in neonates are largely regulated by 
changes in GFR. Premature newborns have serum uric acid levels that are essentially 
inversely proportional to their GFR, and the serum uric acid concentrations reach 
the nadir after 2 months of age.74 The observed, very high fractional excretion of 
uric acid seen in premature patients suggests that the proximal tubule mechanisms 
for urate reabsorption are not yet fully developed, resulting in clearance that is 
largely a direct result of filtration. As children grow, the fractional excretion of urate 
and total urate clearance decreases dramatically, suggesting maturation of the proxi-
mal tubule reabsorptive capacity.75 The nature of this maturational process is cur-
rently entirely unknown. Possible mechanisms include differential expression of 
luminal urate transporters, particularly URAT-1; changes in scaffolding of the trans-
pososome; or even regulation of basolateral transporter expression.

There are several potential physiologic implications for the high urinary urate 
excretion in preterm neonates. The presence of relatively higher concentrations of 
urate in the urine of infants who also have moderate hypercalciuria may contribute 
to nephrocalcinosis and neonatal renal stone disease. Diuretics that increase calcium 
excretion, used by some clinicians in infants with bronchopulmonary dysplasia, are 
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expected to exacerbate this process. Uric acid has been implicated in the progressive 
decline in GFR38 in patients with normal as well as impaired renal function, and it 
is not clear if the effect is attributable to serum or urinary concentrations of uric 
acid or both.

Many questions regarding the renal metabolism of uric acid in neonates remain. 
In fact, despite dramatic advances defining the physiology of urate transport, few 
studies have been directed toward infants in the past 20 years. The data are suffi-
ciently sparse that no evidence-based treatment guideline can be proposed. Investi-
gations in the possibility of uric acid–mediated vascular or organ injury in our 
smallest patients are needed. Studies to define the developmental control of the 
generation and regulation of uric acid excretion should in the future improve the 
rational management of vulnerable neonates.
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CHAPTER 6 

Perinatal Calcium and Phosphorus 
Metabolism
Ran Namgung, MD, PhD, Reginald C. Tsang, MBBS

d Body Distribution
d Regulation of Serum Calcium and Phosphorous Concentrations
d Clinical Disorders Associated with Abnormal Calcium and Phosphorus 

Homeostasis

Disturbances in mineral homeostasis, common in newborns, may be caused by 
altered responses to normal physiological transition from the intrauterine environ-
ment to neonatal independence. Mineral disturbances in newborns, either calcium 
(Ca) or phosphorus (P), may result from pathological intrauterine conditions, fetal 
immaturity, birth stress, inadequate mineral intakes, or genetic defects. Diagnosis 
requires understanding of unique perinatal, clinical, and biochemical features of 
newborn mineral metabolism. This chapter reviews Ca and P metabolism during 
fetal and neonatal periods with emphasis on neonatal transition followed by causes, 
pathophysiology, and treatment of mineral disturbances.

Body Distribution
Large amounts of Ca and P are needed to allow normal mineralization of the skeleton 
of developing fetuses and neonates. To meet the high mineral requirements of the 
developing skeleton, fetuses maintain higher blood Ca and P than maternal levels 
through active transport of Ca and P across placenta against a concentration 
gradient.

Calcium
At birth, term newborns contain approximately 30 g Ca in total body, 80% of which 
is accrued during the last trimester of pregnancy at a rate of 150 mg/kg fetal weight/
day.1 Fetal serum Ca (total and ionized) is higher than maternal serum Ca levels, 
primarily driven by transcellular active transport rather than passive paracellular 
pathways.2

At all ages, 99% of total body Ca is either in bone as hydroxyapatite or as 
noncrystalline, amorphous Ca phosphate form (predominant form in early life). 
One percent of total body Ca is in extracellular fluid (ECF) and soft tissues. Ca of 
mineral phase (at crystal surface) is in equilibrium with ECF; only about 1% is 
freely exchangeable with ECF.3 Although this exchangeable pool is a small percent-
age of skeletal content, it approximates total Ca content in ECF and soft tissues 
and serves as a Ca reservoir. In children ages 3 to 16 years, total exchangeable Ca 
pool (TEP) size, by stable isotope technique, correlates with age independent of 
body weight variations. The bone Ca accretion rate (Vo+) and Vo+/TEP ratio are 
greater in children than adults, indicating increased bone flow of Ca in children 
compared with adults.4

Ca concentration in ECF is kept constant by a process that constantly feeds Ca 
into and withdraws Ca from this fluid compartment. Ca enters the plasma via intes-
tinal absorption and bone resorption. In Ca balance, rates of Ca release from and 
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uptake into bone are equal. In normal adults, total serum Ca ranges from 2.2 to 
2.6 mmol/L (8.8–10.4 mg/dL) and is remarkably constant. Ionized Ca, although 
subject to changes directed by parathyroid hormone (PTH), calcitonin (CT), vitamin 
D, and blood pH, is also stable within individuals over prolonged periods and ranges 
from 1.2 to 1.3 mmol/L (4.8–5.2 mg/dL).5

At birth, abrupt termination of maternal-to-fetal Ca supply occurs. To maintain 
serum Ca homeostasis, an increase of 16% to 20% in Ca flux from bone to ECF is 
required unless sufficient exogenous Ca intake is achieved. In term newborns, cord 
blood total Ca is 2.6 mmol/L (10.2 mg/dL), and ionized Ca is 1.5 mmol/L (5.8 mg/
dL). By 2 hours of age, serum total Ca declines by 5%, and by 24 to 36 hours, serum 
Ca reaches its nadir of total Ca of 2.3 mmol/L (9.0 mg/dL) and ionized Ca of 
1.2 mmol/L (4.9 mg/dL). After a stabilization period, serum Ca slowly rises, reach-
ing levels by 1 week of total Ca of 2.6 mmol/L (10.4 mg/dL) and ionized Ca of 
1.4 mmol/L (5.5 mg/dL), similar to levels in childhood6 (Fig. 6-1).

In preterm infants, mean cord serum ionized Ca is 1.45 mmol/L (95% confi-
dence interval 1.29–1.61 mmol/L) [5.8 (5.74–5.86) mg/dL]), which decreases 
during the first 24 to 36 hours of life and rises at 6 days to values exceeding original 
cord blood. An early decrease in ionized Ca may be associated with parathyroid 
glandular unresponsiveness because of prematurity or hypomagnesemia, and severe 
hypo-calcemia may result.7 Very low birth weight (VLBW) infants are likely to 
exhibit the lowest nadirs of ionized Ca; however, most are unassociated with tetany 
or decreased cardiac contractility8,9 (see Fig. 6-1).

Cord serum Ca differs by season of birth (lower Ca in summer-born versus 
winter-born infants) and delivery mode, but is unaffected by gender, race, or weight 
appropriateness for gestation.10-12

Phosphorus
In term newborns, total body P is approximately 16 g (0.6% of body weight). As 
with Ca, approximately 80% of P in term newborns is accumulated during the last 
pregnancy trimester at a rate of 75 mg/kg fetal weight/day, closely linked to Ca 
accretion, with Ca/P ratio of 1.7 : 1; 75% of P is for bone mineralization and 25% is 
in other tissues.1 Transplacental P transport is an active sodium-dependent process 
against the concentration gradient.13

About 85% of total body P is in bone, primarily as hydroxyapatite and as more 
loosely complexed amorphous forms of bone crystal.3 P plays key structural roles 
in bone. In contrast to Ca, P is widely distributed in nonosseous tissues, as an inor-
ganic form, and as a component of structural macromolecules. Unlike Ca, 15% of 

Figure 6-1 Serum ionized calcium concentrations 
during the first 7 days of life in term and preterm infants. 
(Adapted from Wandrup J, Kroner J, Pryds O, et al. Age-
related reference values for ionized calcium in the first 
week of life in premature and full-term neonates. Scand 
J Clin Invest. 1988;48:255-260.)
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total body P is in the ECF, largely as inorganic P ions. Soft tissue P is almost totally 
P esters. P is taken up from circulation into cells via type II and type III sodium 
phosphate co-transporters (NaPi) to facilitate cellular functions such as DNA and 
membrane lipid synthesis, generation of high-energy P esters (energy metabolism), 
and intracellular signaling. Intracellular P esters and phosphorylated intermediates 
are involved in important biologic processes and bone mineralization. Thus, P defi-
ciency results in muscle weakness, impaired leukocyte function, and abnormal 
metabolism.14

Serum total P is higher in children than adults. Adult normal ranges are 1.24 
to 1.86 mmol/L (3.0–4.5 mg/dL). In normal term infants, cord serum P does not 
differ by gender, race, season of birth, weight appropriateness for gestation, or mode 
of delivery.10-12 P values in term infants range from 2.3 to 3.5 mmol/L (5.6–8.4 mg/
dL) and in preterm infants from 1.7 to 3.3 mmol/L (4–8 mg/dL).13 The relatively 
low initial birth values, 2.6 mmol/L (1.5–.4) (6.2 [3.7–8.1] mg/dL) increase shortly 
after birth, thought to be related to increased gluconeogenesis and endogenous P 
release or secondary to low glomerular filtration rate (GFR) and reduced P excretion. 
Mean serum P increases to 3.4 mmol/L (8.1 mg/dL) by 1 week and decreases to 
1.7 mmol/L (4.1 mg/dL) in childhood.15

Regulation of Serum Calcium and Phosphorous 
Concentrations
Calcium
After birth, serum Ca is maintained at a nearly constant level primarily through 
interaction of three hormones, PTH, 1,25-dihydroxyvitamin D [1,25(OH)2D], and 
CT; these hormones direct intestinal Ca absorption, renal Ca reabsorption or excre-
tion, and transfer of Ca stores from bone. In the fetal period, both PTH and 
parathormone-related peptide (PTHrP) act in regulation of fetal mineral metabolism 
through regulation of placental Ca transfer and maintaining fetal blood Ca.3,16

Parathyroid Hormone
After birth, PTH is the main regulator of Ca and P homeostasis, acting in two main 
target tissues, kidney and bone, through the PTH/PTHrP receptor (PTHR1).2 PTH 
elevates blood Ca. PTH secretion by parathyroid glands is regulated by circulating 
Ca ion, sensed by Ca-sensing receptors (CaSRs) in parathyroids. Increased serum 
Ca inhibits PTH secretion, and decreased serum Ca stimulates PTH secretion.3 CaSR 
plays key roles in maintenance of a narrow range (4.4–5.2 mg/dL; 1.1–1.3 mM/L) 
of extracellular ionized Ca (Ca2+). CaSR is expressed in target tissues for PTH, such 
as the kidneys, bone, and placenta, to sense alterations in Ca2+, to respond with 
changes directed at normalizing blood Ca2+.17 Genetic mutations of the CASR gene, 
on the long arm of chromosome 3, result in either activation or suppression: CaSR 
is “reset” so that higher or lower than normal blood Ca2+ is sensed by the receptor 
as “normal.” Whereas inactivating (loss-of-function) mutations of the CaSR cause 
hypercalcemia (hyperparathyroidism), activating (gain-of-function) mutations cause 
a hypocalcemic syndrome of varying severity (hypoparathyroidism).18-20

PTH acts directly on bone, stimulating resorption, thereby releasing Ca and P 
into circulation. PTH acts directly on the kidneys to increase urinary P excretion 
and decrease urinary Ca excretion. PTH indirectly enhances intestinal Ca absorption 
through effects on 1,25(OH)2D synthesis. Thus, the net actions of PTH increase 
serum Ca.

After birth, the kidneys play an important role in Ca and P homeostasis by 
regulating mineral loss via urine. Under normal circumstances, nearly all (98%) 
filtered Ca is reabsorbed in the renal tubule, but Ca excretion is modified by local 
and systemic factors (e.g., PTH) to regulate extracellular Ca. Urinary Ca increases 
over the first 2 weeks of life.21 Both in preterm and term neonates, the kidneys 
respond to exogenous PTH, as measured by increased production of nephrogenous 
cyclic AMP (cAMP), and improve with increasing postnatal age.22
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Placental Transport
Active Ca transport is facilitated by CaSR that “senses” extracellular Ca. Placental 
CaSRs regulate Ca transport from mother to fetus. Thus, the fetus develops in a 
“hypercalcemic state” (≈1 mg/dL higher Ca than maternal levels), and PTHrP (midre-
gion fragment) is critical for maintaining this level. Cord PTH is low, presumably 
suppressed by hypercalcemia in utero.23 The set point for fetal serum Ca is higher 
than the maternal set point.

Ca enters placental trophoblast at brush-border membrane (maternal–
placental interface) primarily via the transient receptor potential (TRP) channel 
superfamily, especially TRPV6 channel (voltage-dependent Ca2+ channel). The time 
course of TRPV6 mRNA expression in wild-type fetuses reveals a 14-fold increase 
during the last trimester of pregnancy, coinciding with a period of maximal Ca 
tra nsfer. Ca transport within trophoblast cells is facilitated by intracellular 
Ca-binding proteins (calbindinD9K) and actively transported into fetal circulation 
at the placental–fetal interface through a Ca pump, plasma membrane Ca2+ ATPase 
protein (PMCA3).24

Fetal PTH production is very low, especially at the end of gestation despite a 
stable serum ionized Ca.25 In mice with homozygous ablation of transcriptional 
factor Hox 3, fetal parathyroids are not developed, with undetectable PTH produc-
tion; serum ionized Ca is significantly lower in the Hox 3 ablated fetus than in 
maternal serum. Measures of placental Ca transfer are not changed, suggesting that 
fetal PTH has no effect on transplacental Ca transfer.26 However, PTH-ablated mice 
show significant abnormalities in fetal bone formation, including decreased miner-
alization of cartilage matrix, suggesting an additional role.27

In mice with lack of PTHrP, ionized Ca is significantly low in fetuses and similar 
to maternal levels, suggesting abolition of the maternal–fetal gradient. Transplacental 
Ca transfer was restored by infusions of PTHrP(1–86) or midregion fragment (67–
86) but not by PTHrP (1–34) nor by PTH (1–84).28 However, in PTHrP ablated 
mice, using a different technique to assay placental Ca transfer (in situ artificially 
perfused placenta), surprisingly there is increased maternal–fetal Ca transfer, presum-
ably related to significantly higher fetal Ca accretion, despite pronounced fetal 
hypocalcemia and abolition of fetomaternal Ca gradient. Thus, the influence of 
PTHrP on placental Ca transport is unclear, with data for facilitating and inhibiting 
effects.29

Serum Calcium and Calcium Homeostasis after Birth
In normal term infants, when serum Ca decreases after birth, PTH increases appro-
priately (two- to fivefold increase during 48 hours) and remains elevated for days. 
PTH secretion in term infants appears substantial and negatively correlates with Ca 
levels. Term neonates also show appropriate calcemic response when challenged 
with PTH. However, in extremely preterm infants, even with significant hypocalce-
mia as a stimulus, PTH remains low for the first 2 days. Transient hypocalcemia 
typically resolves within the first week and often requires no treatment.8,9,30

Vitamin D
Vitamin D is necessary for maintenance of normal Ca and P homeostasis. 
1,25(OH)2D is the major hormone affecting active intestinal Ca and P absorption. 
As a steroid, vitamin D binds to genomic receptors in intestinal epithelial cells 
and increases synthesis of Ca-binding proteins (calbindin), leading to increased 
Ca absorption. 1,25(OH)2D acts on kidneys to conserve Ca and P. The overall 
result of this hormone is to increase serum Ca and P. 1,25(OH)2D production by 
renal proximal tubule is enhanced by hypocalcemia, hypophosphatemia, PTH, 
and PTHrP and appears tightly regulated. 1,25(OH)2D production is inhibited by 
elevated serum Ca and P.3

25-Hydroxyvitamin D (25OHD) crosses the placenta, and cord 25OHD cor-
relates significantly with maternal 25OHD; fetal vitamin D pool depends entirely on 
the maternal vitamin D status (i.e., maternal sun exposure and dietary D intake). 
1,25(OH)2D is produced by the fetal kidneys and placenta, and vitamin D receptor 
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is present in many fetal tissues, including the placenta.25 The placenta synthesizes 
and metabolizes 1,25(OH)2D through activity of 25OHD-1α hydroxylase and 
1,25(OH)2D-24 hydroxylase, two key enzymes for vitamin D metabolism.31,32

However, mice deficient in 1-α-hydroxylase are grossly normal at birth and 
until weaning.33 Additionally, mice with null mutation of Vitamin D receptor (VDR) 
show no alteration in placental Ca transfer or fetal serum of Ca, P, or Mg despite 
significant maternal hypocalcemia.34 The effect of 1,25(OH)2D on placental Ca 
transfer, if any, could relate to expression of placental Ca transporter PMCA3 mRNA.35

Insufficiency of infant vitamin D arises from maternal vitamin D deficiency 
(sunshine deprivation with insufficient vitamin D intake), reduced production of 
active vitamin D metabolites caused by liver or renal disease, congenital deficiency 
of renal 1-α-hydroxylase, and 1,25(OH)2D resistance. Deficiency of vitamin D or its 
metabolites causes decreased intestinal Ca absorption and renal Ca reabsorption and 
neonatal hypocalcemia.36,37

25-hydroxyvitamin D (25OHD), the major marker of vitamin D status, is lower 
in preterm than in term infants. However, conversion of 25OHD to 1,25(OH)2D 
occurs normally in premature infants. In normal term infants, serum 1,25(OH)2D 
is low at birth but increases to adult ranges by 24 hours, possibly reflecting a need 
for optimum intestinal Ca and P absorption.38 In preterm infants, serum 1,25(OH)2D 
at birth is comparable to that in healthy children and adults, increases significantly 
during the first few days, and is far above reference values between 3 and 12 weeks.39 
Cord serum 1,25(OH)2D is lower in small for gestational age infants compared with 
weight-appropriate infants, possibly reflecting decreased 1,25(OH)2D production 
from reduced uteroplacental blood flow.40

Calcitonin
CT is a Ca2+-lowering hormone produced by thyroid parafollicular cells and acts as 
a physiologic antagonist to PTH. CT secretion is under direct control of blood Ca.41 
Elevation in Ca2+ stimulates CaSR and lowers Ca2+ by enhancing CT secretion; 
decreased Ca2+ causes a decrease in CT. After being secreted, CT has a circulatory 
half-life of 2 to 15 minutes. CT inhibits osteoclast-mediated bone resorption (decreas-
ing Ca and P release) and secondarily increases renal Ca and P excretion (at high 
doses). The net consequence of CT is decreased serum Ca and P.41

CT is produced in fetal thyroid; fetal and newborn CT is higher than in the 
mother, related to chronic fetal hypercalcemia. Recently, ablation of CT and CT 
gene-related peptide (CT/CGRP-null mice) produced serum Ca and placental Ca 
transfer identical to wild-type littermates. There was a small, nonsignificant trend 
toward decreased serum P, but serum Mg was reduced by almost 50%.42 Thus, the 
role of CT in fetuses is unclear.

Cord serum CT decreases with increasing gestational age. Infants less than 32 
weeks’ gestation have nearly three times term cord serum CT.43 After birth, serum 
CT further increases in both preterm and term infants, peaking at 24 to 48 hours, 
followed by a decline to childhood values by 1 month.43,44 The physiologic impor-
tance of this increase is unclear but may relate to CT counteracting PTH bone 
resorptive action.

Phosphorus
In contrast to regulation of Ca, the regulation of P homeostasis during the fetal and 
neonatal periods is less well understood.

Placental Transport
Similar to Ca, P is higher in fetuses compared with mothers, and PTHrP appears to 
help prevent additional elevation. Transplacental P transport is an active sodium-
dependent process against concentration gradient.13 Inorganic P enters placental 
trophoblast via NaPi-IIb, a family member of sodium-dependent inorganic P trans-
porters critical for intestinal P transport.45 NaPi-IIb is expressed in the embryonic 
endoderm and placental labyrinthine zone (where embryonic and maternal circula-
tions are in closest contact), consistent with a role in placental P transfer.46
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Fibroblast Growth Factor 23
Study of inherited disorders of P regulation, including X-linked hypophosphatemia 
(XLH) and autosomal recessive hypophosphatemia, has led to discovery of critical 
regulators of serum P, including P-regulating gene homologies to endopeptidases on 
the X chromosome (PHEX) and circulating hormone, fibroblast growth factor 23 
(FGF23), produced by osteocytes47,48 (Fig. 6-2).

Circulating P is determined by a balance between intestinal P absorption, 
storage in the skeleton, and P reabsorption from the kidneys. PTH increases renal 
P clearance and stimulates 1,25(OH)2D synthesis. 1,25(OH)2D stimulates intestinal 
P absorption. PTH acts through the G protein–coupled receptor, PTHR1, to increase 
osteoblast activity (and indirectly osteoclast activity). In turn, PTH synthesis and 
secretion are upregulated by low serum Ca and increased serum P and downregu-
lated by increased serum Ca and 1,25(OH)2D and possibly by increased FGF23. The 
net effect of these actions is increased serum Ca and decreased serum P.14

FGF23 is part of the newly recognized endocrine bone–parathyroid–kidney 
axis49 modulated by PTH, 1,25(OH)2D and dietary and serum P levels. Synthesis 
and secretion of FGF23 by osteocytes are upregulated by increased serum 1,25(OH)2D 
and serum P and downregulated by PHEX and dentin matrix protein 1 (DMP1). In 
turn, FGF23 acts through FGF receptors, with Klotho as co-receptor, to inhibit renal 
P reabsorption, 1,25(OH)2D synthesis, and possibly parathyroid PTH secretion.50 
FGF23 synergizes with PTH to increase renal P excretion by reducing expression of 
renal NaPi-IIa and NaPi-IIc in the proximal tubules. Its net effect is reduction in 
serum P and 1,25(OH)2D, which may result in hypocalcemia.

1, 25(OH)2D expression is upregulated by PTH and downregulated by increased 
serum Ca, P, and FGF23. 1,25(OH)2D acts through vitamin D receptor/RXR dimers 
to stimulate intestinal P absorption and FGF23 synthesis and secretion by osteocytes 
and possibly to inhibit parathyroid PTH secretion. Its net effect is increase in serum 
Ca and P.48

Figure 6-2. Regulation of phosphate homeostasis. Phosphate is absorbed from the diet in the gut, stored in the 
skeleton, and excreted by the kidneys. 1,25-Dihydroxyvitamin D [1,25(OH)2D] stimulates absorption of phosphate 
from the diet. Fibroblast growth factor 23 (FGF23) increases renal phosphate clearance, suppresses synthesis of 
1,25(OH)2D, and may decrease parathyroid hormone (PTH) (dashed line). PTH increases renal phosphate clearance 
and stimulates synthesis of 1,25(OH)2D. DMP1, dentin matrix protein 1; FGFR/KL, fibroblast growth factor recep-
tor/klotho; NaPi, sodium–phosphate co-transporter; PTHR1, parathyroid hormone receptor 1. (From Bergwitz C, 
Jüppner H. Regulation of phosphate homeostasis by PTH, vitamin D, and FGF23. Annu Rev Med. 2010;61:91-104, 
with permission.)
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Renal Excretion
The kidneys are the major determinant of plasma P. Because intestinal P absorption 
is very efficient and fairly unregulated (only 30% is regulated by 1,25(OH)2D), renal 
P excretion is important in maintaining balance.14 Serum P is maintained at close to 
the tubular P threshold, or tubular P reabsorption maximum (TmP /GFR),51 via an 
active and saturable reabsorption process.

Most filtered P is reabsorbed in the proximal tubule of the kidney through 
sodium-dependent transporter, the NaPi-II. Increased P intake (e.g., from formula 
with a high P content) leads to rapid downregulation of NaPi-II mRNA and protein 
in the brush-border membrane of the proximal tubule and increased P excretion.52 
Renal P reabsorption lies under tight hormonal control by PTH and FGF23 (which 
inhibits P reabsorption) and, to a lesser extent, insulin and hormones of the somato-
tropic pituitary axis.46 In contrast, 1,25(OH)2D synthesis, stimulated by decreased 
plasma P, has an indirect effect on renal P reabsorption via intestinal P absorption 
and bone P mobilization, resulting in increased serum P and suppression of PTH.

The role of FGF23 in early life remains to be established.53 FGF23 principally 
functions as phosphaturic factor and counterregulates 1,25(OH)2D production. 
Excess FGF23 secreted by osteocytes causes hypophosphatemia through inhibition 
of renal NaPi-II and suppresses 1,25(OH)2D through inhibition of 25OHD-1α-
hydroxylase and stimulation of 24-hydroxylase,which inactivates 1,25(OH)2D in the 
proximal tubule. In contrast, deficiency of FGF23 results in hyperphosphatemia and 
elevated 1,25(OH)2D production. In theory, downregulation of FGF23 could promote 
relative hyperphosphatemia and a relative increase in 1,25(OH)2D, promoting bone 
mineralization during early neonatal rapid growth.49,54

The kidneys contribute to positive P balance during growth by reabsorption of 
a relatively high fraction of filtered inorganic P (99% in newborns and 80% in 
adults). Growing infants, in particularly preterm infants, have high fractional excre-
tion of P, reflecting their high P need. Age-related decrease in P reabsorption may 
relate to lower P needs with advancing age.55

Parathyroid Hormone
Wide variation in serum P concentrations corresponds to few direct regulatory 
mechanisms. PTH, which has greatest impact on serum P, primarily responds to 
changes in ionized Ca, not P. P is freely filtered at the glomerulus and presents to 
the renal tubules in high concentrations. The renal tubule reabsorbs P in both the 
proximal and distal nephrons. In states of low PTH, renal tubular cells reabsorb up 
to 95% to 97% of filtered P. In states of high PTH, P reabsorption in the proximal 
and distal tubules is inhibited, resulting in high urinary P excretion. Although mark-
edly affected by PTH in the usual state, renal tubular cells have altered PTH respon-
siveness in severe P deficiency or overload. Hence, P is reabsorbed when there is 
severe P deficiency even in high PTH states, and P is excreted when serum P is high 
despite low PTH.56

During early postnatal life, whereas renal P response to PTH is blunted, PTH 
increases tubular Ca reabsorption. Together these actions result in retention of both 
Ca and P in infants, which is favorable for growth. Maternal smoking during preg-
nancy negatively influences Ca-regulating hormones, leading to relative hypopara-
thyroidism in both the mother and newborn and lower PTH and 25-OHD in the 
smoking mother and newborn despite higher serum P.57

Serum Phosphorous and Phosphorous Homeostasis after Birth
Absorbed P enters the extracellular P pool in equilibrium with bone and soft tissue. 
In adults with a neutral P balance, P excreted by the kidneys is equal to the net P 
absorbed by the intestine; in growing infants, it is less than net absorbed, owing to 
deposition of P in soft tissues and bone. In growing infants, P preferentially goes to 
soft tissue with a nitrogen-to-P (weight) ratio of 15 : 1 and to bone with a Ca-to-P 
(weight) ratio of 2.15 : 1. The residual P constitutes renal P load influencing plasma 
and urinary P. In limited P supply, bone mineral accretion may be limited, leading 
to significant Ca excretion associated with very low urinary P excretion.3,51
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During P depletion, phosphaturia decreases before serum P declines through 
increased tubular reabsorption. Hypophosphatemic challenge results in (1) stimula-
tion of kidney 1,25(OH)2D synthesis, (2) enhanced mobilization of P and Ca from 
bone, and (3) a hypophosphatemia-induced increase in tubular maximum for P 
(TmP) and decreased renal P excretion. Increased circulating 1,25(OH)2D increases 
P and Ca absorption in the intestine and stimulates P and Ca mobilization from the 
bone. The increased flow of Ca from the bone and intestine inhibits PTH secretion 
and lowers P excretion. The net result is a return of serum P to normal without a 
change in serum Ca.51 FGF23 may possibly be downregulated in low serum P and 
may increase NaPi-II expression, leading to decreased renal P excretion.

Defense against hyperphosphatemia consists largely of reversal of these events. 
The principal humoral factor is PTH. An acute increase in serum P produces a 
transient decrease in serum ionized Ca and stimulation of PTH and possibly 
upregulates FGF23 expression, which reduces TmP/GFR by reducing renal NaPi-II 
expression, leading to increased renal P excretion and readjustment in serum P 
and Ca.51

Clinical Disorders Associated with Abnormal Calcium 
and Phosphorus Homeostasis
Neonatal Hypocalcemia
Definition
Hypocalcemia is generally defined as serum total Ca below 2 mmol/L (8.0 mg/dL) 
in term and below 1.75 mmol/L(7 mg/dL) in preterm infants or ionized Ca below 
0.75 to 1.1 mmol/L (3.0–4.4 mg/dL). “Early-onset” neonatal hypocalcemia typically 
occurs during the first few days of life, with the lowest Ca at 24 to 48 hours, and 
“late-onset” hypocalcemia occurs toward the end of the first week of life.

Etiology and Pathophysiology
Early-onset neonatal hypocalcemia is commonly associated with prematurity, birth 
asphyxia, maternal insulin-dependent diabetes, gestational anticonvulsant exposure, 
and maternal hyperparathyroidism. Late-onset hypocalcemia, which is less frequent, 
is commonly associated with relatively high P-containing diets, disturbed maternal 
vitamin D metabolism, intestinal malabsorption of Ca, hypomagnesemia, and 
hypoparathyroidism.

Early-onset neonatal hypocalcemia represents exaggeration of normal serum Ca 
decrease during the first 24 to 48 hours of life; there is inadequate compensation 
for the sudden loss of placental Ca supply at birth (e.g., insufficient PTH release by 
immature parathyroids8 or inadequate renal response to PTH). Preterm infants may 
or may not exhibit the surge in PTH secretion of term infants at birth, and restricted 
oral Ca intake aggravates the problem.8,43 In asphyxiated infants, decreased Ca intake 
as a result of delayed feedings, increased endogenous P load, bicarbonate alkali 
therapy, and increased serum CT may contribute to the development of hypocalce-
mia. Hypocalcemia in infants of insulin-dependent diabetic mothers appears to be 
related to magnesium (Mg) insufficiency and consequent impaired PTH secretion. 
Mg is important in PTH secretion and action; chronic Mg deficiency causes impaired 
PTH secretion and PTH resistance at target organs.7 Transient neonatal hypopara-
thyroidism occurs in infants exposed to maternal hypercalcemia in utero. Intrau-
terine hypercalcemia suppresses fetal parathyroids and apparently impairs PTH 
production response to hypocalcemia after birth.58

Late-onset hypocalcemia commonly results from dietary Ca and P imbalance 
and rarely may result from maternal hypercalcemia. Infants receiving cow’s milk–
derived formulas have lower serum ionized Ca and high serum P in the first week 
compared with breastfed infants, related to a higher absolute P amount of formula59 
or limited P excretion from low newborn GFR. P-containing enemas cause P over-
load and hypocalcemia.60 Late hypocalcemia may relate to resistance of immature 
kidneys to PTH, leading to renal P retention and hypocalcemia; biochemical features 
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resemble pseudohypoparathyroidism (defects in the GNAS1 gene) but with normal 
nephrogenous cAMP responses to PTH.61

Congenital hypoparathyroidism is the most significant cause of late-onset hypo-
calcemia that has to be treated early. Congenital hypoparathyroidism may be a part 
of DiGeorge triad of hypoparathyroidism; T-cell incompetence (partial or absent 
thymus on chest radiograph); and conotruncal heart defects or aortic arch abnor-
malities, which suggest 22q11 syndrome (CARCH22 or DiGeorge sequence).62

Isolated hypoparathyroidism includes genetic defects that impair PTH synthesis 
(PTH gene defects)63 or secretion (CASR gene defects) or parathyroid gland develop-
ment (GCMB gene defects; parathyroid agenesis).64 Gain-of-function (activating) 
mutations in the CASR gene encoding CaSR are the most common cause of mild 
isolated hypoparathyroidism (autosomal dominant hypocalcemia), associated with 
inappropriately low or low-normal serum PTH and relative hypercalciuria.17-20

Clinical Presentation
Neonates with hypocalcemia may be asymptomatic; the less mature the infant is, 
the more subtle and varied the clinical manifestations will be. Main clinical signs 
are jitteriness, tremors, twitching, and exaggerated startle responses or seizures 
(generalized or focal). Frank convulsions are seen more commonly with late hypo-
calcemia. Infants also may be lethargic, feed poorly, vomit, and have abdominal 
distension. Apnea, cyanosis, tachypnea, tachycardia, vomiting, or heart failure may 
also be seen. The classic signs of peripheral hyperexcitability of motor nerves (car-
popedal spasm and laryngospasm) are uncommon in newborns.

Diagnosis
The diagnosis of hypocalcemia is based on serum ionized or total Ca levels, history, 
and physical examination; serum P, Mg and glucose, and serum pH are helpful. 
Functional atrioventricular block from electrocardiographic prolonged QTc interval 
(>0.4 sec) suggests hypocalcemia.65

When an infant is refractory to therapy or there are unusual findings, measure-
ment of PTH, 25OHD, and 1,25(OH)2D may be useful in establishing the less 
common causes (e.g., primary hypoparathyroidism, malabsorption, and vitamin D 
metabolism disorders) of hypocalcemia. Normal to moderately elevated 1,25(OH)2D 
are consistent with hypoparathyroidism. Hypercalciuria (urinary Ca ≥4 mg/kg/day 
or urine Ca : creatinine ratio ≥0.2 [mg/mg]), associated with hypocalcemia support 
low PTH states.

Prolonged hypocalcemia should prompt investigation of permanent causes, 
such as hypoparathyroidism. DNA analysis for causal mutations may help confirm 
the diagnosis in proband and relatives.66

Therapeutic Approaches
Treatment of symptomatic hypocalcemia is by intravenous (IV) Ca infusion with a 
dosage of 30 to 75 mg/kg/day of elemental Ca, titrated to clinical and biochemical 
response, to maintain ionized Ca in the low-normal range. Clinical hypocalcemia 
signs are usually reversed rapidly by correcting serum Ca, which helps confirm the 
diagnosis.

During seizures (serum Ca usually <1.5 mmol/L [6 mg/dL]), emergency Ca 
(1–2 mL/kg of Ca gluconate 10%; ≈9–8 mg/kg of elemental Ca) is given IV over 10 
minutes as heart rate is measured continuously to prevent bradycardia. If this com-
plication occurs, Ca infusion should be discontinued temporarily. Another complica-
tion of Ca infusion is potential skin tissue injury from infusate extravasation. A 
follow-up bolus or intermittent infusions of Ca salts are avoided because of wide 
serum Ca excursions.

For less urgent purposes or for follow-up after initial seizure treatment, continu-
ous IV administration of 75/kg/day of elemental Ca will maintain normocalcemia. 
Afterward, stepwise IV Ca reduction may help prevent rebound hypocalcemia 
(75 mg/kg/day for the first day, a half dose the next day, a half dose the third day, 
and discontinued the fourth day). Alternatively, if oral fluids are tolerated, the same 
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dose of Ca gluconate can be given orally, divided among four to six doses per day 
after initial correction. Oral Ca may not be practical in sick infants because of bowel 
stimulation; proprietary oral Ca preparations are hypertonic (high osmolar) and are 
not used in infants at risk of necrotizing enterocolitis. Vitamin D metabolites are not 
useful for early hypocalcemia because of variable response and side effects.

With persistent hypocalcemia, serum Mg is measured because hypomagnese-
mic hypocalcemia cannot be corrected until hypomagnesemia is alleviated. Hypo-
magnesemia (serum Mg <0.6 mmol/L [1.5 mg/dL]) is treated with Mg sulfate 50% 
solution (500 mg or 4 mEq/mL), 0.1 to 0.2 mL/kg, IV or intramuscular (may cause 
local tissue necrosis) and repeated after 12 to 24 hours. Serum Mg is obtained before 
each dose (one or two doses may resolve transient hypomagnesemia).

Because most causes of neonatal hypocalcemia are transient, therapy duration 
varies with cause; commonly, as little as 2 to 3 days for early hypocalcemia is needed. 
Ca supplementation is usually required for long periods in hypocalcemia from mal-
absorption or hypoparathyroidism.

In neonates at risk, early hypocalcemia can be prevented by early oral feeding 
or parenteral Ca supplementation (75 mg/kg/day of elemental Ca continuously) to 
maintain total Ca above 2 mmol/L (8.0 mg/dL) and ionized Ca above 1 mmol/L 
(4.0 mg/dL). This may help prevent hypocalcemia in sick newborns with cardiovas-
cular compromise requiring cardiotonic drugs or pressure support.

Most asymptomatic neonatal hypocalcemia resolves spontaneously with time, 
but hypocalcemia has potential adverse effects on the cardiovascular and central 
nervous systems, so treatment may be needed.9 For asymptomatic ill infants and 
infants with severe hypocalcemia (serum total Ca <1.5 mmol/L [6.0 mg/dL] or 
ionized Ca <0.75 mmol/L [3 mg/dL]), either IV or oral therapy is usually required. 
In sick infants, judicious bicarbonate use and avoidance of respiratory alkalosis from 
excessive ventilation may reduce the risk of symptomatic hypocalcemia.

For late hypocalcemia, treatment goals are to reduce the P load and increase 
Ca absorption by using feedings with a Ca-to-P ratio of 4 : 1 or greater, such as use 
of low-P feedings (human milk or low-P formula) in conjunction with an oral Ca 
supplement.

Treatment of hypoparathyroidism is directed at maintaining plasma Ca to 
prevent symptoms without causing nephrocalcinosis. Hypoparathyroidism requires 
therapy with 1,25(OH)2D (or 1 α-hydroxyvitamin D3, a synthetic analog) and life-
long Ca supplementation. Infants with severe or persistent hypocalcemia may benefit 
from 1,25(OH)2D, IV or orally, 50 to 100 ng/kg per day in two or three divided 
doses. Close follow-up is required to monitor the serum Ca level. When serum Ca 
level is normalized, administration of 1,25(OH)2D may be discontinued to prevent 
hypercalcemia.

Recombinant PTH (teriparatide)67 has been tried as initial management of neo-
natal hypoparathyroidism. In infants with life-threatening seizures and persistent 
hypocalcemia despite aggressive management with high doses of 1,25(OH)2D and 
Ca infusion, short-term use of teriparatide (5µg subcutaneously) can raise Ca levels 
faster (in <4 hours) than other commonly used methods, which take 1 day or 
longer.68 Theoretically, teriparatide is safer and is a more physiologic means of cor-
recting acute hypoparathyroid hypocalcemia; however, there is a concern regarding 
the risk of osteosarcoma related to long-term exposure.

Neonatal Hypercalcemia
Definition
Neonatal hypercalcemia is serum total Ca greater than 2.75 mmol/L (11 mg/dL) or 
ionized Ca greater than 1.4 mM/L (5.6 mg/dL)

Etiology and Pathophysiology
Hypercalcemia is uncommon in term infants but relatively common in preterm 
infants. The most common causes are relative deficiency in P supply and hypo-
phosphatemia from inappropriate parenteral nutrition with or without excessive 
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Ca or human milk feeding in preterm infants (low P content relative to preterm 
needs).69 Iatrogenic hypercalcemia results from excessive Ca or vitamin D for hypo-
calcemia or during exchange transfusion. Chronic maternal exposure to excessive 
vitamin D or metabolites, secondary to treatment of maternal hypocalcemic dis-
orders, may cause hypercalcemia of the mother and neonate. Chronic diuretic 
therapy with thiazides during pregnancy may lead to maternal, fetal, and neonatal 
hypercalcemia.70

Other rarer causes include hyperparathyroidism (primary or secondary to 
maternal hypoparathyroidism) and hypercalcemia associated with subcutaneous fat 
necrosis, idiopathic infantile hypercalcemia, severe infantile hypophosphatasia, and 
a Bartter syndrome variant. Primary hyperparathyroidism is rare in neonates and 
children.

Elevated serum Ca in pathologic conditions with PTH or vitamin D overactivity 
implies increased Ca efflux into ECF from bone, intestine, or kidney. Hypophospha-
temia increases circulating 1,25(OH)2D, which increases intestinal Ca absorption 
and bone resorption; Ca is not deposited in bone in the absence of P and contributes 
to hypercalcemia.16

Homozygous inactivating mutations of CaSR produce severe hypercalcemia, 
termed neonatal severe primary hyperparathyroidism (NSPHT). Heterozygous inacti-
vating mutations of CaSR produce a “benign” hypercalcemia, termed familial hypo-
calciuric hypercalcemia (FHH), inherited as an autosomal dominant trait with high 
penetrance.18,19 Mutations in Ca+2-sensor lead to a dual defect in parathyroid cells 
(causing parathyroid hyperplasia) and renal tubules (causing hypocalciuria). FHH 
and NSHPT are associated with mutations in the CASR gene at 3q13.3-21 in nearly 
all affected subjects19,20; in some families, the disorder is linked to unknown genes 
on the long or short arms of chromosome 19.71

Hypercalcemia associated with subcutaneous fat necrosis occurs in asphyxiated, 
large for gestational age infants; possible mechanisms are increased prostaglandin E 
(PGE) activity, increased Ca release from fat and tissues, and unregulated production 
of 1,25(OH)2D from macrophages infiltrating fat necrotic lesions.

Idiopathic infantile hypercalcemia (which may be part of Williams syndrome) 
is associated with mutations in the elastin gene on the long arm of chromosome 7; 
there may be a vitamin D hyperresponsive state and blunted CT response to Ca 
loading. Infantile hypophosphatasia is a rare autosomal recessive disorder that may 
be lethal in utero or shortly after birth because of inadequate bony support of the 
thorax and skull. Bartter variant–related hypercalcemia is associated with polyhy-
dramnios and prematurity; in utero hypercalcemia may result in fetal hypercalciuria 
and polyuria, leading to early delivery; increased serum 1,25(OH)2D, normal serum 
PTH, and increased urinary PGE2 are present.

Clinical Presentation
Clinical features of hypercalcemia depend on the underlying disorder, age, and 
degree of hypercalcemia. Its onset may be at birth or delayed for weeks or months. 
Neonates with hypercalcemia may be asymptomatic or have serious clinical signs 
(especially in hyperparathyroidism) requiring urgent treatment. Infants with mild 
increases in serum Ca (2.65–3.25 mmol/L [11–13 mg/dL]) often have no specific 
signs. Mild hypercalcemia may present as feeding difficulties or poor linear growth. 
Unrecognized hypercalcemia can result in significant morbidity or death.72

With moderate to severe hypercalcemia, nonspecific signs, such as anorexia, 
vomiting and constipation (rarely diarrhea), polyuria, and dehydration, may occur. 
Infants with chronic hypercalcemia may present with failure to thrive (poor growth). 
Severe hypercalcemia can affect the nervous system and cause lethargy, drowsiness, 
irritability, confusion, and seizure; in extreme cases, stupor and coma ensue. Thus, 
timely recognition and treatment of hypercalcemia are critical. In severely affected 
infants, hypertension, respiratory distress (caused by hypotonia and demineraliza-
tion and deformation of the rib cage), nephrocalcinosis (from long-standing hyper-
calcemia), and band keratopathy of the limbus of the eye (rare) may be present. 
Associated features, such as elfin faces, cardiac murmur, and mental retardation (in 
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Williams syndrome) and bluish-red skin indurations (in subcutaneous fat necrosis), 
may be present on physical examination.

Diagnosis
The diagnosis may be made incidentally on routine chemistry screening. The workup 
may include serum total Ca, ionized Ca, P, Mg, alkaline phosphatase, pH, total 
protein, creatinine, electrolytes, PTH, and 25OHD; urine Ca, P, tubular reabsorption 
of P, and cAMP with renal function evaluation; and chest and hand x-ray radiography, 
abdominal ultrasonography, ophthalmologic evaluation, and electrocardiography 
(i.e., shortened QT interval) to determine the effect of hypercalcemia.

Very elevated serum Ca (>3.75 mmol/L [15 mg/dL]) usually indicates primary 
hyperparathyroidism or P depletion in VLBW infants. To differentiate parathyroid 
from nonparathyroid conditions, measurements include serum P (low in hyperpara-
thyroidism, FHH, and rickets of prematurity), percent renal tubular P reabsorption 
(<85% in hyperparathyroidism; high in rickets of prematurity associated with 
hypophosphatemia), and serum PTH (elevated in hyperparathyroidism). A very  
low urinary Ca/urinary creatinine ratio [Uca/Ucr] in the face of hypercalcemia 
suggests FHH.

The diagnosis of NSPHT is based on inappropriately normal or elevated PTH 
along with relative hypocalciuria in severe hypercalcemia (high Ca levels, 5–6 mmol/L 
[20–24 mg/dL]). Hyperparathyroidism causes erosion of bone (particularly along 
long bone subperiosteal margins; a “moth-eaten” appearance), which may be mis-
taken for rickets. In contrast to NSPHT, FHH infants usually remain asymptomatic. 
PTH is usually in the normal range, but inappropriately high for hypercalcemia. 
Urine Ca excretion is low, and nephrocalcinosis is not a problem. A family history 
of FHH or NSPHT in a sibling provides a strong confirmation. Care must be taken 
to distinguish these disorders from transient neonatal hyperparathyroidism associ-
ated with maternal hypocalcemia (e.g., in maternal pseudohypoparathyroidism or 
renal tubular acidosis).73

DNA analysis for FHH and NSPHT is available in few laboratories and requires 
molecular analysis of the entire CASR gene in a proband. Relatives of the patient’s 
proband may be studied for genetic abnormalities and serum Ca.66

Bone radiographs identify demineralization, osteolytic lesions (hyperparathy-
roidism), or osteosclerotic lesions (occasionally with vitamin D excess).

A maternal dietary and drug history (e.g., excessive vitamin A or D, thiazides) 
or history of possible mineral disturbances or polyhydramnios during pregnancy 
should be sought. Family screening will depend on the primary diagnosis.16

Additional information concerning nephrocalcinosis from hypercalcemia or 
soft tissue calcification (e.g., in basal ganglia) can be obtained by ultrasonography 
or computed tomography. If hyperparathyroidism is diagnosed (rarely), localization 
of a parathyroid adenoma or hyperplasia by radionuclide scintigraphy may be 
useful.66

Therapeutic Approaches
Therapy includes correction of specific underlying causes and removal of iatrogenic 
or external causes (e.g., surgical removal of hyperparathyroid glands, stopping exces-
sive Ca or vitamin D intake). Treatment of neonatal hyperparathyroidism depends 
on the severity. For mild asymptomatic hypercalcemia in a thriving infant, conserva-
tive management is appropriate. For moderate to severe hypercalcemia, prompt 
investigation and more aggressive therapy are instituted; stopping excessive dietary 
Ca and vitamin D intake and maintenance of adequate hydration are mainstays; and 
renal Ca excretion is enhanced by loop-acting diuretics. Reduced dietary Ca intakes 
by low Ca formula and inhibition of bone resorption by anti-bone resorptive agent 
may be used.

For short-term treatment of acute hypercalcemic episodes (symptomatic or 
serum Ca >3.5 mmol/L [14 mg/dL]), expansion of the ECF with 10 to 20 mL/kg of 
0.9% sodium chloride IV followed by IV 1 mg/kg of furosemide every 6 to 8 hours 
may be effective by increasing urinary Ca excretion. Fluid and electrolyte imbalance 
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is avoided by monitoring of fluid balance and serum Ca, P, Mg, sodium, potassium, 
and osmolarity; reduced GFR from dehydration can worsen hypercalcemia.

For restriction of dietary intakes of Ca and vitamin D, a low-Ca, low–vitamin 
D3 infant formula containing trace Ca amounts (<10 mg/100 kcal versus standard 
formula, 78 mg/100 kcal) and no vitamin D (also low iron) is available for short- to 
medium-term management (CalciloXD, Ross Laboratories, Columbus, OH); iron 
supplement is needed. As hypercalcemia resolves, usual formula or human milk 
(≈10 mg/oz of Ca) can be mixed with the CalciloXD to increase Ca intake, closely 
monitoring serum and urine Ca to prevent rickets or hypocalcemia.

Adjuvant therapies in acute hypercalcemia are CT, glucocorticoids, bisphospho-
nate, and dialysis. Minimal information is available in neonatal hypercalcemia. 
Symptomatic infants with nonparathyroid hypercalcemia may require long-term CT 
or bisphosphonates. Short-term salmon CT (4–8 IU/kg every 6 to 12 hours subcu-
taneously or intramuscularly), prednisone (1–2 mg/kg/day), or a combination may 
be useful. The hypocalcemic effect of CT (a potent inhibitor of bone resorption) is 
transient and abates after a few days, which is not ideal for chronic therapy; effects 
may be prolonged with concomitant glucocorticoids, although there is limited expe-
rience in neonates.

High-dose glucocorticoids reduce intestinal Ca absorption and may decrease  
bone resorption; methylprednisolone (1–2 mg/kg/day IV), hydrocortisone (10 mg/
kg/day IV), or the equivalent is effective, but is not recommended for long-term use 
because of many undesirable side effects. Although effective in several types of 
hypercalcemia, glucocorticoids are relatively ineffective in patients with primary 
hyperparathyroidism.

Bisphosphonate (an anti-bone resorptive agent) may be useful to treat hyper-
calcemia that is PTH mediated and for subcutaneous fat necrosis. Infants with 
NSPHT and marked hypercalcemia should be managed aggressively. In the past, 
treatment was urgent subtotal parathyroidectomy; more recent options include IV 
bisphosphonates (pamidronate 0.5–2.0 mg/kg) with parathyroidectomy delayed 
until the patient is clinically stable.74,75 Bisphosphonate therapy seems safe in the 
short term and effective in controlling hypercalcemia even in very premature infants, 
allowing for planned surgery when feasible.

For severe and unremitting hypercalcemia, either hemodialysis (HD) if the 
patient is hemodynamically stable or peritoneal dialysis (PD) with a low-Ca dialysate 
(1.25 mM/L) may be helpful. To avoid iatrogenic mineral depletion, for HD or PD, 
supplemental P or Mg is given orally or IV, or sodium phosphate is added to PD 
solution (<0.75 mM); in PD, crystal formation in bags should be inspected hourly 
and fresh solutions changed every 8 hours.

Neonatal Hypophosphatemia
Definition
Hypophosphatemia is serum P below 1.65 mmol/L (4 mg/dL). Conventionally, 
hypophosphatemia is often graded as mild when serum P is below 1.45 mmol/L 
(<3.5 mg/dL), moderate when it is below 1.0 mmol/L (<2.5 mg/dL), and severe 
when it is below 0.4 mmol/L (<1.0 mg/dL).

Etiology and Pathophysiology
Hypophosphatemia occurs when there is decreased P intake (decreased intestinal 
absorption or increased intestinal loss) or excess renal wasting from a renal tubular 
defect or hyperparathyroidism. P deficiency is seen in preterm infants with rickets 
of prematurity resulting from inadequate Ca and P intakes.3

The pathophysiologic consequences of P deficiency are attributable to both 
direct and indirect effects of hypophosphatemia. P deficiency may directly enhance 
bone resorption and decrease matrix formation and bone mineralization. When 
serum P decreases, renal P excretion decreases and renal 1,25(OH)2D production 
increases, which in turn increases intestinal Ca absorption and mainly stimulates 
bone resorption, releasing P and Ca (possibly compensatory mechanism in an 
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attempt to maintain serum P for essential function).76 The excess Ca results in 
hypercalcemia and hypercalciuria. Serum P remains low because P released from 
bone is used in intracellular metabolism. In VLBW infants, increased Ca absorbed 
from the gut or mobilized from the bone by 1,25(OH)2D may not be used for bone 
mineralization and leads to “excess” filtered Ca being excreted in the urine.76

P deficiency is closely linked to metabolic bone disease in VLBW infants 
because P promotes bone formation and matrix production and limits bone resorp-
tion. In rats, P deficiency produces a histologic picture distinct from vitamin D 
deficiency.77

In preterm infants, a P depletion syndrome occurs in infants fed human milk,76 
with restricted enteral mineral intakes (mineral unfortified formula), and with 
chronic illnesses receiving prolonged parenteral nutrition without mineral supple-
ments.78 In the latter group, biochemical signs of extreme P deficiency are promi-
nent, with rachitic bone changes; serum 1,25(OH)2D increases with increased bone 
resorption and turnover (increased serum bone resorption marker, cross-linked 
carboxyterminal telopeptide of type I collagen and osteocalcin).79

Pathophysiologic results of P deficiency are inadequate supplies of energy-rich 
P and, in particular, inhibition of glyceraldehyde-3-phosphate dehydrogenase, which 
occupies a key position in glycolysis. The effect of P deficiency on energy metabolism 
is to reduce adenosine triphosphate (ATP) and 2,3-diphosphoglycerate, leading a 
shift of the oxygen-hemoglobin dissociation curve to the left, with decreased periph-
eral oxygen uptake and transport.80

Prolonged starvation, malabsorption, and chronic diarrhea cause hypophospha-
temia related to decreased intestinal absorption. A chronically malnourished patient 
is often in a catabolic state, associated with muscle breakdown and subsequent loss 
of intracellular P.81 When patients subsequently receive nutrition support, they may 
receive a P-depleted feed, especially with parenteral nutrition (PN), when large 
volumes of carbohydrate and amino acid solutions raise endogenous P requirements, 
and unbalanced amino acid solutions may induce further urinary P losses. If P 
replacement is insufficient, then hypophosphatemia will ensue.82

Diseases of vitamin D metabolism (vitamin D–dependent rickets) or renal P 
transport disorders (familial hypophosphatemic rickets) may lead to P deficiency in 
later infancy. Mutations in FGF23 are the cause of autosomal dominant hypophos-
phatemic rickets83; and in DMP1 are a cause of autosomal recessive hypophospha-
temia.84 Mutations in the P-regulating gene (PHEX) occur in XLH, the most frequent 
form of renal P wasting.85 In addition, low serum P may also occur in extracellular 
to intracellular shifts from respiratory alkalosis. In the case of cellular shifts, total 
body P may not be depleted.

Clinical Presentation
P deficiency is accompanied by weakness, malaise, and anorexia. Bone pain, fre-
quently occurred in growing children with hypophosphatemic rickets, is not present 
in neonates with hypophosphatemia. There are no easily recognizable symptoms. 
Signs of hypophosphatemia are usually only seen with moderate to severe hypo-
phosphatemia. Severe hypophosphatemia has deleterious effects on muscular, 
cardiac, pulmonary, hematologic, and nervous system function, including muscle 
weakness, poor ventricular function, and difficulty weaning from a ventilator (poor 
tissue oxygenation), essentially because P depletion leads to a decrease in high-
energy substrate availability and respiratory muscle function (impaired diaphragm 
contractility).77,86 The mechanism of muscle weakness and red blood cell dysfunction 
caused by hypophosphatemia may relate to the role of P in intracellular signal trans-
duction and synthesis of ATP or creatine phosphate.14 Other manifestations are 
hemolysis; impaired platelet and white blood cell function; rhabdomyolysis; and in 
rare cases, neurologic disorders, peripheral neuropathy, convulsions, and coma.

Physical examination of VLBW infants with P deficiency is usually benign. 
Clinical evidence of osteopenia or rickets is present infrequently, and pathologic 
fractures of the ribs or limbs are late occurrences. The clinician is, therefore, depen-
dent on biochemical tests and radiography to detect early bone disease.
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Therapeutic Approaches
Because hypophosphatemia is the most prominent feature of P deficiency in preterm 
infants, extra P supplement has been given; however, hypocalcemia occurs after P 
supplementation alone, and about 66% of supplemented P is lost in urine. In addi-
tion, these infants are Ca deficient as well as P deficient; P-induced decreases in 
serum Ca may lead to secondary hyperparathyroidism; large amounts of supplemen-
tal P cannot be used and are wasted in urine. Thus, both P and Ca supplements 
(and not P alone) are necessary to avert hypocalcemia and to allow adequate bone 
mineral accretion.77 Recent recommendation of enteral Ca supplementation is 120 
to 200 mg/kg/day, and the recommendation for P is 70 to 120 mg/kg/day with 
vitamin D 400 IU/day, which allows normophosphatemia and normocalciuria with 
normal vitamin D status.1

Provision of P and Ca in total parenteral nutrition solution with a Ca-to-P ratio 
of 1.3 to 1.7 to 1 (500–600 mg of Ca/L and 400–450 mg of P/L of PN solution) 
allows optimal mineral retention for preterm infants, reaching intakes of Ca of 
100 mg/kg/day and P of 65 mg/kg/day.1,87 Sodium glycerophosphate (1 mmol/L 
organic P) improve solubility in PN.88 P accumulation in preterm infants is correlated 
with a protein content: N-to-P ratio of 17 to 1 by weight (P retained = Ca retained/2.3 
+ N retained/17). Adequate supply of protein is also important for normal bone 
formation and mineralization. Considering optimal N retention of 350 to 400 mg/
kg/day of N and provision of 100 mg/kg/day of Ca, the P supply must reach 65 mg/
kg/day corresponding to a Ca-to-P ratio close to 1.5.87

In hypophosphatemia with high serum Ca, supplements of 0.5 to 1.0 mM//kg/
day (16–31 mg/kg/day) of elemental phosphate in divided oral doses may normalize 
serum P and lower serum Ca; parenteral phosphate, however, should be avoided  
in severe hypercalcemia (serum total Ca>3 mmol/L [12 mg/dL]) unless hypophos-
phatemia is severe (<1.5 mg/dL) because extraskeletal calcification theoretically 
may occur.69,89

Neonatal Hyperphosphatemia
Definition
Hyperphosphatemia is a serum level greater than 3.3 mmol/L (8 mg/dL), which 
reflects P overload.

Etiology and Pathophysiology
Hyperphosphatemia occurs from medication errors,90-92 increased intestinal absorp-
tion, decreased renal excretion, and cellular release or rapid intracellular to extracel-
lular shifts. Increased tissue P release is commonly seen in profound catabolic states.

In steady state, serum P is maintained primarily by the ability of the kidneys 
to excrete dietary P, with efficient renal excretion. However, if acute P load is given 
over several hours, transient hyperphosphatemia will ensue.90-92 In addition to 
absorption of excess P, volume contraction (caused by diarrhea) and renal insuffi-
ciency (caused by volume depletion and decreased renal perfusion) may contribute 
to hyperphosphatemia and hypocalcemia.93

Hyperphosphatemia is frequently the result of increased parenteral unbalanced 
administration of Ca, P, and Mg or a medication error (sodium phosphate instead 
of Ca gluconate).90 Increased intestinal absorption is generally caused by a large oral 
P intake91 and a vitamin D overdose in preterm infants or an erroneous medical 
prescription (oral phosphate Joulie’s solution instead of alkaline solution) in newborn 
infants with renal insufficiency.92

Life-threatening hyperphosphatemia occurs after inadvertent administration of 
a hypertonic Fleet enema (60 mL of pediatric formula containing 105.4 mEq of P 
and 130.7 mEq of Na) in newborn infants, causing hyperphosphatemia and hypo-
calcemia; an osmotically active high P concentration in the enema solution results 
in excess retention and toxicity.94 A P enema is particularly dangerous in renal insuf-
ficiency or bowel dysfunction (constipation), although even without predisposing 
factors, a P enema can result in severe toxicity if retained.93
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Infants receiving cow’s milk–derived formulas that contain high P (67–81 mg/
dL of P) who have impaired renal excretion or hypoparathyroidism may develop 
hyperphosphatemia. Even in normal term infants, higher serum P and lower serum 
ionized Ca occur in the first week, versus breastfed infants, related to higher absolute 
P in formula and limited P excretion from low newborn GFR.60 The biochemical 
features of high serum P and low serum Ca can resemble those of pseudohypopara-
thyroidism61 because there may be resistance of the immature kidneys to PTH. 
Persistent hyperphosphatemia occurs almost exclusively in those with acute or 
chronic kidney disease.

Clinical Presentation
Acute hyperphosphatemia generally does not cause signs unless the patient has 
hypocalcemia. In patients given high bolus doses of P orally or rectally, symptomatic 
acute P intoxication occurs, presenting with severe life-threatening hyperphospha-
temia and hypocalcemia; carpopedal spasm92; vomiting; apnea; cyanosis on mechan-
ical ventilation; hypoactive, severe dehydration and shock60; depressed level of 
consciousness (lethargy); shallow, difficult respirations; and generalized seizure.94 
These patients are unresponsive to multiple doses of lorazepam, but responsive only 
to IV Ca. Clinical signs of chronic hyperphosphatemia include ectopic mineralization 
of muscular and subcutaneous tissues.

Therapeutic Approaches
P intoxication is a life-threatening condition. Treatment of P-induced hypocalcemia 
involves increasing urinary P excretion with diuretics and hydration (isotonic solu-
tion 20 mL/kg) and administrating IV Ca in symptomatic patients (avoiding lethal 
cardiac instability despite concern of Ca and P deposition in the kidneys) or oral Ca 
as an enteral P binder (promoting fecal excretion); enteral feedings with a low-P 
formula or human milk; and reducing parenteral P administration.92,94

Ca correction is required to prevent or treat potential severe adverse effects, 
including cardiovascular abnormalities (prolonged QT interval, specifically ST 
segment), tetany, and seizures.92 Ca chloride (IV) is generally used for acute therapy 
in severe cases because it contains the highest concentration of ionized Ca compared 
with other Ca salts. However, in patients with limited or poor venous access, IV Ca 
gluconate is preferred because of the potential risk of peripheral extravasation. Ca 
should be administered with caution and only to alleviate clinical signs related to 
hypocalcemic toxicity. In the presence of severe hyperphosphatemia, Ca replacement 
can lead to extraskeletal calcification, especially in the renal tubule.93

Treatment of severe life-threatening hyperphosphatemia secondary to retention 
of an enema may include modalities to prevent further absorption (e.g., lavage).60 
Additionally, dialysis or hemofiltration can be used to rapidly lower the P concentra-
tion in renally impaired oliguric patients. Because PD strongly depends on total 
dialysate turnover, continuous flow-through PD, a closed PD system using two sterile 
polyvinylpyrrolidone short-term urethral catheters (6 Fr in and 8 Fr out) manufac-
tured in Brazil, has been successfully applied in neonatal enema-induced hyperphos-
phatemia (8-day-old newborn) after achieving hemodynamic stability with vigorous 
fluid resuscitation and vasoactive drugs.60

In children with chronic renal failure, secondary hyperparathyroidism can be 
suppressed using mild dietary P reduction and high-dose P binders with small 
vitamin D supplementation. Ca carbonate is an effective P binder with no major side 
effects and is a drug of choice in correcting hyperphosphatemia and hyperparathy-
roidism in uremic children,95 although neonatal use of Ca carbonate has not been 
reported.
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d Obstetric Management and Fetal and Neonatal Acid–Base 

Balance
d Summary

This chapter addresses 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; briefly discusses the impact of acid–base disturbance on fetal and postnatal 
growth; and describes the effect of selected obstetric management approaches on 
fetal and neonatal acid–base balance.

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 (ECF) is between 35 
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 produced 
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 regulation of 
acid–base homeostasis are developmentally regulated in fetuses and neonates and 
thus differ from those in children and adults. These developmentally regulated dif-
ferences of acid–base homeostasis and their impact on fetal and postnatal growth 
are reviewed in this chapter.

Regulation of Acid–Base Homeostasis
Respiratory Acidosis
Unlike in fetal respiratory acidosis, in postnatal respiratory acidosis, immediate 
activation of the pulmonary compensatory mechanism leads to enhanced elimina-
tion of carbon dioxide, and the resulting decrease in carbon dioxide concentration 
increases the pH toward normal. The rapid activation of the respiratory compensatory 
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 
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kidneys exert a maturation-dependent limited response by reclaiming more bicar-
bonate 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 fetuses, only the renal 
compensation has some limited physiologic significance when respiratory acidosis 
develops because of 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 concentra-
tion immediately increases the respiratory rate and depth, carbon dioxide elimina-
tion by the lungs is usually limited because of immaturity and parenchymal disease. 
As in fetuses, the kidneys reclaim more bicarbonate in response to respiratory aci-
dosis. Especially during the first few weeks of postnatal life, however, renal com-
pensation is limited by the developmentally regulated immaturity of renal tubular 
functions.

Metabolic Acidosis
As in respiratory acidosis, the pulmonary gas exchange serves as the immediate regu-
lator of acid–base homeostasis when metabolic acidosis develops. However, because 
bicarbonate crosses the blood–brain barrier by active transport mechanisms4 and 
because 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 regu-
latory system only occurs a few hours after the development of metabolic acidosis. 
This is different from the above-described truly immediate activation of the respira-
tory 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 functions,3 the 
fetal kidneys have some, although 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 mat-
ernal hypoxemia or maternal metabolic acidosis secondary to maternal diabetes 
mellitus, sepsis, or renal tubular abnormalities is an unusual cause of fetal metabo-
lic acidosis.

Pregnant women, at least in late gestation, maintain a somewhat more alkaline 
plasma environment compared with that of nonpregnant control participants. 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 
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 balance 
when metabolic acidosis develops. As mentioned earlier, fetal metabolic acidosis 
most frequently occurs when abnormal uteroplacental function or blood flow results 
in fetal hypoxemia. Fetal hypoxemia then causes a shift to anaerobic metabolism, 
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 dioxide 
through the placenta,3 restoration of normal fetal pH initially occurs through elimi-
nation of the volatile element of the carbonic acid–bicarbonate system via the 
maternal lungs. However, because 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.
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Because there is no physiologic significance to respiratory compensation of 
metabolic acidosis in utero, the finding that the respiratory control system in fetuses 
is much less sensitive to changes in pH than in neonates6 has little practical impor-
tance. Yet, a decrease in the fetal pH stimulates breathing movements in fetuses.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 inorganic9-11 
and organic acids12 and are also able to generate bicarbonate.13,14 Studies in fetal 
sheep have found age-dependent increases in the glomerular filtration rate (GFR) 
and urinary titratable acid, ammonium, and net acid excretion.9 A positive relation-
ship also exists between changes in GFR and bicarbonate, sodium, and chloride 
excretions.9,11 Yet, the adaptive capacity of the fetal kidneys to changes in fetal acid–
base balance is limited. In fetal sheep, the hydrochloric acid infusion–induced meta-
bolic 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 depletion13 
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 animal models and that there is only very limited 
information available concerning renal acidification by human fetuses.15 In addition, 
the physiologic importance of the adaptive fetal renal responses is limited compared 
with 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 fetuses. When the effects of amnion infusion of physiologic saline 
to those of lactated Ringer solution were compared in fetal sheep, significant increases 
in fetal plasma sodium and chloride concentrations were noted only in the phy-
siologic saline infusion group.16 In addition, fetal arterial pH decreased in the physi-
ologic 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 electrolyte com-
position and acid–base balance remained in the physiologic range, leaving 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 
neonates are hypoxemia and ischemia secondary to perinatal asphyxia; vasoregula-
tory disturbances 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 mild to moderate normal anion gap acidosis, which 
almost always is the consequence of the low renal bicarbonate threshold of the 
premature kidneys.17-19 However, the use of carbonic anhydrase inhibitors and par-
enteral alimentation, as well as the maturation-related decreased sensitivity to aldo-
sterone have also been suggested to contribute to the development of normal anion 
gap acidosis in neonates.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 volatile element of the 
carbonic acid–bicarbonate system via the lungs. This process may be severely com-
promised in sick preterm and term neonates with parenchymal lung disease.

The principle mechanism of the 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 to 3 days, changes in renal 
acidification may be seen as early as a few hours after the development of the acid–
base disturbance. Although renal compensation is the ultimate mechanism that 
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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 hemodynamic and 
tubular epithelial factors play a role in the limited renal compensatory capacity of 
newborns.

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 immedi-
ate postnatal period and increases as a function of both gestational and postnatal 
age.24,25 Indeed, low GFR is considered as the primary hemodynamic factor limiting the 
ability of neonates 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: H+-
ATPase, the electrogenic Na+/3HCO3

− 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% to 90% of 
the filtered bicarbonate is reabsorbed in the proximal tubule,19,26 the function 
of these proximal tubular transporters determines the renal threshold for bicarbo-
nate reabsorption. The bicarbonate threshold is 18 mEq/L in premature infants  
and 21 mEq/L in term infants, and it reaches adult levels (24–26 mEq/L) only after 
the first postnatal year.17,18 In extremely low gestational age neonates, however, the 
renal bicarbonate threshold may be as low as 14 mEq/L. Because renal carbonic 
anhydrase is present and active during fetal life27 and because its activity is similar 
in 26-week-old extremely immature neonates to that of adults,28 a developmentally 
regulated immaturity of the function of the above-described proximal tubular trans-
porters 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 with older 
animals.29

In addition to immaturity, medications used in critically ill neonates may also 
affect proximal tubular bicarbonate reabsorption. For examp1e, via inhibition of the 
proximal tubular Na+/H+ antiporter,30 dopamine may potentially decrease the low 
bicarbonate threshold of neonates.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 titrat-
able 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% to 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 affecting the function of several 
different transport mechanisms, aldosterone stimulates net hydrogen ion excretion 
in the distal nephron. However, premature neonates have a developmentally regu-
lated 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 combina-
tion of hydrogen with ammonia.26 Because the major constituent of titratable acid 
in the urine is H2PO4

−, drugs that decrease proximal tubular phosphate reabsorption 
and thus increase the delivery of phosphate to the distal nephron may increase the 
renal acidification capacity of neonates. Indeed, by inhibiting proximal 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 



 Acid–Base Homeostasis in the Fetus and Newborn  109

7

and ammonium increases as a function of gestational and postnatal age.19 However, 
because effective urinary acidification is usually acquired by the age of 1 month even 
in premature infants, postnatal distal tubular hydrogen ion secretion is inducible 
independent of the gestational age at birth.34

In summary, the renal response to metabolic acidosis in the immediate postnatal 
period consists of attenuated increases in GFR, proximal tubular bicarbonate reab-
sorption, and distal tubular net acid secretion. However, a significant improvement 
in the overall renal response occurs after the first postnatal month even in premature 
infants.22

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 vasoconstriction.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 pregnant women causes a compensatory 
decrease in serum bicarbonate concentration to approximately 22 mm3 without any 
apparent effect on the fetus (see above).

Correction of Postnatal Respiratory Alkalosis
Neonatal respiratory alkalosis occurs most often in febrile nonventilated neonates 
and in cases with iatrogenic hyperventilation of intubated preterm or term infants. 
Rarely, respiratory alkalosis may be the presenting sign of a urea cycle disorder 
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 respi-
ratory 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.

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 (hypoventilation 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 preterm neonates receiving pro-
longed diuretic treatment for bronchopulmonary dysplasia. Although there is little 
evidence that chronic diuretic management results in an 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 main-
tained during chronic diuretic administration, severe metabolic “contraction” alka-
losis may develop, which also results in poor growth. The respiratory response is a 
decrease in the rate and depth of breathing to increase carbon dioxide retention. 
This response may be interpreted as a sign of worsening pulmonary condition in a 
ventilated preterm neonate and may inappropriately trigger an increase in ventilatory 
support. Thus, respiratory compensation of metabolic alkalosis may be ineffective  
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if the intubated neonate is subjected to iatrogenic overventilation on the mechanical 
ventilator. As for the neonatal renal compensation for metabolic alkalosis, urinary 
bicarbonate reabsorption and distal tubular net acid excretion decrease, resulting in 
a return of the extracellular pH toward normal.

Finally, metabolic alkalosis can also result from a nondiuretic administration–
related loss of ECF containing disproportionally more chloride than bicarbonate. 
During the diuretic phase of normal postnatal adaptation, preterm and term new-
borns tend to retain relatively more bicarbonate than chloride.36 The obvious benefits 
of allowing this physiologic extracellular volume contraction to occur clearly out-
weigh the clinical importance of a mild contraction alkalosis developing during 
postnatal adaptation. Thus, no specific treatment is needed in these cases, especially 
because with the stabilization of the extracellular volume status and the renal func-
tion with time, acid–base balance rapidly returns to normal.

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 8 weeks’ 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 or growth 
retarded, 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 control participants.39

Fetal growth can be negatively affected by several fetal and placentomaternal 
conditions. Proven fetal conditions affecting fetal growth include certain genetic 
conditions and infection of the fetus.40 Placentomaternal conditions with demon-
strated influence on fetal growth are primary placental insufficiency and maternal 
diseases, nutritional status or substance abuse leading to secondary placental insuf-
ficiency, 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 pathologic factor for intra-
uterine growth restriction caused by placental insufficiency of any etiology.41 From 
18 weeks postconception, growth-retarded fetuses exhibit a greater degree of mild 
acidemia than their appropriately growing counterparts.42 This acidemia is attrib-
uted to the reduced perfusion and mild hypoxemia the growth-retarded fetus faces 
as a result of the placental insufficiency. According to this hypothesis, the small 
initial reduction in the pH negatively affects nitric oxide production in the fetus, 
and the decreased availability of nitric oxide then plays a major role in the ensuing 
growth restriction.41

The following findings are in support of this hypothesis. Because 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 fetuses.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, including 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-arginine, 
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-retarded fetuses because 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
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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 growth-restricted fetuses may contribute to further impair-
ment 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 attenuating the impact on fetal growth of the placental insufficiency–induced 
decreased fetal oxygen delivery. However, because of the inherent difficulties associ-
ated 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 acidosis 
and decreased growth rate. All of these infants were receiving high-protein cow’s 
milk formulas and demonstrated increased net acid excretion compared with control 
participants. This type of late metabolic acidosis is now rarely seen, probably because 
of the use of special formulas for premature infants 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 phe-
nomenon 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 diminished 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 supplementation 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.

Obstetric Management and Fetal and Neonatal  
Acid–Base Balance
Evidence has recently accumulated on the impact of certain aspects of obstetric 
management of labor and delivery on fetal and neonatal acid–base homeostasis. 
These effects are transient, and it is unclear whether they have an independent 
impact on clinically relevant neonatal outcome measures.

Maternal betamethasone administration has been associated with a transient 
decrease in fetal movements, including fetal breathing50 and fetal heart rate vari-
ability.50,51 Although the exact pathomechanism of these effects of antenatal beta-
methasone administration is unclear, animal52 and recent human53 data suggest that 
transient fetal acidosis after maternal steroid administration may, at least  
in part, explain the findings. It has been suggested that the fetal acidosis is a con-
sequence of the demonstrated fetal cardiovascular, endocrine, and metabolic effects 
of maternal steroid administration.53,54

The timing of umbilical cord clamping also appears to have an impact on neo-
natal acid–base balance immediately after delivery. The normally produced and 
accumulated anaerobic metabolites in nonvital organs during labor and delivery are 
washed out in a larger blood volume in neonates with delayed cord clamping, and 
thus they exert a smaller effect on blood pH in these infants.55 Because the potential 
clinical relevance of fetal and immediate postnatal acidosis depends on the severity 
of hypoxemia and the associated acidosis, it may only have importance in neonates 
with prolonged labor and difficult delivery.56

Finally, the type of anesthesia during delivery via cesarean section also appears 
to have an impact on the fetal acid–base status. A recent prospective observational 
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cohort study examined the relationship between the type of anesthesia provided 
during cesarean section and fetal acid–base balance and neonatal condition upon 
delivery in 900 women with uncomplicated singleton pregnancies.57 The study 
found that epidural anesthesia was associated with higher venous cord pH (7.30 ± 
7.26–7.34) than general (7.25 ± 7.21–7.26) or spinal (7.23 ± 7.19–7.26) anesthesia 
and that neonatal well-being was negatively affected primarily by general 
anesthesia.

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 as well as 
how selected obstetric management approaches affect fetal and neonatal acid–base 
balance. In the future, a better understanding of the role of growth factors and their 
interaction with fetal acid–base status may result in improved early management of 
growth-retarded fetuses. This, in turn, may decrease the negative impact of growth 
retardation on brain and other organ development.
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CHAPTER 8 

Glomerular Filtration Rate  
in Neonates
Jean-Pierre Guignard, MD, Jean-Bernard Gouyon, MD

d Development of Glomerular Filtration
d Assessment of Glomerular Filtration Rate
d Conditions and Factors that Impair Glomerular Filtration Rate
d Prevention of Oliguric States Caused by Low Glomerular 

Filtration Rate

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 glomerular filtration rate (GFR) increases 
progressively throughout fetal and postnatal life, reaching the “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 a transient or 
permanent impairment in GFR. This chapter briefly reviews the maturation of glo-
merular filtration, discusses the techniques available to assess GFR in neonates,  
and describes factors and agents that can impair or protect maturing glomerular 
filtration.

Development of Glomerular Filtration
Glomerular ultrafiltration depends on 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 (Kf). Kf is a 
function of the total capillary surface area and of the permeability per unit of  
surface area.

During gestation, GFR increases in parallel with gestational age (GA), up to the 
end of nephrogenesis around the 35th week of gestation.1 This pattern of develop-
ment 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. 8-1). Postnatal maturation of renal function is character-
ized by a striking increase in GFR, the value of which doubles within the first  
2 weeks of life (Fig. 8-2).1 The velocity of this increase is somewhat slower in the 
most premature infants. An increase in both the net filtration pressure and the Kf 
accounts for the large postnatal increase in GFR. The increase in the glomerular 
capillary surface area represents the main factor responsible for the increase in the 
Kf.

2 Additional maturational changes that may contribute to the postnatal maturation 
of GFR include an increase in pore size and glomerular hydraulic permeability and 
a decrease in both the afferent and efferent arteriolar resistance.

8
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Figure 8-1 Development of glomer-
ular filtration rate (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 (  ) and term 
neonates (  ) is schematically rep-
resented. (Modified from Guignard 
JP, John EG. Renal function in the  
tiny, premature infant. Clin Perinatol.
1986;13:377.)
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Figure 8-2 Postnatal increase in glomerular fil-
tration rate (GFR) in term and preterm infants. 
The upper part of each column represents the 
deficit between the neonate’s GFR and mature 
levels (100 mL/min/1.73 m2). Note that at the 
end of the first month of life, human neonates 
are in a state of relative renal insufficiency com-
pared with adults. (Modified from Guignard JP, 
John EG. Renal function in the tiny, premature 
infant. Clin Perinatol. 1986;13:377.)
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Vasoactive Factors
Several vasoactive agents and hormones modulate GFR and RBF.2 By acting on the 
arcuate arteries, the interlobular arteries, and the afferent and efferent arterioles, they 
regulate the glomerular hydrostatic pressure and the glomerular transcapillary 
hydraulic pressure gradient. These agents can also modify the ultrafiltration coeffi-
cient by two mechanisms: a change in the capillary filtration area by contracting the 
mesangial cells and a change in hydraulic conductivity by decreasing the number 
or size (or both) of the filtration slit pores. The main vasoactive forces modulating 
single-nephron GFR (SNGFR) are listed in Table 8-1. Two vasoactive systems, the 
renin–angiotensin system and the prostaglandins (PGs) (Fig. 8-3), play key roles in 
the protection of the stressed kidney.

Angiotensin II
Angiotensin II (ATII) is a very potent vasoconstrictor of the afferent and efferent 
arterioles, acting on two types of receptors, the AT1 and the AT2 receptor subtypes. 
The AT1 receptors are widely distributed and appear to mediate most of the biologic 
effects of ATII. The exact role of the AT2 receptors remains uncertain. ATII acts on 
both pre- and postglomerular resistance, but appears to predominantly vasoconstrict 
the efferent arteriole, thereby increasing the glomerular capillary hydrostatic pressure 
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while decreasing the glomerular plasma flow rate.3 This mechanism serves to main-
tain GFR when the renal perfusion pressure decreases to low levels. The action of 
ATII on the efferent arteriole is counterbalanced by intrarenal adenosine, an  
agent modulating the tubuloglomerular feedback mechanism. When both ATII  
and adenosine are overstimulated, their combined action results in afferent 
vasoconstriction.4

Prostaglandins
The renal PGs are potent vasoactive metabolites of arachidonic acid.5,6 Under normal 
conditions, the renal PGs are present in low concentrations and exert only minor 
effects on the renal circulation and GFR. However, the vasodilator PGs are 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 PGs protect GFR by vasodilating the 
afferent arterioles and by dampening the renal vasoconstrictor effects of ATII, endo-
thelin, and sympathetic nerve stimulation on the afferent arteriole.

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.7 The presence of an intact functional renin–angiotensin 

Table 8-1 VASOACTIVE FACTORS REGULATING THE GLOMERULAR 
MICROCIRCULATION

Vasoconstrictors Vasodilators

Circulating hormones
• Catecholamines
• Angiotensin II
• Vasopressin
• Glucocorticoids

Circulating hormones
• Dopamine

Paracrine + autocoïds
• Endothelin
• Thromboxane A2

• Leukotrienes
• Adenosine

Paracrine + autocoïds
• Nitric oxide
• Acetylcholine
• PGI2 + PGE2

• Bradykinin
• Adenosine

PG, prostaglandin.

Figure 8-3 The physiologic regulation of glomerular fil-
tration rate (GFR) depends on two main factors: the  
afferent vasodilator prostaglandins and the efferent vaso-
constrictor angiotensin II. RBF, renal blood flow. 

Prostaglandins

RBF

Angiotensin II

GFR
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system is a key factor for the maintenance of blood pressure and RBF during fetal 
life. Acting through its AT1 receptors, ATII is indeed the promoter of the postnatal 
expression of postglomerular capillaries and organization of vasa recta bundles, 
which are necessary for development of normal RBF.8 Mutations in the genes encod-
ing any of the components of the renin–angiotensin system result in severe tubular 
dysgenesis.9 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 mechanisms) are active  
in fetuses.7

Elevated levels of ATII are present in fetuses and remain high in the neonatal 
period. Although AT2 receptors predominate during embryonic and fetal life, they 
rapidly decline after birth.10 AT1 receptors predominate after birth and are found in 
glomeruli, macula densa and mesangial cells, resistance arteries, and vasa recta.11 In 
addition to its AT1-mediated vasoconstrictor effects, ATII promotes growth of the 
renal vasculature.10 Blockade of the AT1 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.12 Block-
ade of AT1 receptor by losartan in newborn rabbits induces a decrease in GFR 
without affecting RBF,13 thus illustrating the major role of ATII 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 vas-
culature, glomeruli, and collecting ducts. COX-2 activity is highest after birth.13 
Renal cortical COX2-derived prostanoids, particularly PGI2 and PGE2, play critical 
roles in maintaining blood pressure and renal function in volume-contracted states.14 
Interference with PG synthesis during fetal life leads to renal dysgenesis with cortical 
dysplasia, cystic tubular dilatation, and impaired nephrogenesis.15 COX-2 is prob-
ably involved in this pathogenesis.16 Although the PGs do probably not regulate GFR 
in normal conditions, interference with PG synthesis may have deleterious effects in 
conditions associated with renal hypoperfusion.

Assessment of Glomerular Filtration Rate
Different methods using various markers have been used to assess GFR in neonates. 
The most common measurement of GFR is based on the concept of “clearance,” 
which relates the quantitative urinary excretion of a substance per unit of time to 
the volume of plasma that, if “cleared” completely of the same contained substance, 
would yield a quantity equivalent to that excreted in the urine. The clearance C of 
a substance x is expressed by the formula:

C U V/PX X= i

where UX represents the urinary concentration of the substance, V the urine flow 
rate, and PX the plasma concentration. For its clearance to be equal to the rate of 
glomerular filtration, a substance must have the following properties: (1) 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; (2) it must not be 
excreted by an extrarenal route; and (3) it must be biologically inert and neither 
reabsorbed nor secreted by the renal tubules. Several substances, endogenous or 
exogenous, have been claimed to have these 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 8-2). 
The markers used in neonates are described below.
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Inulin
Inulin, an exogenous starchlike fructose polymer extracted from Jerusalem arti-
chokes, has an Einstein-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 Glomerular Filtration Rate in Neonates
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.17 Inulin 
has been used as a marker of GFR in human neonates using three different tech-
niques to measure or estimate its clearance: (1) the urinary UV/P clearance (where 
U is the urine concentration, V is the urine flow rate, and P is the plasma concentra-
tion), (2) the constant infusion technique without urine collection, and (3) the 
single-injection (plasma disappearance curve) technique.

Creatinine
Creatinine, the normal metabolite of creatine phosphate present in skeletal muscle, 
has a MW 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 (eCcreat) is usually more evident 
at low GFRs. As GFR decreases progressively during the course of renal disease, the 
renal tubular secretion of creatinine contributes an increasing fraction to urinary 
excretion, so that eCcreat may substantially exceed the actual GFR. Secretion of cre-
atinine into the gut plays a role in this phenomenon.

Although creatinine has been used for decades, the methods available for its 
chemical determination are still biased by various interfering substances.18 The 
coloric method described by Jaffe is still widely used in clinical laboratories. Its major 
drawback is the interference by noncreatinine chromogens such as bilirubin, pyru-
vate, uric acid, cotrimoxazole, and cyclosporins. The use of enzymatic methods has 
increased the specificity of creatinine determination.19 Further improvement in mea-
suring creatinine has been achieved by the use of newer techniques such as high-
performance liquid chromatography (HPLC), gas chromatography isotope dilution 
mass spectrometry (Gc-IDSM), and the HPLC-IMSD coupled technique.18 Gas chro-
matography 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 (<0.3%).18 A method coupling HPLC with IDMS for the direct 
determination of creatinine has been developed recently.20 The procedure is simple 
and speedy. It appears to offer the same advantage as the Gc-IDMS technique.

Table 8-2 CHARACTERISTICS OF THE GLOMERULAR MARKERS

 Inulin Creatinine Iohexol DTPA EDTA Iothalamate

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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Although accurate and reproducible assessment of creatinine is mandatory, the 
calibration of its measurement is not yet standardized to a gold standard in most 
places, leading to substantial variations among laboratories.18

Creatinine as a Marker of GFR in the Neonate
The handling of creatinine by immature kidneys is unique, with creatinine  
apparently undergoing glomerular filtration and partial tubular reabsorption.  
In newborn rabbits, the urinary clearance of creatinine underestimates the concomi-
tantly measured clearance of inulin with creatinine-to-inulin ratios below 1 in  
the first days of life21 (Fig. 8.4). Such ratios indicate that creatinine is actually 
reabsorbed at this stage of renal development. As the animals mature, the ratios 
increase above 1, reflecting filtration and secretion of creatinine. Reabsorption of 
creatinine is only present in the first postnatal 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-diffuses 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 human imma-
ture kidneys.22

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 
the interference of noncreatinine chromogens, sometimes leading to spurious over-
estimation of the true plasma creatinine.

Iohexol
Iohexol is a nonionic 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 inulin and both the urinary clearance of iohexol 
or its plasma disappearance clearance in a limited number of children.23,24 Large 
studies to validate iohexol as a true glomerular marker are not yet available. Iohexol 
has not been validated in neonates.

Iothalamate Sodium
Iothalamate sodium has a MW of 637 Da. It can be used as 125I-radiolabeled or 
without radioactive label, its plasma concentration then being assessed by X-ray 

Figure 8-4 The relationship between the clearances 
of creatinine and inulin in newborn and adult rabbits 
with comparable plasma levels of creatinine. (Modi-
fied from Matos P, Duarte-Silva M, Drukker A, et al. 
Pediatr Res. 1998;44:639.)
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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 iothal-
amate is actively secreted by the renal tubules and perhaps also undergoes tubular 
reabsorption in humans and animal species.25 The agreement between iothalamate 
and inulin clearances appears to be a fortuitous cancellation of errors between 
tubular excretion and protein binding of the agent. The substance does not conse-
quently 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.

99mTc-DTPA and 51Cr-EDTA
The use of radiolabeled markers is not recommended during the neonatal period. 
This group of markers is thus not discussed here.

Techniques Used to Assess Glomerular Filtration Rate  
in Neonates
The Plasma Concentration
The use of the plasma creatinine (Pcreat) concentration to estimate GFR presents 
specific problems in neonates. Neonates’ plasma creatinine level 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. 8-5).22 In preterm infants, the elevated 
plasma creatinine further increases transiently to reach a peak value between the 
second and fourth days of postnatal life (Fig. 8-6).26,27 Peak plasma creatinine con-
centrations as high as 195 to 247 µmol/L in 23 to 26 weeks’ GA neonates and 99 
to 140 µmol/L in 33 to 40 weeks’ GA neonates have been recorded (Table 8-3).27 
This transient increase in the VLBW neonates’ postnatal plasma creatinine concentra-
tion is probably the result of creatinine reabsorption across leaky tubules. This 
phenomenon accounts for the observation that when measured during the first week 
of life, the Pcreat is highest in the most premature infants.28 Reference ranges for Pcreat 
have been established from a cohort of 161 extremely premature infants followed 

Figure 8-5 Relationship between fetal cord and maternal serum creatinine during gestation. 
The ratio of the fetal to maternal serum creatinine remains close to 1 throughout gestation, 
indicating free diffusion of creatinine across the placental barrier. (Modified from Guignard JP, 
Drukker A. Why do newborn infants have a high plasma creatinine? Pediatrics. 1999;103(4):e49.)
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during the first 8 weeks of life29(Fig. 8-7). Normal values for Pcreat (as measured by 
an enzymatic assay during the first year of life are also available.19 Factors affecting 
Pcreat at birth and during the first postnatal weeks have been defined recently.30 
Hypertensive disease of pregnancy, ibuprofen-treated patent ductus arteriosus, and 
low GA were prominent factors influencing Pcreat at birth and later. In infants with 
hemodynamically significant patent ductus arteriosus (PDA), Pcreat levels before ibu-
profen were significantly higher than those recorded in GA-matched control partici-
pants without PDA.

Urinary Clearance
Inulin
The method based on the urinary clearance of inulin is the reference method for 
GFR. Measurement of the urinary clearance of this exogenous marker is cumber-
some, however, because it requires its constant intravenous infusion to maintain a 
steady state and the precise timed collection of urine. The method has been used in 
early developmental studies1 to define the maturation of GFR in relation to gesta-
tional and postnatal age (Figs. 8-1 and 8-2).

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 
creatinine-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.21 Developmental studies based on the urinary clearance of cre-
atinine have produced valuable information on the maturation of GFR.28,31,32 

Figure 8-6 Changes in serum creatinine in preterm 
neonates during the first 52 hours of postnatal life. 
Peak increases are observed on day 4 in the most 
premature infants. GA, gestational age. (Modified 
from Gallini F, Maggio L, Romagnoli C, et al. Progres-
sion of renal function in preterm neonates with gesta-
tional age ≤ 32 weeks. Pediatr Nephrol. 2000;15:119.)
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Table 8-3 CHANGES IN PLASMA CREATININE OVER TIME FOR DIFFERENT 
GESTATION GROUPS

Group 
Gestation 
Age (wk)

Birth 
Creatinine 
(µmol/L)*

Peak Plasma 
Creatinine 
(µmol/L)*

Time to Peak 
Plasma 
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. From Miall LA, Henderson MJ, Turner, AJ, et al. Plasma creatinine rises dramatically 
in the first 48 hours of life in preterm infants. Pediatrics. 1999;6:104.
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Reference values for the urinary clearance of creatinine during the first month of life 
of premature infants with GA ranging from 29 to 31 weeks has been published 
recently.33 The postnatal increase in Ccreat observed in these preterm infants is illus-
trated in Figure 8.8. Regression lines for calculating the normal values of Ccreat as a 
function of GA and postnatal day are given in Table 8-4.34

The Constant Infusion Technique without Urine Collection
The constant infusion technique34 assumes that the rate of infusion of a marker (x) 
needed to maintain constant its plasma concentration is equal to the rate of its excre-
tion. 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:

C U V/P IR Px x x x x= =i i

Figure 8-8 Glomerular filtration rate (GFR) according to gestational age (GA) in the first 
month of life (n = 275). Data are means + SEM. (From Vieux R, Hascoet JM, Merdariu D, et al. 
Pediatrics. 2010;125:e1186.)

10

20

15

25

30

G
F

R
 (

m
L/

m
in

/1
.7

3m
2 )

Time (postnatal days)

27 weeks GA
28 weeks GA
29 weeks GA
30 weeks GA
31 weeks GA

2821147

35

Figure 8-7 Mean plasma creatinine level (95% confidence interval) and gestational age 
during the first week of life. (From Thayyil S, Sheik S, Kempley ST, et al. J Perinatol. 2008;28:226.)
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The flow rate of the test solution containing the marker is expressed in mL/min per 
1.73 m2; 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 hours, the results obtained by this technique were in reasonable 
agreement with those obtained by the traditional urinary clearance.35,36 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 super-
vision 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 glomerular 
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 equilibration 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.36,37

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 eCcreat from its plasma concentration alone without urine collection. A formula 
has been developed for children,38,39 which allows an estimate of eCcreat derived from 
the patient’s creatinine plasma concentration and body length:

eCcreat k Length/Pcreat= i

where k is a constant, L represents the body length and Pcreat 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.39 The 
value of the constant k can be obtained from the formula k = eCcreat•Pcreat/Length. 
When length is expressed in cm and Pcreat in mg (%), the resulting eCcreat is expressed 
in mL/min per 1.73 m2. Under steady state conditions, k should be directly 

Table 8-4 REGRESSION LINES TO CALCULATE THE REFERENCE MEDIAN 
NORMAL VALUE OF GLOMERULAR FILTRATION RATE AS A 
FUNCTION OF GESTATIONAL AGE (IN WEEKS) AND  
POSTNATAL DAY

Postnatal day Median GFR

7 63.57 + 2.85 × GA

14 60.73 + 2.85 × GA

21 58.97 + 2.85 × GA

28 55.93 + 2.85 × GA

GA, gestational age. (Modified from Vieux R, Hascoet JM, Merdariu D, et al. Glomerular filtration rate 
reference values in very preterm infants. Pediatrics. 2010;124:e1186.)
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proportional to the muscle component of body weight, which corresponds reason-
ably well to the daily urinary creatinine excretion rate.

The Schwartz formula has been used in neonates.39 The mean value of k, cal-
culated in 118 low birth weight infants with corrected ages of 25 to 105 weeks, was 
0.33 ± 0.01. It rose to 0.45 in full-term infants up to 18 months.39 Despite a large 
scatter of normal values, the formula was claimed to be useful because it correlated 
well with the inulin single-injection technique.39 It is only unfortunate that the 
k•Length/Pcreat formula has not been validated in neonates by comparing its results 
with those given by the standard U•(V/P) inulin clearance. The accuracy of the 
k•Length/Pcreat 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 Pcreat in µmol/L), and factor k was found to vary markedly with the 
state of hydration.40 The k•Length/Pcreat formula may be more informative clinically 
than Pcreat alone because the creatinine value, in addition to renal function, is criti-
cally 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 Nonclassical  
Glomerular Marker!
Cystatin C, a nonglycosated 13-kDa basic protein, is a proteinase inhibitor involved 
in the intracellular catabolism of proteins.41 It is produced by all nucleated cells, 
freely filtered across the glomerular capillaries, almost completely reabsorbed, and 
catabolized in the renal proximal tubular cells.42 Being reabsorbed, cystatin C is not 
a classical marker of glomerular filtration, as strictly defined (see Assessment of 
Glomerular Filtration Rate). When using the particle-enhanced immunonephelom-
etry assay for its determination in blood, no interference from bilirubin, hemoglobin, 
triglycerides, and rheumatoid factor could be observed.43 Cystatin C has been 
claimed to be a reliable marker of GFR independent of inflammatory conditions, 
muscle mass, and gender.44,45 In children ages 1.8 to 18.8 years with various levels 
of GFR, serum cystatin C has been claimed to be broadly equivalent46 or even supe-
rior47 to Pcreat as an estimate of GFR. A very large recent study of 8058 inhabitants 
of Groeningen questions, however, the advantages of cystatin C.48 In this study, male 
gender, older age, greater weight, higher serum C-reactive protein levels, and ciga-
rette smoking were all independently associated with higher cystatin C levels after 
adjusting for eCcreat. Cystatin C has also been shown to be a poor marker of GFR in 
pregnancy,49 in renal transplant patients, and in patients receiving corticosteroids50-52 
as well as in intensive care unit patients.53 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.54

Cystatin C as a Marker of Glomerular Filtration Rate in Neonates
The handling of cystatin C by immature kidneys 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.55 Serum cystatin C concentrations are highest 
at birth and then decrease to stabilize after 12 months of age55 (Fig. 8-9). Cystatin 
C is significantly higher in premature infants than in term infants.44,56 Serum cystatin 
C values ranging from 1.24 to 2.84 mg/L have been recorded on the first day of life 
of premature neonates with a mean GA of 32.5 ± 2.6 weeks (x ± SD).57 In the study 
by Randers et al,45 mean values of 1.63 ± 0.26 mg/L (x ± SD) were recorded during 
the first month of life, 0.95 ± 0.22 mg/L during months 1 to 12, and 0.72 ± 
0.12 mg/L after the first year of life.

The claim has been made that the concentration of cystatin C offers a greater 
sensitivity and reliability than creatinine in detecting an abnormal GFR in newborn 
infants and “that unlike creatinine, cystatin C can be used to assess GFR of the 
newborn and even the fetus.”58 Such a statement is somewhat ill-founded, and there 
are numerous reasons to refute this conclusion:
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1. The handling of cystatin C by the immature kidney is not known.
2. The scatter of the serum cystatin C concentrations in neonates is very large, 

so it is unlikely that a useful formula will be established to reliably estimate 
GFR at this age.

3. Because cystatin C is filtered and then reabsorbed and catabolized by the 
proximal tubular cells, its plasma concentration is obviously influenced by 
changes in the rate of degradation of cystatin C by injured renal proximal 
tubular cells.

4. 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.

5. The production and concentration of cystatin C may be influenced by factors 
other than GFR, such as the serum C-reactive protein levels, thyroid dys-
function, or corticosteroid administration.

6. Measurement of cystatin C is considerably more expensive than that of 
creatinine, by a factor of at least 12.58

Assessment of Renal Function in Neonates: Which Method for 
Which Purpose?
Developmental Investigative 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 
constant inulin infusion to maintain steady state and 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 hours, requiring careful 
supervision. When respecting the protocol strictly,35,36 useful information can be 
obtained by this technique.

Figure 8-9 Box plot distributions showing plasma cystatin C values across the age groups. 
Dotted lines indicate 95% confidence interval of the adult range. Preterm babies born between 
24 and 36 weeks of gestation were 1 day old. (Modified from 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. 2000;82:71.)
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Other nonvalidated methods for measuring GFR should be avoided because 
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 neonate’s renal function. The transient “physiologic” 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 al27 and Gallini et al26 should be used as reference values for 
creatinine levels in VLBW infants. In doing so, sequential measurements of the 
plasma concentration of creatinine can provide useful information on the putative 
presence of renal insufficiency.

When a rough estimate of eCcreat is needed, the Schwartz formula adapted for 
neonates39 can be used. The formula is simple and only requires measurement 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 
µmol/L) will, of course, only be valid if the reference values for creatinine are the 
same in the laboratory where creatinine is tested and in the laboratory where the 
value of factor k has been calculated.40 Ideally, each laboratory should define its own 
value for constant k in a selected group of patients.

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 do not provide information that cannot be 
obtained by the simple Schwartz formula.

Conditions and Factors That Impair Glomerular 
Filtration Rate
In human neonates, the major risk factors for developing acute renal insufficiency 
are severe respiratory disorders and perinatal exposure to PGs synthase inhibitors.59-62

Perinatal Asphyxia
Perinatal asphyxia is defined as a condition leading to progressive hypoxemia, hyper-
capnia, and metabolic acidosis with multiorgan failure, including the kidney. The 
pathogenesis of the hypoxia-induced vasomotor nephropathy has been studied in 
newborn rabbits and lambs. In the rabbit model, isolated hypoxemia induces intense 
renal vasoconstriction with a consequent decrease in GFR and in the filtration frac-
tion (FF) and to a lesser extent in RBF. The observed decrease in FF suggests efferent 
arteriolar vasodilation, presumably as a consequence of intrarenal activation of 
adenosine,63 an endogenous vasoactive agent known to vasodilate the efferent arte-
riole and to decrease the intraglomerular pressure. The hypothesis that adenosine 
plays a key role in mediating the hypoxemic renal vasoconstriction was supported 
by the fact that theophylline, a nonspecific antagonist of adenosine cell surface 
receptors, prevented the decrease in GFR induced by hypoxemia in newborn 
rabbits.64 Such an effect was not observed when enprofylline, a xanthine devoid of 
adenosine antagonistic properties, was administered instead of theophylline.64 
Clinical studies using prophylactic theophylline in high-risk asphyxiated neonates 
seem to confirm the putative beneficial effect of theophylline in protecting GFR  
(see Theophylline below).

Nonsteroidal Antiinflammatory Agents
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 immature kidneys. By blunting the effect 
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of vasodilator PGs on the afferent arteriole, PGs synthesis inhibitors can impair GFR 
in both fetuses and neonates. Indomethacin is sometimes used in pregnant women 
with polyhydramnios to reduce fetal urine output and consequently the production 
of amniotic fluid.65 It should be realized that this “obstetric” benefit is achieved by 
producing a state of renal insufficiency in the fetus. Decreased GFR has been dem-
onstrated in neonates whose mothers had been administered indomethacin shortly 
before birth66 as well as in neonates administered indomethacin for the closure of 
PDA.67 This deleterious effect is usually transient, with renal function normalizing 
within 30 days,68 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 nonselective inhibitor like indomethacin, has been claimed 
to be safer than the latter for newborn kidneys.69 The efficacy and renal side effects 
of ibuprofen and indomethacin have been compared in two recent meta-analyses.70,71 
Although the efficacy of the two drugs in closing the PDA was similar, ibuprofen 
appeared to have fewer renal side effects than indomethacin. Ibuprofen-treated 
neonates presented with higher urine output (+0.74 mL/kg/min) and a lower 
increase of serum creatinine concentration (+0.44 ± 0.10 µmol/L). In contrast, in a 
recent well-controlled clinical study, the prophylactic administration of either ace-
tylsalicylic acid (4 × 11 mg/kg per day for 2 days) or ibuprofen (10 mg/kg and 5 mg/
kg at 24 h and 48 h, respectively) was associated with similar decreases in the clear-
ance of amikacin administered concomitantly72,73 (Fig. 8-10). Amikacin is eliminated 
almost exclusively by glomerular filtration, so that a decrease in its clearance indi-
cates a decrease in GFR. This observation casts doubt on the renal innocuousness 
of ibuprofen. This doubt is supported by experimental studies failing to demonstrate 
a difference between various nonsteroidal antiinflammatory drugs, including the 
nonspecific COX inhibitors aspirin, indomethacin, and ibuprofen. All agents acutely 
decreased GFR and RBF when administered to newborn rabbits.74,75

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 COX isoen-
zymes COX-1 and COX-2, with 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 nonselective inhibitors.76 If real, the potential advantage of 
using ibuprofen may have to be counterbalanced by a slight increase in the occur-
rence of chronic lung disease at 28 days of age.71 The warning that COX-2 selective 
inhibitors are also unsafe for human immature kidneys is supported by the occur-
rence of severe renal failure in several neonates born from mothers treated by nime-
sulide during pregnancy.77,78

Angiotensin-Converting Enzyme Inhibitors and Angiotensin II 
Receptor Antagonists
Angiotensin-converting enzyme (ACE) inhibitors and ATII receptor antagonists 
(ARAs) are potent hypotensive agents that act by interfering with the formation  
or the action of ATII. When administered to mothers with hypertension early in 

Figure 8-10 Effect of prophylactic ibuprofen on 
the pharmacokinetics of amikacin. The decrease in  
amikacin clearance and the increase in amikacin  
half-life reflect the decrease in glomerular filtration  
rate (GFR) induced by ibuprofen. (Modified from 
Allegaert K, Cossey V, Langhendries JP, et al. Effects 
of co-administration of ibuprofen-lysine on the phar-
macokinetics of amikacin in preterm infants during the 
first days of life. Biol Neonate. 2004;86:207.)
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pregnancy, they can induce renal dysgenesis.79 When administered later in 
pregnancy or to a neonate after birth, these agents can induce neonatal  
renal failure.80-82 Renal abnormalities after brief intrauterine exposure to 
enalapril during late gestation have been detected in an adolescent girl.83 In 
high-risk hypertensive neonates with bronchopulmonary dysplasia, whose  
renin-angiotensin system is overstimulated beyond the neonatal period, the  
administration of captopril has resulted in dramatic decreases in blood pressure  
and episodes of prolonged oliguria and seizures.84 ACE inhibitors and ARAs 
must not be administered to pregnant mothers and should be administered with 
great caution to sick neonates.

Prevention of Oliguric States Caused by Low 
Glomerular Filtration Rate
Furosemide in Oliguric Neonates
Loop diuretics (furosemide, bumetanide) are commonly used to increase  
urine output in oliguric neonates, with the hope of improving GFR. This hope is 
based on the fact that furosemide stimulates the production of vasodilator PGs. 
When a diuretic response actually occurs following the administration of loop 
diuretics, it may give the illusory impression that GFR has been improved by  
the diuretic agent. This is evidently rarely the case, since increased urine output 
usually induces hypovolemia with consequent vasoconstriction of the kidney and 
depression of GFR.

Loop diuretics are discussed in Chapter 14.

Dopaminergic Agents (Dopamine, Dopexamine)  
in Oliguric Neonates
Low doses of dopamine, the so-called “renal” doses (0.5–2.5 µg/kg/min) have been 
widely used in the hope that its selective actions on DA1 dopaminergic receptors in 
the vascular bed would induce renal vasodilation and improve GFR in newborn 
infants. In initial clinical observations, increases in urine output, sodium excretion, 
and eCcreat have been described after the administration of renal doses of dopamine 
to normotensive oliguric neonates85 or to oliguric indomethacin-treated neonates 
treated.86 These beneficial effects of low-dose dopamine on GFR have, however, not 
been confirmed by a critical review of neonatal clinical studies87 or by the meta-
analysis of randomized trials, either in infants88 or in adults.89,90

Theophylline
Intrarenal adenosine is a physiologic regulator of GFR acting on the glomerular 
arteriolar tone.91 When overstimulated, as for instance in hypoxemic states, ade-
nosine dilates the efferent arteriole, thus decreasing the effective filtration pressure 
and GFR. Low-dose theophylline (0.5–1 mg/kg), a xanthine derivative with strong 
adenosine antagonistic properties, has been shown to prevent the hypoxemia-
induced vasoconstriction in both newborn and adult rabbits.62 It probably does so 
by blunting the efferent arteriolar adenosine-mediated vasodilation induced by 
hypoxia. A marked improvement in both urinary water excretion and GFR after 
theophylline administration was first observed in high-risk neonates with oliguric 
renal insufficiency (Fig. 8.11).92 Well-controlled studies in severely asphyxiated 
term-neonates have shown that a single dose of theophylline (5 or 8 mg/kg) given 
in the first hours of life significantly improved renal function and eCcreat

93-96 without 
affecting the central nervous system. An improvement in urine output and eCcreat 
has also been observed in a controlled study in preterm neonates with respiratory 
distress syndrome (RDS) given low-dose theophylline (1 mg/kg) for 3 days.97 Inter-
estingly enough, in the neonatal rabbit model, the specific adenosine A1 receptor 
antagonist DPCPX does not offer the same protection as theophylline during hypo-
xemic stress.98
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Although the use of the nonspecific 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 9 

The Developing Kidney and  
the Fetal Origins of Adult 
Cardiovascular Disease
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Umberto Simeoni, MD

d Developmental Origins of Health and Disease
d Developing Kidney and Long-Term Consequences
d Molecular Mechanisms Involved in the Developmental 

Origins of Cardiovascular Disease
d Conclusion

Since the pioneering work of David Barker and colleagues,1 worldwide epidemio-
logic studies have demonstrated that low birth weight (LBW) is associated with an 
increased risk of death from coronary heart disease.2-4 The link between early devel-
opment 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 Although with less evidence, the risk of 
chronic kidney disease (CKD), defined by proteinuria, decreased glomerular filtra-
tion rate (GFR), and end-stage renal disease (ESRD), has been related to LBW.7-10 
The concept of the developmental origins and programming of adult disease is now 
widely understood because evidence of the relationship between early growth and 
development of 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 pres-
sure: blood pressure increases 1 to 3 mm Hg per birth weight reduction of 1 kg.11 
Such findings have been replicated in various animal models of intrauterine growth 
restriction (IUGR) in guinea pigs,12 sheep,13 and particularly rats.14-16 Although evi-
dence of the early programming of cardiovascular function and disease is provided 
by studies including subjects with IUGR, recent studies raised the issue of the long-
term consequences of premature birth. Premature birth has been shown to be associ-
ated with elevated arterial blood pressure in adulthood independently of birth 
weight. Blood pressure levels are inversely related to gestational age (GA).17-20

The pathophysiologic and molecular mechanisms involved in the early  
programming of health and disease are multiple and only partially understood. It is 
well established that the developmental programming of arterial hypertension involves 
renal factors.21-23 The kidney has been shown to be one key organ involved in the 
programming of hypertension in adulthood through the definitive reduction in the 
total number of nephrons. Reduced nephron number is a characteristic of LBW.24-26

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

Developmental Origins of Health and Disease
The concept of the developmental programming of disease implies that a stimulus 
or an insult, acting during a unique, narrow window of sensitivity in the prenatal 
and early postnatal periods of life, induces silent physiologic alterations that translate 
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into disease during adulthood. In this paradigm, initial adaptive responses during 
fetal life or early infancy conditions, such as IUGR, preterm birth, or intrauterine 
exposure to diabetes in pregnancy, prove to be durable and later become harmful 
as a mismatch between the predicted restrictive environment and the real environ-
ment develops. Adaptive responses are the expression of developmental plasticity, 
the process that allows a single genotype to develop into different phenotypes 
according to environmental influences.27-29

Birth Weight and Developmental Origins  
of Adult Cardiovascular and Renal Diseases
The early origins of adult diseases hypothesis has been developed by David Barker  
and colleagues1 after they characterized a relationship between increased coronary 
heart disease mortality rates and decreasing birth weight in a cohort of men  
and women in Hertfordshire, United Kingdom whose characteristics at birth were 
known.1 LBW is now recognized as a risk factor for hypertension, type 2 
diabetes, and other metabolic dysfunctions. Such association has been demonstrated 
in various epidemiologic studies from different countries and validated with  
animal studies from various animal species. However, attentive analysis of the rela-
tionship between birth weight and adult diseases is U shaped. Large birth weight 
infants with body weight greater than 4 kg have a slight but significantly higher  
risk than normal BW infants to develop cardiovascular, metabolic, and probably 
renal diseases. Such U-shaped relationship suggest that different fetal environments 
may permanently alter the structure and function of various systems. Exposure to 
maternal diabetes during pregnancy, known to induce large birth weight infants, 
may be another fetal environmental factor involved in the developmental program-
ming of adult health and disease.

Emerging evidence suggests that LBW is a risk factor of early CKD.30 In 
a population-based study, it has been shown that the estimated GFR (eGFR) at  
adulthood is correlted with birth weight. It has been estimated that a 1-kg  
increase in birth weight is associated with an increase in eGFR of about 2.6 to 7 mL /
min.31-33 In a case control study, Lackland et al34 have shown in a population 
from the state of South Carolina, in USA, that the odds ratio for ESRD was 1.4 (95% 
confidence interval [CI], 1.1–1.8) in adults with birth weight below 2.5 kg. Such 
result have been recently confirmed in a Norwegian study (the Medical Birth Registry 
and the Norwegian Renal Registry) in which patients with birth weight below the 
10th percentile had a relative risk for ESRD of 1.7 (95% CI, 1.4–2.2).10 In the 
Dutch famine cohort, adults exposed to maternal famine during midgestation, at a 
time of active nephrogenesis, had albuminuria, a sign of glomerular injury associated 
with nephron number reduction.35 Finally, LBW is associated with more rapid pro-
gression of various kidney diseases such as membranous and IgA nephropathies, 
nephrotic syndrome, or kidney disease related to obesity and metabolic disorders.36-38 
In all of these studies, GA is mostly unknown, which raises the question of  
the relationship of long-term renal disease with preterm birth. Preterm birth may be 
a risk factor for CKD. Patients from the Dutch POPS cohort of preterm, less than 
32 weeks GA, have been investigated at young adult age.9 Renal function measure-
ments showed that the urinary microalbumin-to-creatinine ratio and plasma creati-
nine levels at adulthood were inversely proportional to birth weight in this population. 
However, data from other studies show conflicting results.39-41 Such discrepancies 
may be attributable to the eligible population, the association with IUGR, the degree 
of immaturity, and the age at which renal and vascular functions were evaluated (late 
infancy, young adulthood). The lack of very long-term follow-up prevents definitive 
conclusions. Data are scarce regarding renal structure. Recently, Hodgin et al42 have 
reported six adults born preterm, with a mean age of 32 years, in whom renal biop-
sies have been done for proteinuria. Renal histology showed focal segmental glo-
merular sclerosis with unknown causes identified, unlike premature birth. eGFR was 
unaffected.
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Postnatal Growth and Developmental Origins  
of Adult Cardiovascular and Renal Diseases
Longitudinal as well as nutritional intervention studies in LBW premature babies 
suggest that postnatal growth, especially accelerated weight gain, may play an impor-
tant role in the late programming of cardiovascular diseases.43-50 But the role of 
postnatal growth on adult chronic renal diseases is still unknown.

Infants with LBW often show accelerated rates of growth in infancy and early 
childhood, a phenomenon coined as catch-up growth. The critical “window” when 
catch-up growth contributes to higher blood pressure in adulthood is still debated. 
Many studies have shown that increased weight gain in early childhood (5–7 years) 
is independently associated with increased blood pressure levels in adulthood, but 
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. Late infancy seems a key period in programming the risk of adult disease by 
switching from poor growth early in life to 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 LBW associated with later 
catch-up growth after the age of 2 years is associated with increased rates of death 
from coronary heart disease, hypertension, and type 2 diabetes.43 Interestingly, in 
this cohort, postnatal growth restriction after normal birth weight is a risk factor for 
hypertension and stroke.

The role of weight gain in the first months of postnatal life is a matter of con-
siderable interest. In a nutritional intervention study, Singhal et al49 have shown that 
increased weight gain during the first 2 weeks of postnatal life was associated with 
elevated diastolic blood pressure in adolescents born preterm. In some populations, 
reduced infant growth seems to confer additional cardiovascular risk that is pre-
dicted 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 and 18 months had 
higher systolic blood pressure.50 The authors suggested that the poor infant growth 
may be attributable to living disadvantages and a higher burden of infectious dis-
eases. Similar results have been observed in 11- to 12-year-old Jamaican children 
who were stunted in early infancy (6–24 months).48 However, such a relationship 
has not been observed in other studies.44,45

The role of postnatal nutrition on programming later systemic hypertension 
and CKD has been confirmed by animal models.51-55 Rapid neonatal catch-up 
growth and high caloric diet in peripubertal IUGR offspring affect long-term  
vascular and renal function. We and others have shown that early postnatal caloric 
overfeeding, obtained by reduction of litter size and limited to the suckling  
period, induces obesity and cardiovascular, metabolic, and renal diseases in aging 
adult rat offspring born with normal birth weight (Fig. 9-1). Such effects are 
enhanced when postnatal overfeeding occurs after IUGR.53,54 Indeed, early postnatal 
overfeeding superimposed on IUGR offspring clearly allows rapid postnatal catch-up 
growth during the neonatal period, but accelerates the occurrence of  
programmed hypertension and the development of early CKD. It has been demon-
strated that rapid catch-up growth after IUGR accelerates renal senescence with 
shortening telomere.56 On the other hand, such maternal nutritionally programmed 
cardiovascular, metabolic, and renal diseases may be prevented by slow postnatal 
growth.53,57 Such influence of neonatal growth on long-term diseases in rats has been 
observed in other species. Peripubertal nutrition and growth influence adult meta-
bolic and vascular function as well. In 100- to 125-day-old IUGR rat offspring 
(obtained by a 30% reduction of global maternal diet) Vickers et al51 showed that 
blood pressure, fasting insulin, and leptin levels were amplified by a hypercaloric 
diet applied in weaning offspring. Similar findings have been reported by other 
authors when IUGR offspring displayed spontaneous catch-up growth at the time 
of evaluation of cardiovascular or renal functions confirming the determinant role 
of postnatal growth.55
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Figure 9-1 Early postnatal overfeeding (OF) induces 
long-term hypertension and early impaired renal func-
tion in intrauterine growth restricted (IUGR) male off-
spring. Systolic blood pressure (SBP; A), proteinuria 
(UprV; B), and clearance of creatinine (CrCl; C) in 
12-month-old normal birth weight (NBW) offspring 
(pink bars), IUGR (red bars), NBW + OF (light pink 
bars), and IUGR + OF (black bars) offspring, according 
to gender are shown. Values are means + standard 
deviation; n = 8–10. Significant differences (P <.05) 
across groups are indicated by different letters; for 
example, a is different from b but not different from 
ab. (From Boubred F, Daniel L, Buffat C, et al. Early 
postnatal overfeeding induces early chronic renal dys-
function in adult male rats. Am J Physiol Renal Physiol. 
2009;29:946.)
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According to this concept, environmental factors, particularly nutrition, act 
early during fetal and postnatal life to program the risk for later cardiovascular and 
renal diseases in adulthood. Common risk factors, such as arterial hypertension, 
hyperlipidemia, obesity, type 2 diabetes and the components of the metabolic syn-
drome, and factors associated with lifestyle (e.g., high caloric nutrition, tobacco, 
sedentarity) are at least partly associated with environmental conditions in early life. 
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 
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a single genotype to produce different phenotypes) to take place.58 The fact that an 
impairment of fetal growth 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 pres-
sure later.

Biologic Mechanism of Developmental Programming  
of Adult Disease
The development of fetuses is complex and depends in part on maternal constraint, 
which includes maternal nutrition, physiology and disease, and placental functions. 
The thrifty phenotype hypothesis has been the principal mechanistic frame pro-
posed to explain that an adverse fetal 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, such as the kidneys and muscles. Such  
an adaptive response to fetal chronic stress results in a physiologic programming 
that then enables the newborn to adapt and thrive under scarce environmental 
conditions, but also favors the development of disease when the postnatal environ-
ment is abundant instead of restricted.59 It is speculated that the adaptive fetal 
response to adverse environment results in reduced muscle mass and nephron 
number, which is responsible for the development of insulin resistance and altered 
kidney functions, respectively. Such changes may promote type 2 diabetes mellitus, 
hypertension, and CKD. Immediate fetal and neonatal survival advantage is thus 
balanced by unfavorable long-term consequences. However, the thrifty phenotype 
theory may show its limits when taking into account that not only LBW caused by 
IUGR but also by preterm birth, large birth weight, and fetal exposure to various 
drugs and toxics are associated with long-term functional alterations. New para-
digms are needed because premature birth most frequently is not associated with 
chronic fetal distress.

Being born small 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, LBW, whether 
attributable to IUGR or to preterm birth, is associated with a reduction in the con-
stitutive 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.

Developing Kidney and Long-Term Consequences
The kidney has been identified early as a key player in the pathogenesis of develop-
mentally programmed hypertension through the pathway of reduced congenital 
nephron endowment.21,25 Low nephron number characterizes perinatal conditions 
such as LBW or maternal diabetes in pregnancy and is considered to be involved in 
the development of both increased arterial blood pressure and altered renal function 
on the long term in such conditions.21,24,55

Experimental studies and human findings provide evidence for a pathogenic 
link between low nephron number and systemic hypertension and renal function 
deterioration. 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 oligo-
meganephronia, hypertension and renal disease develop.60 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.26 Such findings have been reproduced in recent experimental studies of 
reduced nephron mass. Reduction of nephron mass by nephrectomy during nephro-
genesis is associated with arterial hypertension and alteration of GFR in 
adulthood.61,62
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Nephrogenesis and Environment
Nephrogenesis is achieved prenatally in the human, most nephrons being formed 
between 28 and 34 weeks of gestation. This process results at around 34 to 36 weeks 
of gestation in a finite nephron number endowment acquired by each individual for 
life; it is generally admitted that no additional nephrons are formed after the end of 
nephrogenesis. The average nephron number per kidney is ±750,000 with a wide 
interindividual range (250,000–1,500,000).26,63 The glomerular volume is inversely 
correlated to the nephron number. Such variability may be related to fetal environ-
ment, maternal constraint, and genetic factors. In rats, it has been demonstrated that 
nephron number can be “programmed” through an intergenerational process. 
Reduced nephron number associated with IUGR persists in the second generation 
without any subsequent modification of fetal environment and birth weight.64

Birth weight is the principal factor associated with nephron number endow-
ment, but is certainly not the only predicting factor. It has been estimated that the 
number of nephrons per kidney increases by an average of 250,000 per kilogram 
increase in birth weight.63 And for a given birth weight, the nephron number can 
vary with a factor of 2 to 3. 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% 
to 40% when IUGR is present.24,65 Animal models in various species have shown 
that IUGR (maternal low protein diet or global diet restriction, uterine arteries liga-
tion), maternal gestational administration of glucocorticoids or other drugs (amino-
sides, ampicillin), maternal vitamin A and iron deficiency, fetal exposure to alcohol, 
and maternal gestational diabetes lead to a reduced nephron number.24

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. Ultrasound measurement of kidney size during postnatal growth in 
humans has shown that even at the age of 8 years, kidney size is lower in children 
who were born preterm.66,67 In an autopsy study of 56 extremely premature infants, 
whose birth weights were, in the majority, appropriate for GA, Rodriguez et al68 
found that nephrogenesis was considerably decreased compared with term control 
participants and that radial glomerular count number correlated with GA. However, 
markers of active glomerulogenesis were absent in extremely preterm infants who 
had survived for a longer time. Signs of impaired nephrogenesis were furthermore 
accentuated in patients with renal failure. Various postnatal factors, including neph-
rotoxic drugs, undernutrition, and stress (infection, oxidative stress), may impair 
extrauterine nephrogenesis.55

Such findings emphasize that LBW is one, but certainly not the only, predictor 
of nephron endowment and suggest that the relationship between reduced nephron 
endowment and the risk of developing adult-onset disease is still valid among 
normal birth weight individuals and depends partly on the fetal environment.

Recent experimental evidence suggests that fetal environment leads to subtle 
renal changes. It has been shown that fetal environment may program sensibility to 
the renin–angiotensin system (RAS), higher activity of the renal nerve system, and 
tubular sodium handling, but the expression of the principal components of the RAS 
is extinguished in the developing kidneys of IUGR rat pups and overexpression of 
the renal RAS proteins and mRNAs can be observed as soon as at 4 weeks in a similar 
model.69,70 Increased expression of the renal tubular Na+, K+, 2Cl− co-transporter 
(NKCC2) and loss of the Na+, K+, ATPase α1 subunit from the inner medulla have 
been evidenced in low-protein maternal rat offspring, suggesting that altered renal 
sodium handling is also programmed prenatally.71 Such changes result in sodium 
sensitivity of fetal programmed hypertension in this model. Interestingly, salt sensi-
tivity of arterial blood pressure has been documented in LBW children.72 The 
importance of the fetal programming of tubular functions and of salt-sensitive hyper-
tension has been also evidenced in the offspring exposed to maternal diabetes.73 It 
is of note that such mechanisms have been described in young adult IUGR animals 
with reduced endowment of nephron.
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Long-Term Vascular and Renal Disease: Role  
of Nephron Number
As postulated by Brenner and coworkers,25 nephron deficit as a result of IUGR 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 arterial 
hypertension (Fig. 9-2). Reduced filtration surface area results in an initial salt reten-
tion, increased volume stroke, and resetting in pressure-natriuresis mechanisms that 
contribute to a slight increase in blood pressure. Compensatory glomerular hemo-
dynamic changes associated with increased single-nephron GFR (SNGFR) initiate 
and perpetuate injury after inborn nephron deficit. In response to reduced nephron 
number, remaining nephrons undergo an adaptation 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. In general, hypertension 
occurs because of reduced GFR and the inability of the kidney to maintain sodium 
and water balance at a normal blood pressure. Recent experimental studies have 
shown that other mechanisms may be involved in such adaptive changes. Both renal 
expression of and responsiveness to the RAS are upregulated during early adulthood 
in IUGR rats, further increasing the systemic blood pressure needed to maintain 
sodium and water balance.74 Experimental and clinical data confirm the role of 
nephron number on the pathophysiology of hypertension and CKD. In sheep and 
rodents, uninephrectomy during active nephrogenesis leads to elevated blood pres-
sure, impaired renal function and renal damage, and elevated peripheral vascular 
resistance during adulthood, which enhance with age.61,62 Rats genetically pro-
grammed to develop hypertension (SHR strain) had a reduced nephron number and 
a particular susceptibility to glomerular sclerosis.75 In humans, patients with con-
genital renal agenesia develop hypertension and CKD during adulthood and unine-
phrectomized adults, while children, are prone to develop hypertension and early 
CKD compared with the general population.76 Recently, in an autopsy case control 
study, Keller et al26 demonstrated that young adults with a history of hypertension 
had an average 50% decrease in nephron number compared with age-match 
controlled adults. Aside from reduced nephron endowment, hypertension can be 
caused by an alteration in tubular handling of sodium with increased sodium reab-
sorption, overactivity of the sympathetic nerve to the kidney, and oxidative stress.

Figure 9-2 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. 1988;1:335-347.)
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Reduction of nephron endowment is not systematically associated with long-
term hypertension, especially when the reduction is moderate. In humans, Hughson 
et al77 did not find a relationship between a moderate nephron number reduction 
and hypertension. In contrast with congenital renal agenesis, adult renal transplant 
donors have a lower risk of hypertension and renal disease.78 In animal models, 
renal mass reduction does not lead in all cases to hypertension and renal disease  
in adulthood.79 Similar findings have been observed in adult offspring exposed 
prenatally to maternal protein diet restriction and to maternal administration of 
glucocorticoids.55

All of these findings suggest that a moderate reduction of nephron number 
alone is not sufficient to mediate long-term “fetal-programmed” cardiovascular  
and renal diseases. Nephron number and postnatal environment have to  
be taken into account. The risk of hypertension may be correlated to the severity  
of nephron deficit: the lower the nephron number, the higher the blood 
pressure.25

Developing Kidney, Postnatal Factors, and Long-Term Vascular 
and Renal Diseases
When nephron number is moderately reduced, hypertension and CKD may develop 
with additional factors such as rapid postnatal catch-up growth, and increase in 
sodium or protein intakes26,53,55,80,81. Postnatal factors may play a determinant 
role, since nephron number varies widely for a given birth weight and is  
moderately decreased in IUGR offspring as compared with congenital renal 
hypoplasia.

Postnatal factors, especially postnatal growth and/or nutrition, may act early  
in infancy and induce/enhance the adaptive single nephron glomerular hyperfiltra-
tion and renal hypertrophy. Such factors may thus enhance the vulnerability  
of a kidney with a deficit in the number of nephrons. 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. We have shown in IUGR rat offspring that early postnatal 
overfeeding induces rapid catch-up growth in young adult offspring, sustained pro-
teinuria and long term CKD (glomerular sclerosis and impaired glomerular  
filtration function). It has been known for a long time that a high protein intake  
in rats is associated with an adaptive, elevated GFR and renal hypertrophy,  
which result over a long time in glomerular damage, especially when renal mass  
is reduced. Similar renal effects have been observed in adult IUGR rat offspring  
when exposed neonatally to a high protein diet. In the same way, increased sodium 
intakes enhance renal injury through oxidative mechanism in IUGR adult rat  
offspring.82 The role of early growth/nutrition in humans has to be evaluated. 
Increases in protein and caloric diet are proposed for LBW infants to enhance 
growth, to avoid postnatal growth restriction, with the aim to promote long term 
neurocognitive functions.

As demonstrated in epidemiologic studies, lifestyle, tobacco, alcohol, obesity, 
diabetes, hypercholesterolemia, and hypertension are known risk factors for cardio-
vascular and renal diseases. Such postnatal factors affect vascular and renal structure 
and function through different pathways and may enhance the early programming 
of adult disease. Vascular changes (endothelial dysfunction and microvascular hyper-
trophy), hormonal dysregulation (hyperletinemia, up regulation of the renin angio-
tensin system and the hypothalamopituitary axis), and increase in SNGFR have been 
associated with diabetes, obesity, or hypertension. It is of note that parts of such 
postnatal factors are “programmed” early in development. Finally, a vicious circle 
takes place with initiation of glomerular damage during early development and 
worsening of such damages through additional deleterious effects of hypertension 
and metabolic diseases programmed themselves prenatally and postnatally: the 
kidney is both the underlying pathophysiologic mechanism and the target organ of 
programmed diseases (Fig. 9-3).



 The Developing Kidney and the Fetal Origins of Adult Cardiovascular Disease  147

9

Molecular Mechanisms Involved in the Developmental 
Origins of Cardiovascular Disease
Fetal Environment and Altered Kidney Gene Expression
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 an adverse 
intrauterine environment such as IUGR. Altered genes involved in early stages of 
nephrogenesis are likely to markedly reduce nephron number endowment. RAS 
components, mRNA, and protein expression are downregulated in rats born with 
IUGR, further confirming the role of renin as a renal growth factor.83 Vitamin A 
deficiency has been shown to alter nephron development in rats and may be a key 
factor in nephron mass reduction because of IUGR. Indeed, a 50% reduction in 
maternal retinol circulating concentration leads to a 20% reduction in nephron 
number in the offspring, but overall fetal development was not affected, a fact con-
firmed in cultured explanted metanephroi.24 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 because of retinoic 
acid deficiency. The regulation cascade of all-transretinoic acid control of nephron 
development involves C-ret because both C-ret mRNA and protein are significantly 
altered in conditions of retinoic acid deficiency in vitro. Altered expression of specific 
genes such as Pax 2 and GDNF have been shown in metanephroi cultured in vitro 
of kidneys from fetuses exposed to maternal gestational administration of glucocor-
ticoids and to maternal protein diet restriction.84,85 Various genes are modified in the 
kidney of IUGR fetuses. We found in a study of renal transcriptome, that expression 

Figure 9-3 “Multi-hits” hypothesis of adult hypertension and chronic kidney disease (CKD). 
Early growth and nutrition (e.g., caloric, protein, sodium intake) may enhance the adaptive 
renal mechanisms associated with nephron number deficit and lead to metabolic and hormonal 
changes, which in turn promote the development of hypertension and CKD through different 
pathways. ESRD, end-stage renal disease; GC, glucocorticoids; GFR, glomerular filtration rate; 
HTN, hypertension; IUGR, intrauterine growth restriction; PGC, glomerular capillary pression; 
SNGFR, single-nephron glomerular filtration rate. (Reproduced with permission from Simeoni 
U, Ligi I, Buffat C, Boubred F. Adverse consequences of accelerated neonatal growth: cardio-
vascular and renal issues. Pediatr Nephrol. 2011;26(4):493-508.)
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of around 20% of the genome is altered in IUGR newborn rats exposed in utero to 
a low-protein maternal diet. In particular, the expression of genes involved in cell 
maintenance mechanisms and signal transduction was reduced, and that of the 
prothrombotic pathway in blood coagulation, that of the complement components, 
and that of apoptosis were considerably enhanced. This induction of coagulation 
cascades in the kidneys of low birth-weight rats and provides a possible rationale 
for the thromboendothelial disorders observed in IUGR human newborns.86

Imprinted Genes and Programming
The concept of developmental “programming” of adult diseases can be referred to 
as developmental 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.58,87 The environment has a great influence on the phenotypic 
expression with the aim of adapting 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 
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 and sunlight, also named labile regulation.88 A 
second mechanism is by epigenetic regulation.88,89 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, phosphoryla-
tion, and ubiquitylation, all together giving rise to what is referred to as the epi-
genot ype. But the best characterized epigenetic modifications concern DNA and 
consist of the methylation of cytosine residues within CpG dinucleotides.90 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.

Genomic Imprinting and Nutrient Supply to the Fetus
Nutrition can modify gene expression through epigenetic modifications, as for 
instance in the case of folate. Folate, a water-soluble B group vitamin, is essential 
for the transfer of one-carbon units.91 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 co-factors in 
one-carbon metabolism may consequently be expected to influence phenotype, an 
abnormal status or imbalances being able to cause diseases such as neurologic dis-
orders, cancer, and 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 syn-
drome, and aberrant DNA methylation has been implicated in the pathogenesis of 
neurologic disorders, including Alzheimer, Parkinson, and Huntington diseases.92 
Altered DNA methylation has been extensively documented in tumorigenesis.91

Nutritional anomalies, either during the entire pregnancy period or at critical 
ontogenetic stages, are likely to have major and persistent effects on the fetal epi-
genot ype and thereby the expression or depression of genes that may cause diseas 
in later life. Nutrition, via nutrient–gene interaction, may in this way at least partially 
determine phenotypic characteristics, and this phenotype may subsequently be 
transmitted to future generations, given that the epigenome can to some extent be 
conveyed as well. The epigenetic makeup may constitute a link between LBW and 
cardiovascular disease and many other complex diseases during adulthood.90
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Several research studies focused on the classes of elements in the genome that 
are particularly sensitive to nutritional regulation during early life. There is a growing 
body of evidence from studies of in vitro embryo culture that the methylation status 
of genomically imprinted genes, including IGF2, H19, IGF2R, and so on, can be 
altered with consequences for subsequent organ growth and function.90,93,94 Impor-
tantly, the epigenetic lability of imprinted genes is not limited to the preimplantation 
period and includes the early postnatal period in rodents.95 Recent studies have also 
demonstrated that retrotransposons are elements within the genome that may also 
be epigenetically labile to early nutrition.96,97

Directional effects on fetal growth of maternally and paternally expressed genes 
have been documented in a number of mouse knockouts. Whereas paternally 
expressed genes involved in fetal growth tend to increase fetal size, maternally 
expressed genes decrease fetal size. Imprinted genes are epigenetically regulated and 
play important roles in development such as fetal growth, placental development 
and function, and behavior after birth.98,99 The control of fetal growth by imprinted 
genes can be exerted at the level of cell proliferation, apoptosis, and extracellular 
fluid composition in fetuses.

To prove that such mechanisms are at work in kidney development, asymmetric 
IUGR has been induced through bilateral uterine artery ligation in pregnant rats by 
Pham et al.100 Uteroplacental insufficiency reduced glomeruli number while increas-
ing TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining 
and caspase-3 activity in the IUGR kidney, both indicating increased apoptosis. 
Furthermore, a significant decrease in Bcl-2 mRNA and a significant increase in Bax 
and p53 mRNA have been observed.

Genomic imprinting is thought to have evolved as a result of genetic conflict 
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 al101 have recently 
provided the demonstration that dysregulation of an imprinted gene, specifically in 
the placenta, affects fetal growth by showing that placental-specific Igf2 is an impor-
tant modulator for fetal growth in the mouse. The Igf2 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 are  
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 function in 
adulthood seems partly “programmed” in utero or in the early postnatal period (or 
both), independently of the eventual occurrence of congenital or acquired kidney 
disease. Such developmental programming of function and disease in adulthood is 
related to LBW, whether because of IUGR or premature birth. Large birth weight 
infants and those exposed to maternal diabetes have to be considered at increased 
risk as well. The consequent glomerular hyperfiltration contributes to the increased 
arterial blood pressure and CKD in adulthood. Despite this clear pathophysiologic 
rationale, a number of points still need to be addressed to allow the design of effec-
tive preventive strategies. Blood pressure, nutrition, growth status, and renal (micro-
albuminuria) and metabolic functions should be monitored carefully and prospectively 
in infants at higher risk. The long-term influence of postnatal nutrition, especially 
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protein intake, on the development of renal function, especially in conditions of 
altered perinatal renal development, is still unknown. Rapid postnatal catch-up 
growth may amplify fetal-programmed adult diseases, particularly CKD. Epigenetic 
changes are likely to be key molecular factors in the long-term memory that char-
acterizes long-term consequences of altered perinatal growth and development. 
Future research should clarify the optimal perinatal nutritional approach and define 
relevant biomarkers for follow-up. The prophylactic measures to be applied to 
infants at increased risk of developmentally programmed adult disease should also 
be defined.

References
1. Barker DJ, Winter PD, Osmond C, et al. Weight in infancy and death from ischaemic heart disease. 

Lancet. 1989;2:577-580.
2. Osmond C, Barker DJ, Winter PD, et al. Early growth and death from cardiovascular disease in 

women. BMJ. 1993;307:1519-1524.
3. Stein CE, Fall CH, Kumaran K, et al. Fetal growth and coronary heart disease in south India. Lancet. 

1996;348:1269-1273.
4. Eriksson JG, Forsen T, Tuomilehto J, et al. Early growth and coronary heart disease in later life: 

longitudinal study. BMJ. 2001;322:949-953.
5. Hales CN, Barker DJ, Clark PM, et al. Fetal and infant growth and impaired glucose tolerance at 

age 64. BMJ. 1991;303:1019-1022.
6. Barker DJ, Hales CN, Fall CH, et al. Type 2 (non-insulin-dependent) diabetes mellitus,  

hypertension and hyperlipidaemia (syndrome X): relation to reduced fetal growth. Diabetologia. 
1993;36:62-67.

7. Hoy WE, Douglas-Denton RN, Hughson MD, et al. A stereological study of glomerular number and 
volume: preliminary findings in a multiracial study of kidneys at autopsy. Kidney Int Suppl. 2003;
S31-S37.

8. Lackland DT, Bendall HE, Osmond C, et al. Low birth weights contribute to high rates of early-
onset chronic renal failure in the Southeastern United States. Arch Intern Med. 2001;160:
1472-1476.

9. Keijzer-Veen MG, Finken MJ, Nauta J, et al. Microalbuminuria and lower glomerular filtration rate 
at young adult age in subjects born very premature and after intrauterine growth retardation. J Am 
Soc Nephrol. 2005;16:2762-2768.

10. Vikse BE, Irgens LM, Leivestad T, et al. Low birth weight increases risk for end-stage renal disease. 
J Am Soc Nephrol. 2008;19:151-157.

11. Huxley RR, Shiell AW, Law CM. The role of size at birth and postnatal catch-up growth in det-
ermining systolic blood pressure: a systematic review of the literature. J Hypertens. 2000;18:
815-831.

12. Persson E, Jansson T. Low birth weight is associated with elevated adult blood pressure in the 
chronically catheterized guinea-pig. Acta Physiol Scand. 1992;145:195-196.

13. Moritz K, Butkus A, Hantzis V, et al. Prolonged low-dose dexamethasone, in early gestation, has no 
long-term deleterious effect on normal ovine fetuses. Endocrinology. 2002;143:1159-1165.

14. Langley-Evans SC, Gardner DS, Welham SJ. Intrauterine programming of cardiovascular disease by 
maternal nutritional status. Nutrition. 1998;14:39-47.

15. Woodall SM, Johnston BM, Breier BH, Gluckman PD. Chronic maternal undernutrition in the rat 
leads to delayed postnatal growth and elevated blood pressure of offspring. Pediatr Res. 1996;
40:438-443.

16. Ozaki T, Nishina H, Hanson MA, Poston L. Dietary restriction in pregnant rats causes gender-related 
hypertension and vascular dysfunction in offspring. J Physiol. 2001;530:141-152.

17. Kistner A, Jacobson L, Jacobson SH, et al. Low gestational age associated with abnormal retinal 
vascularization and increased blood pressure in adult women. Pediatr Res. 2002;51:675-680.

18. Kistner A, Celsi G, Vanpee M, Jacobson SH. Increased systolic daily ambulatory blood pressure in 
adult women born preterm. Pediatr Nephrol. 2005;20:232-233.

19. Keijzer–Veen MG, Finken MJ, Nauta J, et al. Is blood pressure increased 19 years after intrauterine 
growth restriction and preterm birth? A prospective follow-up study in The Netherlands. Pediatrics. 
2005;116:725-731.

20. Irving RJ, Belton NR, Elton RA, Walker BR. Adult cardiovascular risk factors in premature babies. 
Lancet. 2000;355:2135-2136.

21. Brenner BM, Chertow GM. Congenital oligonephropathy and the etiology of adult hypertension 
and progressive renal injury. Am J Kidney Dis. 1994;23:171-175.

22. Vehaskari VM, Woods LL. Prenatal programming of hypertension: lessons from experimental 
models. J Am Soc Nephrol. 2005;16:2545-2556.

23. McMillen IC, Robinson JS. Developmental origins of the metabolic syndrome: prediction, plasticity, 
and programming. Physiol Rev. 2005;85:571-633.

24. Merlet-Benichou C, Gilbert T, Vilar J, et al. Nephron number: variability is the rule. Causes and 
consequences. Lab Invest. 1999;79:515-527.

25. Brenner BM, Garcia DL, Anderson S. Glomeruli and blood pressure. Less of one, more the other? Am 
J Hypertens. 1988;1:335-347.



 The Developing Kidney and the Fetal Origins of Adult Cardiovascular Disease  151

9

26. Keller G, Zimmer G, Mall G, et al. Nephron number in patients with primary hypertension. N Engl 
J Med. 2003;348:101-108.

27. Kuzawa CW. Fetal origins of developmental plasticity: are fetal cues reliable predictors of future 
nutritional environments? Am J Hum Biol. 2005;17:5-21.

28. Bateson P. Developmental plasticity and evolutionary biology. J Nutr. 2007;137:1060-1062.
29. Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-life conditions 

on adult health and disease. N Engl J Med. 2008;359:61-73.
30. White SL, Perkovic V, Cass A, et al. Is low birth weight an antecedent of CKD in later life? A sys-

tematic review of observational studies. Am J Kidney Dis. 2009;54:248-261.
31. Fagerudd J, Forsblom C, Pettersson-Fernholm K, et al. Low birth weight does not increase the risk 

of nephropathy in Finnish type 1 diabetic patients. Nephrol Dial Transplant. 2006;21:2159-2165.
32. Li S, Chen SC, Shlipak M, et al. Low birth weight is associated with chronic kidney disease only 

in men. Kidney Int. 2008;73:637-642.
33. Hallan S, Euser AM, Irgens LM, et al. Effect of intrauterine growth restriction on kidney function 

at young adult age: the Nord Trondelag Health (HUNT 2) Study. Am J Kidney Dis. 2008;51:
10-20.

34. Lackland DT, Bendall HE, Osmond C, et al. Low birth weights contribute to high rates of early-
onset chronic renal failure in the Southeastern United States. Arch Intern Med. 2000;160:
1472-1476.

35. Painter RC, Roseboom TJ, van Montfrans GA, et al. Microalbuminuria in adults after prenatal 
exposure to the Dutch famine. J Am Soc Nephrol. 2005;16:189-194.

36. Zidar N, Avgustin Cavic M, Kenda RB, Ferluga D. Unfavorable course of minimal change nephrotic 
syndrome in children with intrauterine growth retardation. Kidney Int. 1998;54:1320-1323.

37. Zidar N, Cavic MA, Kenda RB, et al. Effect of intrauterine growth retardation on the clinical course 
and prognosis of IgA glomerulonephritis in children. Nephron. 1998;79:28-32.

38. Plank C, Ostreicher I, Dittrich K, et al. Low birth weight, but not postnatal weight gain, aggravates 
the course of nephrotic syndrome. Pediatr Nephrol. 2007;22:1881-1889.

39. Rodriguez-Soriano J, Aguirre M, Oliveros R, Vallo A. Long-term renal follow-up of extremely low 
birth weight infants. Pediatr Nephrol. 2005;20:579-584.

40. Rakow A, Johansson S, Legnevall L, et al. Renal volume and function in school-age children born 
preterm or small for gestational age. Pediatr Nephrol. 2008;23:1309-1315.

41. Kistner A, Celsi G, Vanpee M, Jacobson SH. Increased blood pressure but normal renal function in 
adult women born preterm. Pediatr Nephrol. 2000;15:215-220.

42. Hodgin JB, Rasoulpour M, Markowitz GS, D’Agati VD. Very low birth weight is a risk factor for 
secondary focal segmental glomerulosclerosis. Clin J Am Soc Nephrol. 2009;4:71-76.

43. Barker DJ, Osmond C, Forsen TJ, et al. Trajectories of growth among children who have coronary 
events as adults. N Engl J Med. 2005;353:1802-1809.

44. Law CM, Shiell AW, Newsome CA, et al. Fetal, infant, and childhood growth and adult blood pres-
sure: a longitudinal study from birth to 22 years of age. Circulation. 2002;105:1088-1092.

45. Adair LS, Cole TJ. Rapid child growth raises blood pressure in adolescent boys who were thin at 
birth. Hypertension. 2003;41:451-456.

46. Cruickshank JK, Mzayek F, Liu L, et al. Origins of the ‘black/white’ difference in blood pressure: 
roles of birth weight, postnatal growth, early blood pressure, and adolescent body size: the Bogalusa 
heart study. Circulation. 2005;111:1932-1937.

47. Eriksson J, Forsen T, Tuomilehto J, et al. Fetal and childhood growth and hypertension in adult 
life. Hypertension. 2000;36:790-794.

48. Walker SP, Gaskin P, Powell CA, et al. The effects of birth weight and postnatal linear growth 
retardation on blood pressure at age 11–12 years. J Epidemiol Community Health. 2001;55:
394-398.

49. Singhal A, Cole TJ, Lucas A. Early nutrition in preterm infants and later blood pressure: two cohorts 
after randomised trials. Lancet. 2001;357:413-419.

50. Cheung YB, Low L, Osmond C, et al. Fetal growth and early postnatal growth are related to blood 
pressure in adults. Hypertension. 2000;36:795-800.

51. Vickers MH, Breier BH, Cutfield WS, et al. Fetal origins of hyperphagia, obesity, and hypertension 
and postnatal amplification by hypercaloric nutrition. Am J Physiol Endocrinol Metab. 2000;279:
E83-E87.

52. Plagemann A, Heidrich I, Gotz F, et al. Obesity and enhanced diabetes and cardiovascular risk in 
adult rats due to early postnatal overfeeding. Exp Clin Endocrinol. 1992;99:154-158.

53. Boubred F, Daniel L, Buffat C, et al. Early postnatal overfeeding induces early chronic renal dysfunc-
tion in adult male rats. Am J Physiol Renal Physiol. 2009;297:F943-F951.

54. Boubred F, Buffat C, Feuerstein JM, et al. Effects of early postnatal hypernutrition on nephron 
number and long-term renal function and structure in rats. Am J Physiol Renal Physiol. 2007;
293:F1944-F1949.

55. Simeoni U, Ligi I, Buffat C, Boubred F. Adverse consequences of accelerated neonatal growth: 
cardiovascular and renal issues. Pediatr Nephrol. 2011;26(4):493-508.

56. Jennings BJ, Ozanne SE, Dorling MW, Hales CN. Early growth determines longevity in male rats 
and may be related to telomere shortening in the kidney. FEBS Lett. 1999;448:4-8.

57. Hoppe CC, Evans RG, Moritz KM, et al. Combined prenatal and postnatal protein restriction influ-
ences adult kidney structure, function, and arterial pressure. Am J Physiol Regul Integr Comp Physiol. 
2007;292:R462-R469.



152 Special Problems

D

58. Gluckman PD, Hanson MA. Living with the past: evolution, development, and patterns of disease. 
Science. 2004;305:1733-1736.

59. Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes mellitus: the thrifty phenotype 
hypothesis. Diabetologia. 1992;35:595-601.

60. Mei-Zahav M, Korzets Z, Cohen I, et al. Ambulatory blood pressure monitoring in children with a 
solitary kidney—a comparison between unilateral renal agenesis and uninephrectomy. Blood Press 
Monit. 2001;6:263-267.

61. Woods LL. Neonatal uninephrectomy causes hypertension in adult rats. Am J Physiol. 1999;
276:R974-R978.

62. Moritz KM, Wintour EM, Dodic M. Fetal uninephrectomy leads to postnatal hypertension and 
compromised renal function. Hypertension. 2002;39:1071-1076.

63. Hughson M, Farris AB, Douglas-Denton R, et al. Glomerular number and size in autopsy kidneys: 
the relationship to birth weight. Kidney Int. 2003;63:2113-2122.

64. Harrison M, Langley-Evans SC. Intergenerational programming of impaired nephrogenesis and 
hypertension in rats following maternal protein restriction during pregnancy. Br J Nutr. 2009;101:
1020-1030.

65. Hinchliffe SA, Lynch MR, Sargent PH, et al. The effect of intrauterine growth retardation on the 
development of renal nephrons. Br J Obstet Gynaecol. 1992;99:296-301.

66. Schmidt IM, Chellakooty M, Boisen KA, et al. Impaired kidney growth in low-birth-weight children: 
distinct effects of maturity and weight for gestational age. Kidney Int. 2005;68:731-740.

67. Drougia A, Giapros V, Hotoura E, et al. (2009) The effects of gestational age and growth restriction 
on compensatory kidney growth. Nephrol Dial Transplant. 2009;24:142-148.

68. Rodriguez MM, Gomez AH, Abitbol CL, et al. Histomorphometric analysis of postnatal glomerulo-
genesis in extremely preterm infants. Pediatr Dev Pathol. 2004;7:17-25.

69. Sahajpal V, Ashton N. Renal function and angiotensin AT1 receptor expression in young rats fol-
lowing intrauterine exposure to a maternal low-protein diet. Clin Sci (Lond). 2003;104:607-614.

70. Vehaskari VM, Stewart T, Lafont D, et al. Kidney angiotensin and angiotensin receptor expression 
in prenatally programmed hypertension. Am J Physiol Renal Physiol. 2004;287:F262-F267.

71. Alwasel SH, Ashton N. Prenatal programming of renal sodium handling in the rat. Clin Sci (Lond). 
2009;117:75-84.

72. Simonetti GD, Raio L, Surbek D, et al. Salt sensitivity of children with low birth weight. Hyperten-
sion. 2008;52:625-630.

73. Nehiri T, Duong Van Huyen JP, et al. Exposure to maternal diabetes induces salt-sensitive hyperten-
sion and impairs renal function in adult rat offspring. Diabetes. 2008;57:2167-2175.

74. Vehaskari VM, Stewart T, Lafont D, et al. Kidney angiotensin and angiotensin receptor expression 
in prenatally programmed hypertension. Am J Physiol Renal Physiol. 2004;287:F262-F267.

75. Kreutz R, Kovacevic L, Schulz A, et al. Effect of high NaCl diet on spontaneous hypertension in a 
genetic rat model with reduced nephron number. J Hypertens. 2000;18:777-782.

76. Zucchelli P, Cagnoli L. Proteinuria and hypertension after unilateral nephrectomy. Lancet. 1985;2:212.
77. Hughson MD, Douglas-Denton R, Bertram JF, Hoy WE. Hypertension, glomerular number, and 

birth weight in African Americans and white subjects in the southeastern United States. Kidney Int. 
2006;69:671-678.

78. Gossmann J, Wilhelm A, Kachel HG, et al. Long-term consequences of live kidney donation 
follow-up in 93% of living kidney donors in a single transplant center. Am J Transplant. 2005;5:
2417-2424.

79. Griffin KA, Picken MM, Churchill M, et al. Functional and structural correlates of glomerulosclerosis 
after renal mass reduction in the rat. J Am Soc Nephrol. 2000;11:497-506.

80. Stewart T, Ascani J, Craver RD, Vehaskari VM. Role of postnatal dietary sodium in prenatally pro-
grammed hypertension. Pediatr Nephrol. 2009;24:1727-1733.

81. Hammond KA, Janes DN. The effects of increased protein intake on kidney size and function. J Exp 
Biol. 1998;201:2081-2090.

82. Stewart T, Jung FF, Manning J, Vehaskari VM. Kidney immune cell infiltration and oxidative stress 
contribute to prenatally programmed hypertension. Kidney Int. 2005;68:2180-2188.

83. Woods LL, Ingelfinger JR, Nyengaard JR, Rasch R. Maternal protein restriction suppresses the 
newborn renin-angiotensin system and programs adult hypertension in rats. Pediatr Res. 2001;49:

460-467.
84. Welham SJ, Riley PR, Wade A, et al. Maternal diet programs embryonic kidney gene expression. 

Physiol Genomics. 2005;22:48-56.
85. Singh RR, Moritz KM, Bertram JF, Cullen-McEwen LA. Effects of dexamethasone exposure on rat 

metanephric development: in vitro and in vivo studies. Am J Physiol Renal Physiol. 2007;293:
F548-F554.

86. Buffat C, Boubred F, Mondon F, et al. Kidney gene expression analysis in a rat model of intrauterine 
growth restriction reveals massive alterations of coagulation genes. Endocrinology. 2007;148:
5549-5557.

87. Stewart RJ, Sheppard H, Preece R, Waterlow JC. The effect of rehabilitation at different stages of 
development of rats marginally malnourished for ten to twelve generations. Br J Nutr. 1980;43:
403-412.

88. Jiang YH, Bressler J, Beaudet AL. Epigenetics and human disease. Annu Rev Genomics Hum Genet. 
2004;5:479-510.



 The Developing Kidney and the Fetal Origins of Adult Cardiovascular Disease  153

9

89. Abdolmaleky HM, Smith CL, Faraone SV, et al. Methylomics in psychiatry: modulation of gene-
environment interactions may be through DNA methylation. Am J Med Genet B Neuropsychiatr Genet. 
2004;127:51-59.

90. Waterland RA, Jirtle RL. Early nutrition, epigenetic changes at transposons and imprinted genes, 
and enhanced susceptibility to adult chronic diseases. Nutrition. 2004;20:63-68.

91. Lucock M. Folic acid: nutritional biochemistry, molecular biology, and role in disease processes. 
Mol Genet Metab. 2000;71:121-138.

92. Mattson MP. Methylation and acetylation in nervous system development and neurodegenerative 
disorders. Ageing Res Rev. 2003;2:329-342.

93. Young LE. Imprinting of genes and the Barker hypothesis. Twin Res. 2001;4:307-317.
94. Young LE, Fernandes K, McEvoy TG, et al. Epigenetic change in IGF2R is associated with fetal 

overgrowth after sheep embryo culture. Nat Genet. 2001;27:153-154.
95. Waterland RA, Garza C. Early postnatal nutrition determines adult pancreatic glucose-responsive 

insulin secretion and islet gene expression in rats. J Nutr. 2002;132:357-364.
96. Waterland RA, Jirtle RL. Transposable elements: targets for early nutritional effects on epigenetic 

gene regulation. Mol Cell Biol. 2003;23:5293-5300.
97. Wolff GL, Kodell RL, Moore SR, Cooney CA. Maternal epigenetics and methyl supplements affect 

agouti gene expression in Avy/a mice. Faseb J. 1998;12:949-957.
98. Reik W, . Walter J. Genomic imprinting: parental influence on the genome. Nat Rev Genet. 

2001;2:21-32.
99. Tycko B, Morison IM. Physiological functions of imprinted genes. J Cell Physiol. 2002;192:

245-258.
100. Pham TD, MacLennan NK, Chiu CT, et al. Uteroplacental insufficiency increases apoptosis and 

alters p53 gene methylation in the full-term IUGR rat kidney. Am J Physiol Regul Integr Comp Physiol. 
2003;285:R962-R970.

101. Constancia M, Hemberger M, Hughes J, et al. Placental-specific IGF-II is a major modulator of 
placental and fetal growth. Nature. 2002;417:945-948.



10

155

CHAPTER 10 

Renal Modulation:  
The Renin–Angiotensin–
Aldosterone System
Aruna Natarajan, MD, DCh, PhD, Pedro A. Jose, MD, PhD

d Components of the Renin–Angiotensin–Aldosterone System
d Ontogeny
d Current Concepts and Controversies

The renin–angiotensin–aldosterone system (RAAS) plays a critical role in the main-
tenance of salt and water homeostasis by the kidneys, particularly in hypovolemic 
and salt-depleted states. The unopposed activation of this system results in sodium 
retention, potassium loss, and an increase in blood pressure.1

Components of the Renin–Angiotensin– 
Aldosterone System
Angiotensin Generation
Renin (Fig. 10-1) is synthesized in the juxtaglomerular (JG) cells (smooth muscle 
cells in the walls of the afferent arteriole as it enters the glomerulus) (Fig. 10-2) and 
is stored as prorenin.2-5 It is released as renin, which enzymatically causes the forma-
tion of angiotensin I (Ang I) from angiotensinogen, its only substrate. In the classical 
pathway, 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, which is the most well-regulated component of all constituents 
of the renin–angiotensin system (RAS). Renin secretion or release in the kidney is 
increased by three primary pathways: (1) stimulation of renal baroreceptors by a 
decrease in afferent arterial stretch (pressure)6,7; (2) stimulation of renal β1-adrenergic 
receptors, partly through increased renal sympathetic nerve activity8-10; and (3) 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.13

Renin–Angiotensin System Outside Juxtaglomerular Cells
Recent research has revealed ramifications of this canonical system. The RAS has 
been demonstrated in tissues other than the kidney. Synthesis of certain components 
of the RAAS occurs to a greater extent in some organs relative to others, such as 
ACE in the lung, aldosterone in the adrenal glands, angiotensinogen in the liver, and 
renin in the kidney, which function together as an endocrine system. Some or all of 
its components are expressed in the brain, heart, vasculature, adipose tissue, pan-
creas, placenta, and kidney, among others, exerting autocrine, intracrine, and para-
crine effects. This adds complexity to our understanding of the modulatory effects 
of the RAAS in maintaining homeostasis.5 Extraglomerular sites of prorenin synthesis 
include the adrenal gland zona glomerulosa, eye (retina and vitreous humor),14 
Muller cells, renal collecting duct cells, mast cells, ovary,15 uterus, placenta, chorionic 
villi, submandibular gland,16 adipocytes,17,18 and testes19; the extraglomerular sites 
of synthesis are species specific.20 Angiotensinogen is produced in extrahepatic sites 



Figure 10-1 Pathways of angiotensin (Ang) generation showing the generation of Ang pep-
tides. Both angiotensin-converting enzyme (ACE) and ACE2 are involved in the production of 
the biologically active peptides Ang II and Ang (1–7) from Ang I. Inappropriately elevated 
levels of Ang II are detrimental to the function of the heart and kidney. Ang (1–7) may function 
as a key peptide involved in cardioprotection and renoprotection. The main products of 
angiotensin I in the heart and kidney are Ang (1–9) and Ang II.223,224 Genetic experiments 
suggest that ACE and ACE2 have complementary functions by negatively regulating different 
RAS products. The fine details of their regulatory function may differ depending on the local 
RAS environment. (Adapted from Danilczyk U, Penninger JM. Angiotensin-converting enzyme 
II in the heart and the kidney. Circ Res. 2006;98(4):463-471.)
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Figure 10-2 The juxtaglomerular (JG) apparatus and tubuloglomerular feedback (TGF). TGF 
is achieved because of the anatomy of the nephron and JG apparatus. TGF is a phenomenon 
that occurs when changes in tubular fluid concentrations of Na+ and Cl− 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 glomerular filtration rate by alterations in 
vascular tone, mainly in the afferent arteriole.125 (From Guyton AC, Hall JE. The kidneys and 
body fluids. In Guyton and Hall Textbook of Medical Physiology. St. Louis, WB Saunders, 2000, 
p. 292).
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such as the adrenal gland, cardiac atrium, brain, kidney, large intestine, lung, mes-
entery, ovary, spinal cord, stomach, and spleen 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

Effects of Angiotensin-Converting Enzyme and  
Non–Angiotensin-Converting Enzyme Other Than  
the Production of Angiotensin II
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 I23 (Fig. 10-1). Ang II can also be 
formed by non-ACE enzymes and non-renin enzymes, such as cathepsin G, chymase, 
chymostatin-sensitive Ang II-generating enzyme, tonin, and matrix metallo- 
proteinase-8.24 This assumes greater significance in the organs where not all com-
ponents of the RAAS are expressed, providing alternate means of generation of Ang 
II, and cardiovascular sequelae. For example, mast cells produce renin and have 
chymases, which help form Ang II and may play a role in heart failure and genera-
tion of arrhythmias.25 Mast cell chymases limit the cardiac efficacy of ACE inhibi-
tors26 and may also have a role in progression of the atherosclerotic plaques.27

ACE2 is a human homolog of ACE, sharing about 42% sequence homology. 
ACE2 is relatively abundant in the kidney, specifically in the proximal tubule, and 
may be an important regulator of the balance between Ang II and Ang (1–7) in the 
kidney, with a potential for being a therapeutic target in renal diseases.28 In neonatal 
rat cardiomyocytes, aldosterone increases the expression of ACE, but the opposite 
is observed for ACE2.29 ACE2 is a carboxypeptidase and the main catabolic enzyme 
of Ang II, generating Ang (1–7). Ang (1–7), probably by occupying the Mas receptor, 
has natriuretic, vasodilator, and antiproliferative properties and counteracts the effects 
of Ang II. ACE2 also decreases the level of Ang II by converting Ang I to Ang (1–9), 
which is inactive.30,31 Thus, ACE and ACE2 exert opposing roles on the effects of 
the RAS; a decrease in ACE2 may account for increased levels of Ang II, and the 
opposite occurs with ACE. Sympathetic vasoconstriction in systemic disorders  
of vascular regulation may be related to ACE2 deficiency, leading to a decrease in 
Ang (1–7).32 The ACE2-Ang (1–7)–Mas axis plays a role in the pathogenesis of hyper-
tension, regulation of renal function, and progression of renal disease, including 
diabetic nephropathy. A decrease in the expression or function of this system may 
play a critical role in the progression of cardiovascular diseases as elucidated below.33

The processing of angiotensins is tissue specific. The effects of angiotensin 
metabolites are also tissue specific.

Cardiovascular System
Ang I can be converted to Ang (1–9) by ACE and carboxypeptidase A or carboxy-
peptidase A-like enzymes. The main products of Ang 1 due to ACE are Ang (1–9) 
and Ang II in the heart34, and Ang (1–9) but not Ang II in platelets.35 Circulating 
Ang (1–9) levels are increased after myocardial infarction36 and inhibit cardiac hypertro-
phy.37 Whereas Ang (1–9)38 is prethrombotic, Ang (1–7) is antithrombotic.39

Adipocytes
In adipocytes, Ang (1–7) derived from Ang (1–9) is the main degradation product, 
and Ang III inhibits insulin-regulated amino peptidase.17

Renal
In rat glomeruli, Ang I is converted to Ang (2–10) via aminopeptidase A and  
Ang (1–7) via neprilysin.40

Mesenteric Bed
In mesenteric arteries, the main angiotensin processing enzymes are carboxypepti-
dase A-like enzymes.41
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Angiotensin II 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 clas-
sical effects on body fluid and electrolyte homeostasis, such as drinking behavior, 
vasopressin release, and sodium appetite in brain centers.5,42 Ang III has been shown 
to exert a natriuretic effect via its interaction with the AT2 receptor.43 Ang IV is a 
hexapeptide (Ang 3–8), formed by the action of aminopeptidase N on Ang II.44,45 
Ang IV negatively regulates aminopeptidase A and thus influences the generation  
of Ang III.43

The RAS in the brain has been well studied. It helps regulate central blood 
pressure by stimulating sympathetic nerve activity, which causes vasoconstriction, 
influencing neurohormonal regulation of salt and water balance and exerting behav-
ioral effects on salt and water intake. These effects are mediated by Ang II via the 
AT1 receptor. Although renin levels in the brain are low, this could be compensated 
by the high expression of the prorenin receptor (PRR).46,47

In summary, the RAS is now accepted to be present in many tissues and com-
posed of two distinct and opposing arms: the first, composed of ACE, which gener-
ates Ang II, acting via the AT1 receptors to subserve the biologic effects of 
vasoconstriction and increase in renal sodium transport, and the second comprising 
the monocarboxypeptidase ACE2, which generates an endogenous antagonist to Ang 
II, namely Ang (1–7) activating the oncogene Mas receptor protein to subserve 
vasodilatory and antiproliferative effects on the vasculature and decreased epithelial 
ion transport. In the brain, ACE2 activation also opposes the effects of Ang II exerted 
via the AT1 receptor.

Aldosterone
Ang II stimulates aldosterone synthesis and secretion by zona glomerulosa cells of 
the adrenal gland.48 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.49 In these areas, the effects 
of aldosterone oppose those of glucocorticoids.50 Recent research suggests that aldo-
sterone and glucocorticoids are not synthesized in the heart, but the abundance of 
receptors to both hormones in the cardiac interstitium generates a response to the 
circulating aldosterone. Both act by unique pathways; whereas steroids enhance 
cardiac contractility and increase coronary flow,51 aldosterone promotes salt and 
water retention by stimulating sodium transport mediated by epithelial sodium 
channel (ENaC) in the distal nephron. Aldosterone is also reported to regulate 
sodium transport in the renal proximal tubule by stimulation of the type I Na+/H+ 
exchanger, NHE1.52

Gene Targeting of Angiotensin Synthesis: Lessons from 
Genetically Manipulated Rodents
Tissue-specific targeted ablation helps to elucidate the paracrine and autocrine  
effects of tissue RAS. Glial-specific deletion of angiotensinogen in mice results in 
lowered blood pressure,53 supporting the notion that the central nervous system 
contributes to the regulation of blood pressure via the RAS. 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.54 This transgenic rat is a 
monogenic model for a form of sodium-dependent malignant hypertension. The 
Ren-2 transgenic rat has hyperproreninemia, low plasma and renal renin, high 
adrenal renin, and increased adrenal corticosteroid production. Blockade of the ETA 
receptor in young Ren-2 transgenic rats decreases blood pressure and ameliorates 
end-organ damage, suggesting potential application in the management of  
hypertension in newborn babies.55

ACE-deficient mice have decreased blood pressure and severe renal disease 
characterized by vascular hyperplasia of the intrarenal arteries, perivascular infil-
trates, a paucity of renal papillae,56 and impaired concentrating ability, high-
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lighting the role of ACE in the development of the kidneys.57 Inhibitors of ACE 
have been identified in hypoallergenic infant milk formulas containing hydrolyzed 
milk proteins, which could potentially affect renal function later in life.58 ACE inhi-
bition in young rats has been reported to cause retardation of glomerular growth 
(see below).

ACE2-deficient mice develop dilated cardiomyopathy and have a hypertensive 
response to Ang II.59,60 A decrease in ACE2 receptor expression has been implicated 
in the delayed hypertension observed in sheep treated antenatally with betametha-
sone,61 which needs further elucidation in humans given the widespread use of 
antenatal steroids to enhance lung maturity in premature labor.

Angiotensin Receptors
The effects of the angiotensin ligands Ang II, Ang III, and Ang IV are mediated by  
their occupation of specific angiotensin receptors. Ang II interacts mainly with two 
receptors, AT1 and AT2. Whereas Ang II and Ang III are full agonists at the AT1 
receptor, Ang IV binds to this receptor with low affinity.54,57,62-65 The conversion 
of Ang II to Ang III is necessary for its interaction with the AT2 receptor to cause 
natriuresis.66

The human AT1 receptor gene is located in chromosome 3q21-q25. The human 
AT2 receptor is located in chromosome Xq22-q23. AT1 and AT2 receptors belong to 
the seven-transmembrane class of G protein-coupled receptors.5,49,50,67 Adult human 
renal vasculature, glomeruli, and tubules (proximal and distal convoluted tubule, 
ascending limb of Henle, and collecting duct) express AT1 receptors; AT2 receptors 
are expressed in the vasculature and glomeruli, but not in the tubules.64 In rodents, 
AT2 receptors are expressed in most segments of the nephron.

The current understanding that AT2 receptor expression is higher in fetal life 
than in newborns or adults has been challenged by recent observations in  
rats wherein AT2 receptor protein expression is lower and AT1 receptor protein 
expression is higher in the fetal and neonatal brain and kidneys than in adults,  
but expression of AT2 receptor is higher in the fetal and neonatal liver compared 
with adults.68

Occupation of the AT1 receptor by Ang II triggers the generation of various 
second messengers via heterotrimeric G-proteins, mainly Gq/11. Phospholipase C 
(PLC) β1 is activated, leading to the formation of 1,4,5-inositol trisphosphate (IP3) 
and diacylglycerol (DAG) from the hydrolysis of phosphatidylinositol-4,5-
bisphosphonate (PIP2). IP3 activates IP3 receptors in the endoplasmic reticulum, 
releasing Ca2+. Ca2+ released from the endoplasmic reticulum causes the Ca2+-sensing 
stromal interaction molecule (STIM1) protein to interact with Orai1 in the plasma 
membrane. This interaction, together with the activation of IP3 receptors at the 
plasma membrane, allows the influx of extracellular calcium.69,70 The increase in 
intracellular calcium and the stimulation of protein kinase C (PKC) by DAG lead to 
vasoconstriction.71 Activation of the AT1 receptor stimulates growth factor pathways 
such as tyrosine phosphorylation and PLCγ activation, leading to activation of down-
stream proteins, including mitogen-activated protein (MAP) kinases, and signal 
transducers and activators of transcription (STAT protein). These cellular prolifera-
tive pathways, mediated by the AT1 receptor, have been implicated in the prolifera-
tive changes seen in cardiovascular and renal diseases.72 AT1 receptor signaling may 
also be affected by reactive oxygen species (ROS) and reactive nitrogen species, but 
nitric oxide (NO) may decrease AT1 receptor signaling by cysteine modification of 
the nuclear transcription factor, NFκB.73

The AT1 and AT2 receptors are differentiated based on their affinity for various 
nonpeptide antagonists.74 The AT2 receptor shares 32% to 34% amino acid homol-
ogy with the AT1 receptor, but activates second messenger systems with opposite 
effects via various signal transduction systems, mainly Gi and Go proteins.75 Stimula-
tion of the AT2 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 Ca2+ channels. The AT2 receptor has a higher affinity for 
Ang III than Ang II; indeed, Ang III may be the preferred ligand for the AT2 receptor, 
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exerting its natriuretic effect in the kidney.66 Whereas AT1 receptors mediate increased 
ion transport, vasoconstriction, inflammation, and immunity and decreased longev-
ity, AT2 receptors may mediate antiproliferative effects, apoptosis, differentiation, 
and possibly vasodilatation, offering therapeutic targets for the treatment of  
cardiovascular diseases.76 An increase in the concentration of AT1 receptors and 
a decrease in the concentration of AT2 receptors are associated with more hyperten-
sive renal injury in rodents.77

Gene Targeting of Angiotensin Receptors
Other Angiotensin II Receptors
There are two other receptors for Ang II. The AT3 receptor represents an angiotensin-
binding site identified in a mouse neuroblastoma cell line.65 The AT3 receptor has a 
high affinity for Ang II but a low affinity for Ang III. The AT4 receptor is an 
angiotensin-binding site with a high affinity for Ang IV.44,62,78 Unlike the AT1 and 
AT2 receptors, the AT4 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), Mas receptor, has also been identified.

Renin Receptors
The recent discovery of the renin receptors has added another layer of complexity 
to our understanding of the scope and extent of the RAAS. Circulating levels of 
prorenin are 10 times higher than levels of renin. The PRR, so called because it binds 
to renin and prorenin, regulates intracellular profibrotic and cyclooxygenase genes 
independent of Ang II. The binding affinity of prorenin for the PRR is two to three 
times the affinity of renin for the PRR.79 The PRR appears to have catalytic (genera-
tion of Ang II) and noncatalytic signal transduction effects (which lead to hyperten-
sion and glomerulosclerosis). Furthermore, the myriad intracellular signaling 
pathways mediated by this receptor may hold the key to the mechanisms underlying 
important developmental processes and the progression of diseases such as hyper-
tension and diabetes.80 For example, ablation of the prorenin ATP6ap2 gene results 
in embryonic lethality.81,82 By associating with vacuolar H+-ATPase, the PRR is essen-
tial for the Wnt/ß catenin signaling molecular pathways, now known to be respon-
sible for neural and renal embryonic development (Fig. 10-3).83-85

Figure 10-3 Effects of angiotensin (Ang) peptides and renin and prorenin mediated by their 
corresponding receptors.230

ADH, antidiuretic hormone; ICAM-1, intercellular adhesion molecule 1; IRAP, insulin-regulated 
aminopeptidase; MAS; MCP, monocyte chemotactic protein; NO, nitric oxide; PAI-1, plas-
minogen activator inhibitor 1; RPR, prorenin receptor; SNS, sympathetic nervous system; 
TNF-α, tumor necrosis factor α. (From Fyhrquist F, Saijonmaa O. Renin-angiotensin system 
revisited. J Intern Med. 264(3):224-236, 2008.)
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Physiologic Effects of Angiotensin II
Via the Angiotensin1 Receptor
Ang II exerts most of its physiologic effects via the AT1 receptor. Ang II has pleio-
tropic actions,86 including direct and indirect vasopressor effects. In response to 
sodium depletion, hypotension, or hypovolemia, Ang II is formed, which causes 
immediate vasoconstriction of arteries and veins and activates the sympathetic 
nervous system, increasing peripheral vascular resistance and venous return, respec-
tively, and raising blood pressure. The effect of Ang II on blood pressure secondary 
to increased ion transport 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 increasing the activity of luminal NHE, Na-glucose co-transporter,87 sodium 
phosphate co-transporter (NaPi-II),88 and basolateral Na+, K+-ATPase89,90 and Na+-
HCO3− co-transporter.91 AT1 receptors stimulate NHE392-94 but not NHE295 activity 
in brush-border membranes of renal proximal tubules. High concentrations of Ang 
II can inhibit proximal tubule sodium transport via the stimulation of PLA2- and 
cytochrome P450–dependent metabolites of arachidonic acid.91,95-99 Ang II also 
affects ion transport in the medullary thick ascending limb of the loop of Henle in 
a biphasic manner.100 In this nephron segment, low concentrations of Ang II increase 
sodium, potassium, and chloride transport by stimulating NHE3 and Na+, K+, 2Cl− 
co-transporter activities.101 The inositol 1,4,5-triphosphate receptor-binding protein 
released with inositol 1,4,5-trisphosphate is important in the stimulatory effect of 
Ang II in renal proximal tubules.102 Ang II stimulates NHE1 activity in the macula 
densa.103 Ang II also stimulates amiloride-sensitive Na+ transport (ENaC) in the col-
lecting duct104 and NHE2 in the distal convoluted tubule, but not in the proximal 
tubule.95 All of these effects are mediated by the AT1 receptors.

Via the Angiotensin2 Receptor
The role of AT2 receptors in influencing sodium transport is not well established. 
AT2 receptors may inhibit sodium transport. As mentioned previously, the natriuresis 
mediated by the AT2 receptor occurs because of its interaction with Ang III.66 AT2 
receptors are coupled to the sodium/hydrogen exchanger type 6 (NHE6),105 but 
NHE6 is not involved in sodium reabsorption.106 Ang (1–7) has been reported to 
inhibit Na+, K+-ATPase in pig outer cortical nephrons107 and Na+-HCO3

− exchanger 
in mouse renal proximal tubules.108 However, an increase in sodium transport via 
AT2 receptors in rat proximal tubules has also been reported.109 These discrepancies 
may be related to the condition of the animal. For example, AT2 receptors inhibit 
Na+, K+-ATPase activity in renal proximal tubules of obese but not lean rats110 and 
during AT1 receptor blockade.111

Ang II indirectly increases sodium transport, partly by stimulating the synthesis 
of aldosterone in the zona glomerulosa of the adrenal cortex. Aldosterone increases 
ENaC activity by inducing the transcription of α-ENaC and redistribution of α-
ENaC in the connecting tubule and collecting duct from a cytoplasmic to an apical 
location. However, Ang II can stimulate the expression of α, β, and γ ENaC inde-
pendent of aldosterone.112 Aldosterone also activates Na+, K+-ATPase in the basolat-
eral membrane of the principal cells of the collecting duct. Aldosterone, similar to 
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.113 Aldosterone can also stimulate 
NHE1 activity in the renal proximal tubule of spontaneously hypertensive (SHR), 
but not normotensive Wistar-Kyoto rats.52 Evidence suggests that aldosterone and 
Ang II may act in ligand-independent ways to affect cell signaling, cell–cell com-
munication, and growth. Some components of the RAS may have effects opposite 
those of aldosterone and among the products of the RAS and their receptors.114 
Although the AT1 receptors can be stimulated by stretch, independent of Ang II,115,116 
Ang II can have intracellular effects independent of the AT1 receptors.117
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Concepts and Controversies in Our Current Understanding  
of the Renal Effects of the Renin–Angiotensin–Aldosterone 
System in Maintaining Fluid and Electrolyte Homeostasis  
and Blood Pressure
Feedback mechanisms in the kidney contribute to the maintenance of renal blood 
flow (RBF) and glomerular filtration rate (GFR) in the face of fluctuations in blood 
pressure. This phenomenon of renal autoregulation was first recognized as early as 
1931.118 In some animals, autoregulation of RBF is negligible at birth.119 In primates, 
in the immediate neonatal period, autoregulation of RBF is present, but autoregula-
tion of blood flow to other organs, such as the brain, myocardium, and intestines, 
is not observed.120 Autoregulation of RBF is observed in canine puppies as young as 
14 days of age.121 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: (1) tubuloglo-
merular feedback (TGF), which involves a flow-dependent signal from the macula 
densa and alteration of afferent arteriolar tone that is mediated by adenosine, adenos-
ine triphosphate (ATP), or both,122-125 and (2) myogenic response, which involves 
direct vasoconstriction of the afferent arteriole in response to increased transmural 
pressure.124 These two mechanisms act in concert to prevent acute fluctuations in 
RBF and GFR in response to changes in blood pressure (Fig. 10-2).

Recent studies challenge preexisting concepts and merit discussion. Glomeru-
lotubular balance (GTB) is a negative feedback loop that occurs when proximal 
tubular reabsorption of sodium and water increases in response to increased GFR126 
and vice versa. Thus, GTB affects distal sodium delivery and, consequently, TGF. 
TGF and GTB may be more critical in the regulation of renal function in neonates 
than in adults because sodium intake is low in newborns and therefore sodium 
balance must be tightly regulated to achieve the net positive balance required for 
growth. Recent advances in our understanding of GTB, specifically in neonates, are 
discussed next.

Ontogeny
Development of the Renin–Angiotensin–Aldosterone System: 
Structure of the Kidney and Urinary Tract
Studies in Humans
In humans, Ang-related genes are activated at stage 11 of the developing embryo,127 
which corresponds to 23 to 24 days of gestation. AT1 and AT2 receptors are expressed 
very early (24 days of gestation), indicating that Ang II may play a role in organo-
genesis. Whereas the AT1 receptor is expressed in the glomeruli, the AT2 receptor is 
found in the undifferentiated mesonephros that surrounds the primitive tubules and 
glomeruli. The AT2 receptor is maximally expressed at about 8 weeks of gestation 
followed by decreasing but persistent expression until about 20 weeks of gestation.128 
At stage 12 to 13, which corresponds to 25 to 29 days of gestation, angiotensinogen 
is expressed in the proximal part of the primitive tubule, and renin is expressed in 
glomeruli and JG arterioles. ACE is detected in the mesonephric tubules at stage 14. 
By 30 to 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 fetopa-
thy, consisting of oligohydramnios, IUGR, hypocalvaria, renal dysplasia, anuria, and 
death, has been described in mothers exposed to ACE inhibitors during the second 
and third trimesters of pregnancy.129 These effects were initially believed to arise from 
a decrease in organ perfusion.130 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 with those with no maternal exposure to 
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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 defect, and pulmonary stenosis; skeletal mal-
formations, including polydactyly, upper limb defects, and craniofacial anomalies; 
gastrointestinal malformations such as pyloric stenosis and intestinal atresia; central 
nervous system malformations such as hydrocephalus, spina bifida, and micro-
cephaly; and genitourinary malformations, including renal malformations.131 Angio-
tensin receptor blockers (ARBs) have also been reported to be fetotoxic.132 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.

The expression patterns of the RAS components in the embryonic kidney are 
similar in rodents and humans.127,133 In rodents, mutations of genes encoding renin, 
angiotensinogen, ACE, or the AT1 receptor are associated with skull ossification 
defects134 as well as autosomal recessive renal tubular dysgenesis.135-137 AT1 receptor–
deficient mice do not develop a renal pelvis.135 AT2 receptor deficient mice have 
congenital abnormalities of the kidney and urinary tract, such as multicystic dys-
plastic and aplastic kidneys.137 The more dramatic phenotypes seen in mice with 
deficient AT2 receptor compared with humans with similar defects are attributed to 
the fact that human nephrogenesis is completed in utero, but maturation of rodent 
nephrons continues for up to 10 days after birth. However, the phenotypes of AT1 
receptor gene deficiency are similar in rodents and humans. As indicated earlier, 
mutations in Ang-related genes in humans are associated with renal tubular dysgen-
esis136 characterized by early onset and persistent fetal anuria leading to oligohy-
dramnios and the Potter sequence. Whereas increased renin production is noted in 
the kidneys of patients with mutations in the genes encoding angiotensinogen, ACE, 
or AT1 receptor, the effect of defects in the human renin gene (REN) on renin pro-
duction is variable with loss of function mutation associated with absence of renin 
production, and REN missense mutations are associated with increased renin pro-
duction.138 These studies demonstrate the importance of the RAAS in the develop-
ment and maturation of the kidneys and collecting systems.139 The importance of 
the PRR in embryonic development has been discussed previously.

Postnatal Changes in Renin–Angiotensin–Aldosterone System 
Structure and Function in Humans
The RAAS is more active in the neonatal period and infancy than later in child-
hood.140 Plasma renin activity and plasma aldosterone levels are markedly increased 
in preterm human infants in the first 3 weeks of life.141 Although fetal ACE levels 
remain stable during gestation in rats,142 serum ACE activity has been reported by 
some to be higher in late fetal than in early neonatal life in humans,142-144 lambs, 
and guinea pigs.145,146 In contrast, renal ACE activity may increase with age, at least 
in pigs and horses.147,148 A similar pattern may be found in humans based on mea-
surement of urine ACE isoforms.149 One study reported that plasma Ang II levels 
are similar among human infants with normal and low birth weights. However, at 
7 days of life, plasma Ang II levels are markedly increased in very low birth weight 
infants.150 Small for gestational age boys (8–13 years) may have increased circulating 
Ang II and ACE activity relative to those with birth weights appropriate for gesta-
tional age.151 High serum aldosterone levels are seen at 2 hours of age and gradually 
decrease over the first year of life.152

Sodium Homeostasis in the Neonatal Period
Sodium intake is low in infants compared with adults because milk is a poor source 
of sodium. However, a positive balance of sodium in neonates is needed to sustain 
growth in contrast to normal adults, who are in neutral sodium balance. The kidney 
of a full-term infant filters 4% to 5% of the volume of plasma filtered by an adult 
(120 mL/min/1.73m2). Despite the relative paucity of sodium transporters, full-term 
neonates do retain sodium, partly because of the low GFR.3 Although the expression 
of renal sodium transporters is reduced, neonates cannot excrete a sodium load 
compared with adults. This has been attributed to the increased activity of agents 
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that increase sodium reabsorption in the neonatal period, including the RAAS and 
α-adrenergic receptors.153 Endogenous Ang II inhibits the natriuresis of acute volume 
expansion in neonatal rats.154 The decreased effects of natriuretic factors (e.g., atrial 
natriuretic peptide, dopamine, NO) in term neonates compared with adults may 
also impair the ability to excrete a sodium load.155-157 Water transport across the 
proximal tubule also differs in adults and neonates. The renal tubules transport water 
via water channels called aquaporins (which belong to the category of nonsolute 
carrier-related genes). There are at least 13 members of the aquaporin family. These 
are present in very low concentrations 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 later discussion).158 The expression of some aquaporins (e.g., aquaporin 2) 
increases with age, an effect that is mediated by glucocorticoids,159 while the expres-
sion of others, such as aquaporin 3 and aquaporin 4, is not developmentally 
regulated).160

Development of Tubuloglomerular Feedback
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.158 However, the inflection point for TGF 
is different between younger and older rats. Connexin 40, which is important in the 
formation of gap junctions facilitating intercellular communication in vascular tissue, 
has been shown to mediate the TGF contribution to the autoregulation of RBF.161 
Extracellular fluid volume and dietary protein affect the TGF response profoundly. 
The effect of dietary protein on the TGF response varies in different studies, with 
high-protein diets stimulating or blunting the TGF response.

Despite a lower GFR, urinary sodium losses are highest in the most premature 
babies, and fractional sodium excretion (FENa) is inversely related to gestational age. 
The renal sodium loss in prematurity appears partly to result from the immaturity 
of the TGF mechanism. Postnatal age has been shown to have an independent effect 
on FENa but not on GFR. These findings indicate that in infants of greater than 33 
weeks’ gestation, sodium conservation is possible because of adequate TGF. The 
rapid increase in sodium reabsorption in the first few days of postnatal life seems 
to be attributable to maturation of distal tubular function. Although this was initially 
attributed to aldosterone,162 the decreased amount of transporters that are targets 
of aldosterone makes this mechanism unlikely. An increase in maturation of  
the Na+, K+-ATPase in the distal tubule and a decrease in extracellular fluid volume 
may be contributory factors to the postnatal increase of sodium transport in the 
distal tubule.

Development of Glomerulotubular Balance
The essential regulatory mechanisms of tubule transport include GTB and neural 
and hormonal factors such as sympathetic innervation, Ang II, endothelin, parathor-
mone, and other mediators. As defined earlier, GTB is the capacity of each segment 
of the nephron to reabsorb a constant fraction of the GFR and is influenced by peri-
tubular and intratubular capillary pressures and GFR.163 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 proximal tubular luminal membrane in response to 
changes in GFR that is independent of neural and hormonal systems. Maintenance 
of GTB is influenced by flow rate, substrate delivery, and other unknown systems. 
It is signaled by the hydrodynamic torque (bending movement) on epithelial micro-
villi.164 Increases in luminal diameter have the effect of blunting the impact of 
flow velocity on microvillous shear stress and thus on microvillous torque. Variations 
in microvillous torque produce nearly identical fractional changes in sodium reab-
sorption. Furthermore, the flow-dependent sodium transport is enhanced by  
increasing luminal fluid viscosity, diminished in NHE3 knockout mice, and 
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abolished by nontoxic 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 absorp-
tion 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.163 In a study of 70 infants of gestational ages 27 to 40 weeks and postnatal ages 
3 to 68 days, 24-hour sodium balance studies and creatinine clearance measure-
ments showed that intrauterine and extrauterine existence independently 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 were in negative sodium balance. Thus, it 
appears that GTB is maintained during development by proportional maturation of 
GFR and tubular reabsorptive mechanisms.165

Current Concepts and Controversies
The changes in preglomerular resistance that regulate RBF and GFR in the face of 
changing blood pressure are attributed to TGF and the renal myogenic response 
acting in concert, as mentioned earlier. This is the classic paradigm. However, over 
the past 20 years, the importance of TGF and renal autoregulation in the regulation 
of renal function has been amended, and the role of the myogenic response as a 
renoprotective mechanism to prevent renal damage caused by increased blood pres-
sure has been demonstrated. There is also purported to be a “third mechanism” that 
constitutes a feedback loop occurring in response to increased sodium delivery to 
the connecting tubule (connecting tubule glomerular feedback [CTGF]) and causing 
renal afferent arteriolar dilatation to enhance glomerular filtration.166,167

Evidence indicates that renal protection against changes in pressure and flow 
is lost when autoregulation fails.168,169 The changes in glomerular capillary pressure 
to maintain GFR at a relatively constant level in the face of increasing or decreasing 
blood pressure are different from the vascular response needed to reduce GFR to 
limit pressure-induced increases, which cause renal injury. Thus, TGF and the myo-
genic 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 hypertension170,171 were followed by studies in the uninephrecto-
mized deoxycorticosterone acetate (DOCA) salt model of malignant nephrosclero-
sis,172 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 auto-
regulation increases susceptibility to hypertensive renal injury.

There are different requirements for protection versus regulation. The myogenic 
response, which constricts the afferent arteriole, occurs within 3 to 4 seconds of a 
change in blood pressure. A TGF response takes up to 20 seconds because it involves 
the sequence of increased distal delivery, sensing by the macula densa, release of 
mediator (now presumed to be adenosine or ATP), and generation of arteriolar affer-
ent response.173 There is a third slower mechanism that is not well defined. Thus, 
very brief perturbations of blood pressure have insignificant effects on RBF and GFR. 
Such brief episodes should alter the myogenic response. However, there have been 
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 intact kidneys,174 with a longer delay 
in vasodilatation induced by decreasing blood pressure in intact kidneys and an even 
longer delay in hydronephrotic kidneys.

The advocates for TGF as the dominant mechanism argue that because GFR is 
influenced by several factors, including plasma colloid pressure, proximal tubular 
pressure, and the filtration coefficient,175 a vascular response to changes in pressure 
alone may not be adequate for regulation. TGF, with its response to alteration in 
distal sodium delivery, may thus play the stronger autoregulatory role; its immediate 
renoprotective role may be less important.
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Differentiating these two closely aligned mechanisms is difficult. In Fawn-
Hooded rats, Brown-Norway rats, and Dahl salt-sensitive rats, the genetic defect in 
autoregulation seems to involve the myogenic response, with an intact or even 
enhanced TGF.176-178 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.168,169

Recent studies have used transfer function analysis from arterial pressure to 
RBF in the frequency domain to evaluate the independent contributions of the 
myogenic response and TGF. This method allows the studying of the mechanisms 
underlying dynamic autoregulation of RBF in physiologic and pathologic 
conditions.179

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 Brown-Norway rats, administration 
of DOCA or NaCl has little effect on blood pressure, but is more susceptible to 
hypertension-induced kidney damage.180 In ecto-5′ nucleotidase/CD73-deficient 
mice without the TGF mechanism, no overt volume disturbances are noted.181 Simi-
larly, if distal delivery is manipulated, such as by the chronic use of loop diuretics, 
the effects should be catastrophic because these also suppress TGF. However after 
an initial loss of volume, steady-state adaptations occur within 3 to 4 days. GTB 
helps in this adjustment.

What is the Physiologic Basis and Purpose, If Any, of the  
“Third Mechanism?”
Recent research reveals the presence of an in vivo feedback mechanism sensed by 
the connecting tubule (CTGF), the segment of the nephron between the distal con-
voluted tubule and the collecting duct, which is close to the vascular pole of the 
kidney and accompanies the afferent arteriole for varying distances. This mechanism 
causes afferent arteriolar dilatation in response to increased sodium delivery medi-
ated by ENaC, thus acting in opposition to TGF. Its purpose is speculated to be 
protection of the kidney from relative ischemia secondary to enhanced metabolic 
activity during salt loading. In this situation, renal arteriolar dilatation would enhance 
RBF and prevent ischemia while also enhancing the natriuresis that occurs in 
response to a salt load. However, this mechanism could also be harmful, as in dia-
betes mellitus, when the connecting tubule TGF response to osmotic diuresis may 
increase intraglomerular pressure and perhaps increase glomerular damage.182

Mediators and Modulators of Tubuloglomerular Feedback
There are several mediators of the TGF mechanism, which is critical to autoregula-
tion. As defined earlier, TGF is a phenomenon 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.125 The initial step in the TGF 
mechanisms is the sensing of the luminal signal by the Na+, K+, 2Cl− co-transporter 
(NKCC2) at the macula densa (NKCC2A and NKCC2B). The activation of the 
NKCC2 generates adenosine, which stimulates A1 adenosine (A1) receptors, resulting 
in increased cytosolic calcium. Some investigators 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 A1 receptor 
knockout mice.183 In contrast, TGF response persists in mice in which ACE, AT1 
receptor, NOS1, or the thromboxane receptor gene is disrupted.184 Whereas vaso-
constrictors, such as Ang II, increase the sensitivity of the TGF response, vasodila-
tors, such as NO blunt the response.125 These studies indicate that TGF is modulated 
by Ang II, arachidonic acid metabolites, and NO; the primary mediators are adenos-
ine, ATP, or both.
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Adenosine
Studies in cd73-/- mice, which cannot generate ATP or adenosine, suggest that a 
humoral factor, adenosine, mediates the TGF response.181 Thus, a lack of adenosine 
abrogates the change in GFR engendered by TGF, but does not affect distal reabsorp-
tion of sodium and water along the tubule, likely mediated by aldosterone.185 The 
cells of the macula densa are important in the TGF mechanism by sensing increased 
NaCl delivery to the distal tubule and activation of NKCC2 activity to reduce GFR 
with adenosine via the A1 adenosine receptor most likely being the mediator of this 
response. Indeed, TGF is absent in A1 adenosine receptor knockout mice183-185 and 
enhanced by vascular overexpression of the A1 adenosine receptor.122 In anesthetized 
wild-type and A1 adenosine receptor knockout mice, GFR and RBF were measured 
before and after reducing renal perfusion pressure by a suprarenal aortic clamp. A 
reduction in blood pressure produced a significantly greater decrease in GFR in A1 
adenosine receptor knockout mice compared with the wild type, indicating reduced 
regulatory responses in the knockout mice. This suggests that deficient autoregula-
tion in the absence of the effector adenosine or A1 adenosine receptor is mediated 
by abrogation of the TGF response. The administration of the highly selective ade-
nosine 1 receptor antagonist CVT-124 results in marked diuresis and natriuresis, 
which are accompanied by a reduction in absolute proximal tubular reabsorption.186 
There is no corresponding decrease in GFR, indicating a blunted response of the 
macula densa to increased distal delivery of sodium chloride. These data provide 
additional support for adenosine being the mediator of the TGF response.

While adenosine can mediate the TGF response via activation of A1 adenosine 
receptors in the afferent arteriole, both A1 and A2 adenosine receptors can regulate 
preglomerular resistance. A2 adenosine receptors modulate the response by opposing 
the effects of the A1 adenosine receptors. A2A adenosine receptors counter the TGF 
response by the stimulation of the activity of endothelial NO synthase (eNOS or 
NOS3).187,188 The lack of regulation of proximal tubular transport in A1 adenosine 
receptor knockout mice and with A1 adenosine receptor blockade could be indicative 
of adenosine being also a player in GTB in addition to the known and accepted 
peritubular, luminal, and oncotic factors that regulate it. Although the mechanism 
underlying the increased formation of adenosine, in response to an increase in 
NKCC2 activity, remains to be determined, it is evident from studies of genetically 
altered mice that transcellular sodium transport regulates the generation of adenos-
ine, which together with Ang II causes the vasoconstriction that is the hallmark of 
TGF.189

Adenosine Triphosphate
Nishiyama and Navar190 present evidence implicating ATP as the mediator of the 
TGF response. Their conclusion is based up on the finding that ATP selectively 
affects renal afferent arteriolar tone, 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 the ability of ATP to stimulate directly the L-type voltage gated 
calcium channel, leading to calcium influx and vascular smooth muscle cell contrac-
tion.191 More recent studies support ATP as the mediator of TGF based on the finding 
that an ATP conducting maxi-anion channel in the basolateral cells of the macula 
densa, likely a chloride channel, opens in response to increasing levels of luminal 
sodium chloride.192 ATP may also mediate efferent arteriolar TGF through its metab-
olite adenosine in the presence of calcium ions.193

Nitric Oxide
NO, derived from arginine, modulates TGF. Neuronal NOS (nNOS, NOS1) is 
expressed in the macula densa.194 Other NOS isoforms may be expressed in the 
mesangium and glomerular microvessels. These enzymes are strategically positioned 
to influence each step of the TGF process.195 However, micropuncture studies using 
NOS antagonists have shown that NO does not mediate TGF. Instead, local NOS 
blockade causes the TGF curve to shift leftward and become steeper. Changes in 
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NO production in the macula densa may underlie the resetting of TGF, 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. 
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.196 Changes in nNOS or NOS1 function have been shown to occur in the JGA 
of the SHR.197 NOS inhibition has a reduced effect on TGF in the SHR.194 The study 
of salt-sensitive splice variants of nNOS suggests that increased levels of nNOS-β 
increase macula densa NO and are responsible for the attenuated TGF response 
during high salt intake.198

Reactive Oxygen Species
ROS and ongoing oxidative stress are increasingly implicated in the pathophysiology 
of vascular changes in many diseases, including hypertension. AT1 receptors 
increase the sensitivity of the TGF response that could also be related to ROS. 
Although the superoxide anion may lead to vasoconstriction and an increase in 
myogenic tone, directly, it also influences vasoconstriction and vasodilatation  
via many signaling pathways as a consequence of TGF. These effects occur because 
of changes in macula densa cell function in response to changes in sodium chloride 
delivery to the distal tubule. The macula densa expresses nNOS194,199 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.200 ROS react with NO, producing peroxynitrite, 
which impairs vasorelaxation and promotes hypertrophy.201-203 Therefore, ROS effec-
tively counteracts the vasodilatory effects of NO. The vasoconstrictor effect of ROS 
is presumably exerted by superoxide because increasing its dismutation by super-
oxide dismutase mimetics prevents the vasoconstrictor effect.125 However, the role 
of other ROS on TGF remains to be clarified. H2O2 can have both vasodilatory 
and vasoconstrictor effects.

The interaction between NO and superoxide anion has been studied in  
microperfusion experiments. The infusion of a NO precursor into the macula densa 
caused a graded reduction in the TGF-mediated afferent arteriolar vasoconstriction; 
this response was more pronounced in normotensive WKY rats than SHR rats.204 
The thick ascending limb of the loop of Henle also produces NO because it expresses 
eNOS/NOS3.195,198 NO decreases net absorption of chloride and bicarbonate in 
the isolated thick ascending limb,204 thus indirectly decreasing the TGF response 
by increasing their delivery to the distal tubule. Superoxide anion activates  
5′-nucleotidase, thereby increasing adenosine (a mediator of TGF) generation in the 
kidney. These studies support the notion that superoxide enhances the sensitivity  
of TGF.125

Sodium Transporters
Sodium Potassium 2 Chloride Co-transporters
TGF begins with sodium chloride entry through the macula densa cells, which 
express two NKCC2 isoforms (NKCC2A and NKCC2B). These isoforms for NKCC2, 
with high or low affinity for chloride, enable the TGF response to be spread over a 
wider range of sodium chloride concentrations.189 The coexpression of NKCC2A 
and NKCC2B in the macula densa facilitates salt sensing.205 Intracellular signaling 
pathways of salt sensing during low salt are mediated by NKCC2, including the 
activation of AMP-activated protein kinases in macula densa cells.206

Na+, K+-ATPase
Rabbit macula densa cells lack Na+, K+-ATPase; rather, they express colonic H+, 
K+-ATPase in the apical macula densa. Because H+, K+-ATPase is ouabain sensitive, 
it may function as Na+, K+-ATPase.207,208 However, mice lacking ouabain-sensitive 
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α-1 Na+, K+-ATPase do not have TGF response.209 Moreover, deletion of colonic 
H-K-ATPase in mice does not impair TGF.209 Whether or not these discrepancies are 
attributable to species variation remains to be determined.

Calcium Wave
Intracellular calcium modulates vascular smooth muscle tone and is a negative regu-
lator 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 (e.g., connexin 40)162 and extracel-
lular 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 rabbit JGA–glomerular complex.210

New Directions
Unconventional Behavior of Renin–Angiotensin System Components
Although the canonical scheme of activation of the RAS components from renin to 
Ang II and its effects on Ang receptors is well recognized, recent evidence of other 
effects merits discussion. Both Ang I and Ang II may lead to effects that are inde-
pendent of, or even antagonistic to, the accepted effects of the RAS.114 ACE may also 
function as a “receptor” that initiates intracellular signaling and influences gene 
expression.211 AT1 and AT2 receptors have been shown to form heterodimers with 
other 7-transmembrane receptors and influence signal transduction pathways.212-215 
Intracellular Ang II affects cell communication, cell growth, and gene expression via 
the AT1 receptor, but also has independent effects.115,116,216

Molecular Mechanisms Underlying Salt Sensing  
by the Macula Densa
The generation of the prohypertensive agent renin by the cells of the macula 
densa is the primary event necessary for TGF, and its molecular basis has been 
elucidated in a recent study. The macula densa responds to changes in intracellu-
lar milieu by the accumulation of tubular succinate, which acts via a newly identi-
fied receptor GPR91 to initiate the intracellular signaling that ultimately results in 
renin release and may be the integral event in homeostasis engendered by the 
RAS.217

Fetal Programming for Hypertension: Failure of Renoprotection?
The association of low birth weight with the development of hypertension later in 
life has been validated epidemiologically218 and, more recently, has been demon-
strated experimentally in animal models.219 A suboptimal fetal environment may lead 
to maladaptive responses, including failure of renal autoregulation and the develop-
ment of hypertension. A reduction in nephron number during development 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 hypertension, but 
this review is restricted to the role of renal hemodynamics. The RAAS may play a 
more important role than other factors because it is expressed early and associated 
with nephrogenesis. Blockade of the AT1 receptor during the nephrogenic period 
after birth in rats led to a decrease in nephron number, a reduction in renal function, 
and hypertension.220 The consequences of impairment of the RAS in utero and 
during development have been discussed earlier. Protein-restricted diets have also 
been shown to increase ACE levels in pregnant ewes.221 A general stimulation of all 
components of the systemic RAS, in response to protein restriction, is blocked by 
treatment with an ACE inhibitor or an AT1 receptor blocker. Thus, the adverse 
environment in utero, which programs the fetus to develop hypertension, could be 
critically linked to abnormalities in the RAS.222 Recent research in fetal programming 
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for atherosclerosis implicates mitochondrial dysfunction as a possible trigger  
leading to the generation of ROS, which leads to the predisposition to hypertension 
and atherosclerosis.223

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 devel-
opment, 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 clamping of the umbilical 
cord at birth. It follows that the neonate is exquisitely sensitive to stressors, which 
activate the RAAS, and lead to profound oligoanuric states. Disruption of the pro-
duction or action of Ang II by genetic manipulation or pharmacologic blockade 
results in renal tubular agenesis and anemia in fetuses. More recently, the recognition 
of ACE2 as an important player in vasodilation by generation of alternative metabo-
lites of Ang II, has led to the discovery that blunting of ACE2 effect is responsible 
for the postural orthostatic tachycardia syndrome, a syndrome of widespread vaso-
constriction. This is probably the first human illness that is directly related to ACE2 
and is applicable to the wider field of disordered vasoregulation, extending to fetal 
and neonatal life.32 The recognition of the importance of renin receptor in hyperten-
sion has paved the way for the use of new antihypertensive drugs based on their 
ability to block the renin receptor.224,225 Ischemia and asphyxia generate renin by 
sympathetic stimulation. Drugs, such as furosemide, that increase distal delivery of 
sodium and water, decrease NKCC2 activity and should decrease renin secretion. 
However, decreased co-transporter activity impairs TGF and in the face of continued 
ion and water excretion may result in hypovolemia and activation of the RAS and 
may result in oliguria. Indomethacin, used to treat patent ductus arteriosus in neo-
nates, could lead to altered renal vasoregulation.226 Congenital abnormalities in 
steroid synthesis that lead to deficiencies in aldosterone production cause profound 
salt wasting.227 In type 1 pseudohypoaldosteronism, mutations in the sodium 
channel may cause profound neonatal salt wasting.228 To counter the heightened 
activity of the RAAS in neonates, adenosine receptor antagonists may offer new 
avenues of therapy. The association between maternal ACE inhibition and renal 
abnormalities in fetuses was described earlier in this chapter. Recent observations of 
increased fetal renin levels in hydronephrosis lend credence to the developmental 
significance of an intact RAAS in developing embryos.229

In summary, the RAAS is an important developmental and physiologic system 
that contributes to RBF and GFR autoregulation, involving TGF and myogenic 
response. Together with the myogenic response, TGF serves to maintain volume 
homeostasis in sodium and volume-depleted states and renoprotection in hyperten-
sive states. The third mechanism (CTGF) of sensing of salt and water balance by the 
connecting tubule is an important negative modulator of the RAAS, leading to renal 
afferent artery vasodilatation. Central and peripheral sympathetic inputs influence 
all aspects of renal autoregulation. The elucidation of molecular events that underlie 
salt sensing by the macula densa and JG cell offers new avenues for further investi-
gation in the developing kidney. A better understanding of these mechanisms would 
translate to better care for premature and full-term newborns with renal dysregula-
tion, hyponatremia, and oligoanuric renal failure.

References
1. Guyton AC, Hall JE. Dominant role of the kidney in long-term regulation of arterial pressure and 

in hypertension: the integrated system for pressure control. In Textbook of Medical Physiology Tenth 
Edition. Philadelphia: W.B. Saunders Company; 2001;201-203.

2. Gomez RA, McReddie TA, Everett AD, et al. Ontogeny of renin and AT1 receptor in the rat. Pediatr 
Nephrol. 1993;7(5):635-638.

3. Chevalier RL. The moth and the aspen tree: sodium in early postnatal development. Kidney Int. 
2001;59(5):1617-1625.

4. Persson AE, Ollerstam A, Liu R, et al. Mechanisms for macula densa cell release of renin. Acta 
Physiol Scand. 2004;181(4):471-474.



 Renal Modulation: The Renin–Angiotensin–Aldosterone System  171

10

5. Lavoie JL, Sigmund CD. Minireview: overview of the renin-angiotensin system—an endocrine and 
paracrine system. Endocrinology. 2003;144(6):2179-2183.

6. Krieger MH, Moreira ED, Oliveira EM, et al. Dissociation of blood pressure and sympathetic activa-
tion of renin release in sinoaortic-denervated rats. Clin Exp Pharmacol Physiol. 2006;
33(5-6):471-476.

7. Schweda F, Segerer F, Castrop H, et al. Blood pressure-dependent inhibition of renin secretion 
requires A1 adenosine receptors. Hypertension. 2005;46(4):780-786.

8. Milavec-Krizman M, Evenou JP, Wagner H, et al. Characterization of beta-adrenoceptor subtypes 
in rat kidney with new highly selective beta 1 blockers and their role in renin release. Biochem 
Pharmacol. 1985;34(22):3951-3957.

9. DiBona GF. Neural regulation of renal tubular sodium reabsorption and renin secretion. Fed Proc. 
1985;44(13):2816-2822.

10. Goldsmith SR. Interactions between the sympathetic nervous system and the RAAS in heart failure. 
Curr Heart Fail Rep. 2004;1(2):45-50.

11. Bell PD, Lapointe JY, Peti-Peterdi J. Macula densa signaling. Annu Rev Physiol. 2003;65:481-500.
12. Lorenz JN, Greenberg SG, Briggs JP. The macula densa mechanism for control of renin secretion 

Semin Nephrol. 1993;13(6):531-542.
13. Bie P, Damkjaer M. Renin secretion and total body sodium: pathways of integrative control. Clin 

Exp Pharmacol Physiol. 2010;37(2):e34-42.
14. Danser AH, van den Dorpel MA, Deinum J, et al. Renin, prorenin, and immunoreactive renin  

in vitreous fluid from eyes with and without diabetic retinopathy. J Clin Endocrinol Metab. 
1989;68(1):160–167.

15. Itskovitz J, Sealey JE, Glorioso N, et al. Plasma prorenin response to human chorionic gonadotropin 
in ovarian-hyperstimulated women: correlation with the number of ovarian follicles and steroid 
hormone concentrations. Proc Natl Acad Sci USA. 1987;84(20):7285–7289.

16. Krop M, Danser AH. Circulating versus tissue renin-angiotensin system: on the origin of (pro)renin. 
Curr Hypertens Rep. 2008;10(2)112–118.

17. Weiland F, Verspohl EJ. Local formation of angiotensin peptides with paracrine activity by adipo-
cytes. J Pept Sci. 2009;15(11):767–776.

18. Gálvez-Prieto B, Bolbrinker J, Stucchi P, et al. Comparative expression analysis of the renin-
angiotensin system components between white and brown perivascular adipose tissue. J Endocrinol. 
2008;197(1):55–64.

19. Sealey JE, Goldstein M, Pitarresi T, et al. Prorenin secretion from human testis: no evidence for 
secretion of active renin or angiotensinogen. J Clin Endocrinol Metab. 1988;66(5):974–978.

20. Danser AH, Deinum J. Renin, prorenin and the putative (pro)renin receptor. Hypertension. 
2005;46(5):1069–1076.

21. Gavras I, Gavras H. Angiotensin II as a cardiovascular risk factor. J Hum Hypertens. 2002;16(Suppl 
2):S2-S6.

22. Danilczyk U, Penninger JM. Angiotensin-converting enzyme II in the heart and kidney. Circ Res. 
2006;98(4):463-471.

23. Erdos EG. Conversion of angiotensin I to angiotensin II. Am J Med. 1976;60:749-759.
24. Urata H, Nishimura H, Ganten D. Mechanisms of angiotensin II formation in humans. Eur Heart 

J. 1995;16(Suppl N):79-85.
25. Le TH, Coffman TM. A new cardiac MASTer switch for the renin-angiotensin system. J Clin Invest. 

2006;116(4):866-869.
26. Wei CC, Hase N, Inoue Y, et al. Mast cell chymase limits the cardiac efficacy of Ang I-converting 

enzyme inhibitor therapy in rodents. J Clin Invest. 2010;120(4):1229-1239.
27. Bot I, Bot M, van Heiningen SH, van Santbrink, et al. Mast cell chymase inhibition reduces athero-

sclerotic plaque progression and improves plaque stability in ApoE-/- mice. Cardiovasc Res. 
2011;89(1):244-252.

28. Burns KD. The emerging role of angiotensin-converting enzyme-2 in the kidney. Curr Opin Nephrol 
Hypertens. 2007;16(2):116-121.

29. Yamamuro M, Yoshimura M, Nakayama M, et al. Aldosterone, but not angiotensin II, reduces 
angiotensin converting enzyme 2 gene expression levels in cultured neonatal rat cardiomyocytes. 
Circ J. 2008;72(8):1346-1350.

30. Chappel MC, Ferrario CM. ACE and ACE2: their role to balance the expression of angiotensin II 
and angiotensin-(1-7). Kidney Int. 2006;70(1):34-41.

31. Donoghue M, Hsieh F, Baronas E, et al. A novel angiotensin-converting enzyme-related carboxy-
peptidase (ACE2) converts angiotensin I to angiotensin 1-9. Circ Res. 2000;87(5):E1-E9.

32. Stewart JM, Ocon AJ, Clarke D, et al. Defects in cutaneous angiotensin-converting enzyme 2 and 
angiotensin-(1-7) production in postural tachycardia syndrome. Hypertension. 2009;53(5):
767-774.

33. Ferrario CM. ACE2: more of Ang-(1-7) or less Ang II? Curr Opin Nephrol Hypertens. 2010;20(1):1-6.
34. Kokkonen JO, Saarinen J, Kovanen PT. Regulation of local angiotensin II formation in the human 

heart in the presence of interstitial fluid. Inhibition of chymase by protease inhibitors of interstitial 
fluid and of angiotensin-converting enzyme by Ang-(1-9) formed by heart carboxypeptidase A-like 
activity. Circulation. 1997;95(6):1455-1463.

35. Snyder RA, Watt KW, Wintroub BU. A human platelet angiotensin I-processing system. Identifica-
tion of components and inhibition of angiotensin-converting enzyme by product. J Biol Chem. 
1985;260(13):7857-7860.



172 Special Problems

D

36. Ocaranza MP, Godoy I, Jalil JE, et al. Enalapril attenuates downregulation of Angiotensin-converting 
enzyme 2 in the late phase of ventricular dysfunction in myocardial infracted heart. Hypertension. 
2006;48(4):572-578.

37. Ocaranza MP, Lavandero S, Jalil JE, et al. Angiotensin-(1-9) regulates cardiac hypertrophy in vivo 
and in vitro. J Hypertens. 2010;28(5):1054-1064.

38. Kramkowski K, Mogielnicki A, Leszczynska A, et al. Angiotensin-(1-9), the product of angiotensin 
I conversion in platelets, enhances arterial thrombosis in rats. J Physiol Pharmacol. 2010;61(3):
317-324.

39. Kucharewicz I, Pawlak R, Matys T, et al. Antithrombotic effect of captopril and losartan is mediated 
by angiotensin-(1-7). Hypertension. 2002;40(5):774-779.

40. Velez JC, Ryan KJ, Harbeson CE, et al. Angiotensin I is largely converted to angiotensin (1-7) and 
angiotensin (2-10) by isolated rat glomeruli. Hypertension. 2009;53(5):790-797.

41. Pereira HJ, Souza LL, Salgado MC, et al. Angiotensin processing is partially carried out by carboxy-
peptidases in the rat mesenteric arterial bed perfusate. Regul Pept. 2008;151(1-3):135-138.

42. Veerasingham SJ, Raizada MK. Brain renin-angiotensin system dysfunction in hypertension: recent 
advances and perspectives. Br J Pharmacol. 2003;139(2):191-202.

43. Padia SH, Howell NL, Kemp BA, et al. Intrarenal aminopeptidase N inhibition restores defective 
angiotensin II type 2-mediated natriuresis in spontaneously hypertensive rats. Hypertension. 2010;
55(2):474-480.

44. Chai SY, Fernando R, Peck G, et al. The angiotensin IV/AT4 receptor. Cell Mol; Life Sci. 2004;61(21):
2728-2737.

45. Saavedra JM, Ando H, Armando I, et al. Brain angiotensin II, an important stress hormone: regula-
tory sites and therapeutic opportunities. Ann N Y Acad Sci. 2004;1018:76-84.

46. Grobe JL, Grobe CL, Beltz TG, et al. The brain renin-angiotensin system controls divergent efferent 
mechanisms to regulate fluid and energy balance. Cell Metab. 2010;12(5):431-442.

47. Cuadra AE, Shan Z, Sumners C. A current view of brain renin-angiotensin system: Is the (pro)renin 
receptor the missing link? Pharmacol Ther. 2010;125(1):27-38.

48. Romero DG, Plonczynski M, Vergara GR, et al. Angiotensin II early regulated genes in H295R human 
adrenocortical cells. Physiol Genomics. 2004;19(1):106-116.

49. Delcayre C, Swynghedauw B. Molecular mechanisms of myocardial remodeling. The role of aldo-
sterone. J Mol Cell Cardiol. 2002;34(12):1577-1584.

50. Colombo L, Dala Valle L, Fiore C, et al. Aldosterone and the conquest of land. J Endocrinol Invest. 
2006;29(4):373-379.

51. Chai W, Hofland J, Jansen PM, et al. Steroidogenesis vs. steroid uptake in the heart: do corticoste-
roids mediate effects via cardiac mineralocorticoid receptors? J Hypertens. 2010;28(5):1044-1053.

52. Pinto V, Pinho MJ, Hopfer U, et al. Oxidative stress and the genomic regulation of aldosterone-
stimulated NHE1 activity in SHR renal proximal tubular cells. Mol Cell Biochem. 2008;310(1-2):
191-201.

53. Sherrod M, David DR, Zhou X, et al. Glial-specific ablation of angiotensinogen lowers arterial pres-
sure in renin and angiotensin transgenic mice. Am J Physiol Regul Integr Comp Physiol. 2005;289(6):
R1763-R1769.

54. Wagner J, Thiele F, Ganten D. The renin-angiotensin system in transgenic rats. Pediatr Nephrol. 
1996;10(1):108-112.

55. Vernerová Z, Kujal P, Kramer HJ, et al. End-organ damage in hypertensive transgenic Ren-2 rats: 
influence of early and late endothelin receptor blockade. Physiol Res. 2009;58(Suppl 2):S69-S78.

56. Esther CR Jr, Howard TE, Marino EM, et al. Mice lacking angiotensin-converting enzyme have low 
blood pressure, renal pathology, and reduced male fertility. Lab Invest. 1996;74(5):953-965.

57. Bernstein KE. Views of the renin-angiotensin system: brilling, mimsy and slithy tove. Hypertension. 
2006;47(3):509-514.

58. Martin M, Wellner A, Ossowski I, et al. Identification and quantification of inhibitors for angiotensin-
converting enzyme in hypoallergenic infant milk formulas. J Agric Food Chem. 2008;56(15):
6333-6338.

59. Yamamoto K, Ohishi M, Katsuya T, et al. Deletion of angiotensin-converting enzyme 2 accelerates 
pressure overload-induced cardiac dysfunction by increasing local angiotensin II. Hypertension. 
2006;47(4):718-726.

60. Crackower MA, Sarao R, Oudit GY, et al. Angiotensin-converting enzyme 2 is an essential regulator 
of heart function. Nature. 2002;417(6891):822-828.

61. Shaltout HA, Figueroa JP, Rose JC, et al. Alterations in circulatory and renal angiotensin-converting 
enzyme and angiotensin-converting enzyme 2 in fetal programmed hypertension. Hypertension. 
2009;53(2):404-408.

62. Davis CJ, Kramár EA, De A, et al. AT4 receptor activation increases intracellular calcium influx and 
induces a non-N-methyl-D-aspartate dependent form of long-term potentiation. Neuroscience. 
2006;137(4):1369-1379.

63. Crowley SD, Tharaux PL, Audoly LP, et al. Exploring type I angiotensin (AT1) receptor functions 
through gene targeting. Acta Physiol Scand. 2004;181(4):561-567.

64. Mifune M, Sasamura H, Nakazato Y, et al. Examination of Ang II type 1 and type 2 receptor expres-
sion in human kidneys by immunohistochemistry. Clin Exp Hypertens. 2001;23(3):257-266.

65. Chaki S, Inagami T. Identification and characterization of a new binding site for angiotensin II in 
mouse neuroblastoma neuro-2A cells. Biochem Biophys Res Commun. 1992;182(1):388-394.

66. Padia SH, Kemp BA, Howell NL, et al. Conversion of renal angiotensin II to angiotensin III is critical 
for AT2 receptor-mediated natriuresis in rats. Hypertension. 2008;51(2):460-465.



 Renal Modulation: The Renin–Angiotensin–Aldosterone System  173

10

67. Dellis O, Dedos SG, Tovey SC, et al. Ca2+ entry through plasma membrane IP3 receptors. Science. 
2006;313:229-233.

68. Yu L, Zheng M, Wang W, et al. Developmental changes in AT1 and AT2 receptor-protein expression 
in rats. J Renin Angiotensin Aldosterone Syst. 2010;11(4):214-221.

69. Gill DL, Spassova MA, Soboloff J. Signal transduction. Calcium entry signals–trickles and torrents. 
Science. 2006;313(5784):183-184.

70. Sandberg K, Ji H. Comparative analysis of amphibian and mammalian angiotensin receptors. Comp 
Biochem Physiol A Mol Integr Physiol. 2001;128(1):53-75.

71. Wynne BM, Chiao CW, Webb RC. Vascular smooth muscle cell signaling mechanisms for contrac-
tion to angiotensin ii and endothelin-1. J Am Soc Hypertens. 2009;3(2):84-95.

72. Kalantarinia K, Okusa MD. The renin-angiotensin system and its blockade in diabetic renal and 
cardiovascular disease. Curr Diab Rep. 2006;6(1):8-16.

73. Nishida M, Kitajima N, Saiki S. Regulation of angiotensin II receptor signaling by cysteine modifica-
tion of NF-κB. Nitric Oxide. 2011;25(2):112-117.

74. De Gasparo M, Catt KJ, Inagami T, et al. International union of pharmacology XXIII. The angiotensin 
II receptors. Pharmacol Rev. 2000;52:415-472.

75. Zhang J, Pratt RE. The AT2 receptor selectively associates with Giα2 and Giα3 in the rat fetus. 
J Biol Chem. 1996;271(25):15026-15033.

76. Stegbauer J, Coffman TM. New insights into angiotensin receptor actions: from blood pressure to 
aging. Curr Opin Nephrol Hypertens. 2011;20(1):84-88.

77. Landgraf SS, Wengert M, Silva JS, et al. Changes in angiotensin receptors expression play a pivotal 
role in the renal damage observed in spontaneous hypertensive rats. Am J Physiol Renal Physiol. 
2011;300(2):F499-F510.

78. Albiston AL, McDowall SG, Matsacos D, et al. Evidence that the angiotensin IV (AT4) receptor is 
the enzyme insulin-regulated aminopeptidase. J Biol Chem. 2001;276(520):48623-48626.

79. Batenburg WW, Krop M, Garrelds IM, et al. Prorenin is the endogenous agonist of the (pro)renin 
receptor. Binding kinetics of renin and prorenin in rat vascular smooth muscle cells overexpressing 
the human (pro)renin receptor. J Hypertens. 2007;25(12):2441–2453.

80. Nguyen G. The (pro)renin receptor: pathophysiological roles in cardiovascular and renal pathology. 
Curr Opin Nephrol Hypertens. 2007;16(2):129–133.

81. Amsterdam A, Nissen RM, Sun Z, et al. Identification of 315 genes essential for early zebrafish 
development. Proc Natl Acad Sci USA. 2004;101(35):12792–12797.

82. Burckle C, Bader M. Prorenin and its ancient receptor. Hypertension. 2006;48(4):549–551.
83. Ille F, Sommer L. Wnt signaling: multiple functions in neural development. Cell Mol Life Sci. 

2005;62(10):1100–1108.
84. Falk S, Wurdak H, Ittner LM, et al. Brain area-specific effect of TGF-beta signaling on Wnt-

dependent neural stem cell expansion. Cell Stem Cell. 2008;2(5):472-483.
85. Schmidt-Ott KM, Barasch J. WNT/beta-catenin signaling in nephron progenitors and their epithelial 

progeny. Kidney Int. 2008;74(8):1004-1008.
86. Hunyadi L, Catt KJ. Pleiotropic AT1 receptor signaling pathways mediating physiological and 

pathogenic actions of Ang II. Mol Endocrinol. 2006;20(5):953-970.
87. Garvin JL. Angiotensin stimulates glucose and fluid absorption by rat proximal straight tubules.  

J Am Soc Nephrol. 1990;1(3):272-277.
88. Xu L, Dixit MP, Chen R, et al. Effects of angiotensin II on NaPi-IIa co-transporter expression and 

activity in rat renal cortex. Biochim Biophys Acta. 2004;1667(2):114-121.
89. Yingst DR, Massey KJ, Rossi NF, et al. Angiotensin II directly stimulates activity and alters the 

phosphorylation of Na-K-ATPase in rat proximal tubule with a rapid time course. Am J Physiol Renal 
Physiol. 2004;287(4):F713-F721.

90. Shah S, Hussain T. Enhanced angiotensin II-induced activation of Na+- K+- ATPase in the proximal 
tubules of obese Zucker rats. Clin Exp Hypertens. 2006;28(1):29-40.

91. Horita S, Zheng Y, Hara C. Biphasic regulation of Na+HCO3- cotransporter by angiotensin II type 
1A receptor. Hypertension. 2002;40(5):707-712.

92. Noonan WT, Woo AL, Nieman ML, et al. Blood pressure maintenance in NHE3-deficient mice with 
transgenic expression of NHE3 in small intestine. Am J Physiol Regul Integr Comp Physiol. 2005;
288(3):R685-R691.

93. Kolb RJ, Woost PG, Hopfer U, et al. Membrane trafficking of angiotensin receptor type-1 and 
mechanochemical signal transduction in proximal tubule cells. Hypertension. 2004;44(3):352-359.

94. Quan A, Chakravarty S, Chen JK, et al. Androgens augment proximal tubule transport. Am J Physiol 
Renal Physiol. 2004;287(3):F452-F459.

95. Dixit MP, Xu L, Xu H, et al. Effect of angiotensin II on renal Na+/H+ exchanger-NHE3 and NHE2. 
Biochim Biophys Acta. 2004;1664(1):38-44.

96. Good DW, George T, Wang DH, et al. Angiotensin II inhibits HCO3 absorption via a cytochrome 
P450 dependent pathway in MTAL. Am J Physiol. 1999;276(5pt2):F726-F736.

97. Han HJ, Park SH, Koh HJ, et al. Mechanism of regulation of Na+ transport by angiotensin II in 
primary renal cells. Kidney Int. 2000;57(6):2457-2467.

98. Romero MF, Madhun ZT, Hopfer U, et al. An epoxygenase metabolite of arachidonic acid 5,6 epoxy-
eicosatrienoic acid mediates angiotensin-induced natriuresis in proximal tubular epithelium. Adv 
Prostaglandin Thromboxane Leukot Res. 1991;21A:205-208.

99. Romero MF, Hopfer U, Madhun ZT, et al. Angiotensin II actions in the rabbit proximal tubule. 
Angiotensin II mediated signaling mechanisms and electrolyte transport in the rabbit proximal 
tubule. Ren. Physiol Biochem. 1991;14(4-5):191-207.



174 Special Problems

D

100. Houillier P, Chambrey R, Achard JM, et al. Signaling pathways in the biphasic effect of angiotensin 
II on apical Na/H antiport activity in proximal tubule. Kidney Int. 1996;50(5):1496-1505.

101. Kwon TH, Nielsen J, Kim H, et al. Regulation of sodium transporters in the thick ascending  
limb of rat kidney: response to angiotensin II. Am J Physiol Renal Physiol. 2003;285(1):
F152-F165.

102. He P, Klein J, Yun CC. Activation of Na+/H+ exchanger NHE3 by angiotensin II is mediated by 
inositol 1,4,5-triphosphate (IP3) receptor-binding protein released with IP3 (IRBIT) and Ca2+/
calmodulin-dependent protein kinase II. J Biol Chem. 2010;285(36):27869-27878.

103. Bell PD, Peti-Peterdi J. Angiotensin II stimulates macula densa basolateral sodium/hydrogen 
exchange via type 1 angiotensin II receptors. J. Am Soc Nephrol. 1999;10(Suppl 11):S225-S229.

104. Wang T, Geibisch G. Effects of angiotensin II on electrolyte transport in the early and late distal 
tubule in rat kidney Am J Physiol. 1996;271(1 Pt 2):F143-F149.

105. Pulakat L, Cooper S, Knowle D, et al. Ligand-dependent complex formation between the Angio-
tensin II receptor subtype AT2 and Na+/H+ exchanger NHE6 in mammalian cells. Peptides. 2005;
26(5):863-873.

106. Bobulescu IA, Di Sole F, Moe OW. Na+/H+ exchangers; physiology and link to hypertension and 
organ ischemia. Curr Opin Nephrol Hypertens. 2005;14(5):485-494.

107. Lara Lda S, Cavalcante F, Axelband F, et al. Involvement of Gi/o/cGMP/PKG pathway in the AT2-
mediated inhibition of outer cortex proximal tubule Na+-ATPase by Ang-(1-7). Biochem J. 2006;
395(1):183-190.

108. Haithcock D, Jiao H, Cui XL, et al. Renal proximal tubular AT2 receptor: signaling and transport. 
J Am Soc Nephrol. 1999;10(Supp 11):S69-S74.

109. Quan A, Baum M. Effect of luminal angiotensin II receptor antagonists on proximal tubule transport. 
Am J Hypertens. 1999;12(5):499-503.

110. Hakam AC, Hussain T. Angiotensin II type 2 receptor agonist directly inhibits proximal tubule 
sodium pump activity in obese but not in lean Zucker rats. Hypertension. 2006;47(6):1117-1124.

111. Padia SH, Howell NL, Siragy HM, et al. Renal angiotensin type 2 receptors mediate natriuresis  
via angiotensin III in the angiotensin II type 1 receptor-blocked rat. Hypertension. 2006;47(3):
537-544.

112. Beutler KT, Masilamani S, Turban S, et al. Long-term regulation of ENaC expression in kidney by 
angiotensin II. Hypertension. 2003;41(5):1143-1150.

113. Davies E, McKenzie SM. Extra adrenal production of corticosteroids. Clin Exp Pharmacol Physiol. 
2003;30(7):437-445.

114. Kurdi M, De Mello WC, Booz GW. Working outside the system: an update on the unconventional 
behavior of the renin-angiotensin system components. Int J Biochem Cell Biol. 2005;37(7):1357-
1367.

115. Zou Y, Akazawa H, Qin Y, et al. Mechanical stress activates angiotensin II type 1 receptor without 
the involvement of angiotensin II. Nat Cell Biol. 2004;6(6):499-506.

116. Yatabe J, Sanada H, Yatabe MS, et al. Angiotensin II type 1 receptor blocker attenuates the activation 
of ERK and NADPH oxidase by mechanical strain in mesangial cells in the absence of angiotensin 
II. Am J Physiol Renal Physiol. 2009;296(5):F1052-F1060.

117. Baker KM, Kumar R. Intracellular Ang II induces cell proliferation independent of AT1 receptor. 
Am J Physiol Cell Physiol. 2006;291(5):C995-C1001.

118. Rein H. Vasomotorische regulationen. Ergebn de Physiol. 1931;32:28-72.
119. Buckley NM, Brazeau P, Frasier ID. Renal blood flow autoregulation in developing swine. Am J 

Physiol. 1983;245(1):H1-H6.
120. Paton JB, Fisher DE. Organ blood flows of fetal and infant baboons. Early Hum Dev. 1984;10(1-2):

137-144.
121. Jose PA, Slotkoff LM, Montgomery S, et al. Autoregulation of renal blood flow in the puppy.  

Am J Physiol. 1975;229(4):983-988.
122. Oppermann M, Qin Y, Lai EY, et al. Enhanced tubuloglomerular feedback in mice with vascular 

overexpression of A1 adenosine receptors. Am J Physiol Renal Physiol. 2009;297(5):F1256-F1264.
123. Inscho EW, Cook AK, Imig JD, et al. Physiological role for P2X1 receptors in renal microvascular 

autoregulatory behavior. J Clin Invest. 2003;112(12):1895-1905.
124. Vallon V, Miracle C, Thomson S. Adenosine and kidney function: potential implications in patients 

with heart failure. Eur J Heart Fail. 2008;10(2):176-187,
125. Wilcox CS. Redox regulation of the afferent arteriole and tubuloglomerular feedback. Acta Physiol 

Scand. 2003;179(3):217-223.
126. Thomson SC, Blantz RC. Glomerulotubular balance, tubuloglomerular feedback, and salt homeo-

stasis. J Am Soc Nephrol. 2008;19(12):2272-2275.
127. Schütz S, Le Moullec JM, Corvol P, et al. Early expression of all the components of the renin-

angiotensin system in human development. Am J Pathol. 1996;149(6):2067-2079.
128. Niimura F, Kon V, Ichikawa I. The renin-angiotensin system in the development of congenital 

anomalies of the kidney and urinary tract. Curr Opin Pediatr. 2006;18(2):161-166.
129. Tabacova S, Little R, Tsong Y, et al. Adverse pregnancy outcomes associated with maternal enalapril 

antihypertensive treatment. Pharmacoepidemiol Drug Saf. 2003;12(8):633-646.
130. Buttar HS. An overview of the influence of ACE inhibitors on fetal-placental circulation and perinatal 

development. Mol Cell Biochem. 1997;176(1-2):61-67.
131. Cooper WO, Harnandez-Diaz S, Arbogast PG, et al. Major congenital malformations after first-

trimester exposure to ACE inhibitors. N Engl J Med. 2006;354(23):2443-2451.
132. Schaefer C. Angiotensin II-receptor-antagonists: further evidence of fetotoxicity but not teratogenic-

ity. Birth Defects Res A Clin Mol Teratol. 2003;67(8):591-594.



 Renal Modulation: The Renin–Angiotensin–Aldosterone System  175

10

133. Niimura F, Okubo S, Fogo A, et al. Temporal and spatial expression pattern of the angiotensinogen 
gene in mice and rats. Am J Physiol. 1997;272(1 pt 2):R142-R147.

134. Kumar D, Moss G, Primhak R, et al. Congenital renal tubular dysplasia and skull ossification defects 
similar to teratogenic effects of angiotensin converting enzyme (ACE) inhibitors. J Med Genet. 
1997;34(7):541-545.

135. Gribouval O, Gonzales M, Neuhaus T, et al. Mutations in genes in the renin-angiotensin system are 
associated with autosomal recessive renal tubular dysgenesis. Nat Genet. 2005;37(9):964-968.

136. Lacoste M, Cai Y, Guicharnaud L, et al. Renal tubular dysgenesis, a not uncommon autosomal 
recessive disorder leading to oligohydramnios: role of the renin-angiotensin system. J Am Soc 
Nephrol. 2006;17(8):2253-2263.

137. Nishimura H, Yerkes E, Hohenfellner K, et al. Role of the angiotensin type 2 receptor gene in 
congenital anomalies of the kidney and urinary tract, CAKUT, of mice and men. Mol Cell. 1999;3(1):
1-10.

138. Gubler MC, Antignac C. Renin-angiotensin system in kidney development: renal tubular dysgenesis. 
Kidney Int. 2010;77(5):400-406.

139. Yosypiv IV, El-Dahr SS. Role of the renin-angiotensin system in the development of the ureteric bud 
and renal collecting system. Pediatr Nephrol. 2005;20(9):1219-1229.

140. Fiselier T, Monnens L, van Munster P, et al. The renin-angiotensin-aldosterone system in infancy 
and childhood in basal conditions and after stimulation. Eur J Pediatr. 1984;143(1):18-24.

141. Sulyok E, Nemeth M, Tenyi I, et al. Relationship between the postnatal development of the renin-
angiotensin- aldosterone system and electrolyte and acid-base status of the NaCl-supplemented 
premature infants. In: Spitzer A, ed. The Kidney during Development Morphogenesis and Function. New 
York: Masson Publishing USA Inc; 1982:273-281.

142. Peleg E, Peleg D, Yaron A, et al. Perinatal development of angiotensin-converting enzyme in the 
rat’s blood. Gynecol Obstet Invest. 1988;25(1):12-15.

143. Walther T, Faber R, Maul B, et al. Fetal, neonatal cord and maternal plasma concentrations of 
angiotensin converting enzyme (ACE). Prenat Diagn. 2002;22(2):111-113.

144. Bender JW, Davitt MK, Jose P. Angiotensin-1-converting enzyme activity in term and premature 
infants. Biol Neonate. 1978;34(1-2):19-23.

145. Forhead AJ, Melvin R, Balouzet V, et al. Developmental changes in plasma angiotensin—converting 
enzyme concentration in fetal and neonatal lambs. Reprod Fertil Dev. 1998;10(5):393-398.

146. Raimbach SJ, Thomas AL. Renin and angiotensin converting enzyme concentrations in the fetal and 
neonatal guinea-pig. J Physiol. 1990;423-441-451.

147. Forhead AJ, Gulati V, Poore KR, et al. Ontogeny of pulmonary and renal angiotensin-converting 
enzyme in pigs. Mol Cell Endocrinol. 2001;185(1-2):127-133.

148. O’Connor SJ, Fowden AL, Holdstock N, et al. Developmental changes in pulmonary and renal 
angiotensin-converting enzyme concentration in fetal and neonatal horses. Reprod Fertil Dev. 
2002;14(7-8):413-417.

149. Hattori MA, Del Ben GL, Carmona AK, et al. Angiotensin I-converting enzyme isoforms (high  
and low molecular weight) in urine of premature and full-term infants. Hypertension. 2000;35(6):
1284-1290.

150. Miyawaki M, Okutani T, Higuchi R, et al. Plasma angiotensin II levels in the early neonatal period. 
Arch Dis Child Fetal Neonatal Ed. 2006;91(5):F359-F362.

151. Franco MC, Casarini DE, Carneiro-Ramos MS, et al. Circulating renin-angiotensin system  
and catecholamines in childhood: is there a role for birthweight? Clin Sci (Lond). 2008;114(5):
375-380.

152. Sippell WG, Dörr HG, Bidlingmaier F, et al. Plasma levels of aldosterone, corticosterone, 
11-deoxycorticosterone, progesterone, 17-hydroxyprogesterone, cortisol, and cortisone during 
infancy and childhood. Pediatr Res. 1980;14(1):39-46.

153. Felder RA, Pelayo JC, Calcagno PL, et al. Alpha adrenoreceptors in the developing kidney. Pediatr 
Res. 1983;17(2):177-180.

154. Chevalier RL, Thornhill BA, Belmonte DC, et al. Endogenous angiotensin II inhibits natriuresis after 
acute volume expansion in the neonatal rat. Am J Physiol. 1996;270(2 Pt 2):R393-R397.

155. Pelayo JC, Fildes RD, Jose PA. Age-dependent renal effects of intrarenal infusion dopamine infusion. 
Am J Physiol. 1984;247(1 Pt 2):R212-R216.

156. Muchant DG, Thornhill BA, Belmonte DC, et al. Chronic sodium loading augments natriuretic 
response to acute volume expansion in the preweaned rat. Am J Physiol. 1995;269(1 Pt2):
R15-R22.

157. Solhaug MJ, Dong XO, Adelman RD, et al. Ontogeny of neuronal nitric oxide synthase NOS1,  
in the developing porcine kidney. Am J Physiol Regul Integr Comp Physiol. 2000;278(6):
R1453-R1459.

158. Mulder J, Baum M, Quigley R. Diffusional water permeability (PDW) of adult and neonatal rabbit 
renal brush border membrane vesicles. J Membr Biol. 2002;187(3):167-174.

159. Mulder J, Chakravarty S, Haddad MN, et al. Glucocorticoids increase osmotic water permeability 
(Pf) of neonatal rabbit renal brush border membrane vesicles. Am J Physiol Regul Integr Comp Physiol. 
2005;288(5):R1417-R1421.

160. Bonilla-Felix M. Development of water transport in the collecting duct. Am J Physiol Renal Physiol. 
2004;287(6):F1093-F2001.

161. Dilley JR, Arendshorst WJ. Enhanced tubuloglomerular feedback activity in rats developing spon-
taneous hypertension. Am J Physiol. 1984;274(4Pt2):F672-F679.

162. Just A, Kurtz L, de Wit C, et al. Connexin 40 mediates the tubuloglomerular feedback contribution 
to renal blood flow autoregulation. J Am Soc Nephrol. 2009;20(7):1577-1585.



176 Special Problems

D

163. Al-Dahhan J, Haycock GB, Chantler C, et al. Sodium Homeostasis in term and preterm neonates. 
I. Renal aspects. Arch Dis Child. 1983;58(5):335-342.

164. Du Z, Duan Y, Yan Q, et al. Mechanosensory function of microvilli of the kidney proximal tubule. 
Proc Natl Acad Sci USA. 2004;101(35):13068-13073.

165. Kon V, Hughes ML, Ichikawa I. Physiological basis for the maintenance of glomerulotubular balance 
in young growing rats. Kidney Int. 1984;25(2):391-396.

166. Seeliger E, Wronski T, Ladwig M, et al. The renin-angiotensin system and the third mechanism of 
renal blood flow autoregulation. Am J Physiol Renal Physiol. 2009;296(6):F1334-F1345.

167. Wang H, Garvin JL, D’Ambrosio MA, et al. Connecting tubule glomerular feedback (CTGF)  
antagonizes tubuloglomerular feedback (TGF) in vivo. Am J Physiol Renal Physiol. 2010;299(6):
F1374-F1378.

168. Palmer BF. Impaired renal autoregulation: implications for the genesis of hypertension and 
hypertension-induced renal injury. Am J Med Sci. 2001;321(6):388-400.

169. Bidani AK, Griffin KA, Williamson G, et al. Protective importance of the myogenic response in the 
renal circulation. Hypertension. 2009;54(2):393-398.

170. Wilson C, Byrom FB. Renal changes in malignant hypertension. Lancet. 1939;1:136-139.
171. Wilson C, Byrom FB. The vicious circle in chronic Bright’s disease. Experimental evidence from the 

hypertensive rat. Q J Med. 1941;10(2):65-93.
172. Hill GS, Heptinstall RH. Steroid-induced hypertension in the rat. A microangiographic and histo-

logic study on the pathogenesis of hypertensive vascular and glomerular lesions. Am J Pathol. 
1968;52(1):1-40.

173. Loutzenhiser R, Griffin K, Williamson G, et al. Renal autoregulation: new perspectives regarding 
the protective and regulatory roles of the underlying mechanisms. Am J Physiol Regul Integr Comp 
Physiol. 2006;290(5):R1153-1167.

174. Just A, Arendshorst WJ. Dynamics and contribution of mechanisms mediating renal blood flow 
autoregulation. Am J Physiol Regul Integr Comp Physiol. 2003;285(3):R619-R631.

175. Navar LG. Renal autoregulation: perspectives from whole kidney and single nephron studies. Am J 
Physiol. 1978;234(5):F357-F370.

176. Ochodnický P, Henning RH, Buikema HJ, et al. Renal vascular dysfunction precedes the develop-
ment of renal damage in the hypertensive Fawn-Hooded rat. Am J Physiol Renal Physiol. 2010;
298(3):F625-F633.

177. Takemaka T, Forster H, De Micheli A, et al. Impaired myogenic responsiveness of renal microvessels 
in Dahl salt-sensitive rats. Circ Res. 1992;71(2):471-480.

178. Karlsen FM, Leyssac PP, Holstein-Rathlou NH. Tubuloglomerular feedback in Dahl rats. Am J Physiol 
Renal Physiol. 1998;274(6 Pt 2):F1561-F1569.

179. Saeed A, Dibona GF, Marcussen N, et al. High-NaCl intake impairs dynamic autoregulation of  
renal blood flow in ANG II-infused rats. Am J Physiol Regul Integr Comp Physiol. 2010;299(5):
R1142-R1149.

180. Churchill PC, Churchill MC, Bidani AK, et al. Genetic susceptibility to hypertension-induced renal 
damage in the rat. Evidence based on kidney-specific genome transfer. J Clin Invest. 1997;100(6):
1373-1382.

181. Castrop H, Huang Y, Hashimoto S, et al. Impairment of tubuloglomerular feedback regulation of 
GFR in ecto-5′-nucleotidase/CD73-deficient mice. J Clin Invest. 2004;114(5):634-642.

182. Wang H, Garvin JL, D’Ambrosio MA, et al. Connecting tubule glomerular feedback antagonizes 
tubuloglomerular feedback in vivo. Am J Physiol Renal Physiol. 2010;299(6):F1374-F1378.

183. Brown R, Ollerstam A, Johansson B, Skott O, et al. Abolished tubuloglomerular feedback and 
increased plasma renin in adenosine A1 receptor-deficient mice. Am J Physiol Regul Integr Comp 
Physiol. 2001;281(5):R1362-R1367.

184. Vallon V. Tubuloglomerular feedback in the kidney: insights from gene-targeted mice. Pflugers Arch. 
2003;445(4):470-476.

185. Hashimoto S, Huang Y, Briggs J, et al. Reduced autoregulatory effectiveness in adenosine 1 receptor-
deficient mice. Am J Physiol Renal Physiol. 2006;290(4):F888-F891.

186. Wilcox CS, Welch WJ, Schreiner GF, et al. Natriuretic and diuretic actions of a highly-selective 
adenosine A1 receptor antagonist. J Am Soc Nephrol. 1990;10(4):714-720.

187. Carlström M, Wilcox CS, Welch WJ. Adenosine A2 receptors modulate tubuloglomerular feed-
back. Am J Physiol Renal Physiol. 2010;299(2):F412-F417.

188. Carlström M, Wilcox CS, Welch WJ. Adenosine A2A receptor activation attenuates tubuloglomeru-
lar feedback responses by stimulation of endothelial nitric oxide synthase. Am J Physiol Renal Physiol. 
2001;300(2):F457-F464.

189. Schnermann J, Briggs JP. Tubuloglomerular feedback: mechanistic insights from gene-manipulated 
mice. Kidney Int. 2008;74(4):418-426.

190. Nishiyama A, Navar LG. ATP mediates tubuloglomerular feedback. Am J Physiol Regul Integr Comp 
Physiol. 2002;283(1):R273-R275.

191. Inscho EW. PX2 receptors in regulation of renal microvascular function. Am J Physiol Renal Physiol 
2001;280:F927-F944.

192. Bell PD, Komlosi P, Zhang ZR. ATP as a mediator of macula densa cell signalling. Purinergic Signal. 
2009;5(4):461-471.

193. Ren Y, Garvin JL, Liu R, et al. Possible mechanism of efferent arteriole (Ef-Art) tubuloglomerular 
feedback. Kidney Int. 2007;71(9):861-866.

194. Tojo A, Madsen KM, Wilcox CS, et al. Expression of immunoreactive nitric oxide synthase isoforms 
in rat kidney. Effects of dietary salt and losartan. Jpn Heart J. 1995;36(3):389-398.



 Renal Modulation: The Renin–Angiotensin–Aldosterone System  177

10

195. Wilcox CS, Welch WJ, Murad F, et al. Nitric oxide synthase in macula densa regulates glomerular 
capillary pressure. Proc Natl Acad Sci USA. 1992;89(24):11993-11997.

196. Welch WJ, Wilcox CS, Thomson SC. Nitric oxide and tubuloglomerular feedback. Semin Nephrol. 
1999;19(3):251-262.

197. Welch WJ, Tojo A, Lee Ju, et al. Nitric oxide synthase in the JGA of the SHR: expression and role 
in tubuloglomerular feedback. Am J Physiol. 1999;277(1 Pt 2):F130-F138.

198. Thorup C, Persson AE. Impaired effect of nitric oxide synthesis inhibition on tubuloglomerular 
feedback in hypertensive rats. Am J Physiol. 1996;271(2 Pt 2) F246-F252.

199. Lu D, Fu Y, Lopez-Ruiz A, et al. Salt-sensitive splice variant of nNOS expressed in the macula densa 
cells. Am J Physiol Renal Physiol. 2010;298(6):F1465-F1471.

200. Welch WJ, Tojo A, Wilcox CS. Roles of NO and oxygen radicals in tubuloglomerular feedback in 
SHR. Am J Physiol Renal Physiol. 2000;278(5):F769-F776.

201. Chen YF, Li PL, Zuo AP. Oxidative stress enhances the production and actions of adenosine in the 
kidney. Am J Physiol Regul Integr Comp Physiol. 2001;281(6):R1808-R1816.

202. McIntyre M, Bohr DF, Dominiczak AF. Endothelial function in hypertension: the role of superoxide 
anion. Hypertension. 1999;34(4 Pt 1):539-545.

203. Yang ZZ, Zhang AY, Yi FX, et al. Redox regulation of HIF-1alpha levels and HO-1 expression in 
renal medullary interstitial cells. Am J Physiol Renal Physiol. 2003;284(6):F1207-F1215.

204. Ortiz PA, Garvin JL. Role of nitric oxide in the regulation of nephron transport. Am J Physiol Renal 
Physiol. 2002;282(5):F777-F784.

205. Castrop H, Schnermann J. Isoforms of renal Na-K-2Cl cotransporter NKCC2: expression and func-
tional significance. Am J Physiol Renal Physiol. 2008;295(4):F859-F866.

206. Cook N, Fraser SA, Katerelos M, et al. Low salt concentrations activate AMP-activated protein kinase 
in mouse macula densa cells. Am J Physiol Renal Physiol. 2009;296(4):F801-F809.

207. Peti-Peterdi J, Bebok Z, Lapointe JY, Bell PD. Novel regulation of cell [Na+] in macula densa cells: 
apical Na+ recycling by H-K-ATPase. Am J Physiol Renal Physiol. 2002;282(2):F324-F329.

208. Rajendran VM, Sangan P, Geibel J, et al. Ouabain-sensitive H,K-ATPase functions as Na,K-ATPase 
in apical membranes of rat distal colon. J Biol Chem. 2000;275(17):13035-13040.

209. Lorenz JN, Dostanic-Larson I, Shull GE, et al. Ouabain inhibits tubuloglomerular feedback in 
mutant mice with ouabain-sensitive alpha1 NaKATPase. J Am Soc Nephrol. 2006;17:2457–2463.

210. Peti-Peterdi J. Calcium wave of tubuloglomerular feedback. Am J Physiol Renal Physiol. 2006;291(2):
F473-F480.

211. Kohlstedt K, Brandis RP, Muller-Esterl W, et al. Angiotensin-converting enzyme is involved in 
outside-in signaling in endothelial cells. Circ Res. 2002;94(1):60-67.

212. Zeng C, Wang Z, Hopfer U, et al. Rat strain effects of AT1 receptor activation on D1 dopamine 
receptors in immortalized renal proximal tubule cells. Hypertension. 2005;46(4):799-805.

213. Zeng C, Hopfer U, Asico LD, et al. Altered AT1 receptor regulation of ETB receptors in renal proxi-
mal tubule cells of spontaneously hypertensive rats. Hypertension. 2005;46(4):926-931.

214. AbdAlla S, Lother H, Quitterer U. AT1-receptor heterodimers show enhanced G-protein activation 
and altered receptor sequestration. Nature. 2000;407(6800):94-98.

215. Abadir PM, Periasamy A, Carey RM, et al. Angiotensin II type 2 receptor-bradykinin B2 receptor 
functional heterodimerization. Hypertension. 2006;48(2):316-322.

216. Zhuo JL. Intracrine renin and angiotensin II: a novel role in cardiovascular and renal cellular regula-
tion. J Hypertens. 2006;24(6):1017-1020.

217. Vargas SL, Toma I, Kang JJ, et al. Activation of the succinate receptor GPR91 in macula densa cells 
causes renin release. J Am Soc Nephrol. 2009;20(5):1002-1011.

218. Barker DJ, Osmond C, Golding J, et al. Growth in utero, blood pressure in childhood and adult 
life, and mortality from cardiovascular disease. BMJ 1989;298(6673):564-567.

219. Alexander BT. Fetal programming of hypertension. Am J Physiol Regul Integr Comp Physiol. 2006;
290(1):R1-R10.

220. Woods LL, Rasch R. Perinatal ANG II programs adult blood pressure, glomerular number, and renal 
function in rats.. Am J Physiol. 1998;275(5 Pt 2):R1593-R1599.

221. Gilbert JS, Lang AL, Grant AR, et al. Maternal nutrient restriction in sheep: hypertension and 
decreased nephron number in offspring at 9 months of age. J Physiol. 2005;565(Pt 1):137-147.

222. Leduc L, Levy E, Bouity-Voubou M, et al. Fetal programming of atherosclerosis: possible role of the 
mitochondria. Eur J Obstet Gynecol Reprod Biol. 2010;149(2):127-130.

223. Rao MS. Inhibition of the renin angiotensin aldosterone system: focus on aliskiren. J Assoc Physicians 
India. 2010;58:102-108.

224. Nguyen G. Renin and prorenin receptor in hypertension: What’s new? Curr Hypertens Rep. 2011;
13(1):79-85.

225. Drukker A, Guignard JP. Renal aspects of the term and preterm infant: a selective update. Current 
Opin Pediatr. 2002;14(2):175-182.

226. Merke DP, Bornstein SR. Congenital adrenal hyperplasia. Lancet. 2005;365(9477):2125-2136.
227. Chang SS, Grunder S, Hanukoglu A, et al. Mutations in subunits of the epithelial sodium channel 

cause salt wasting with hyperkalemic acidosis, pseudohypoaldosteronism type 1. Nat Genet. 1996;
12(3):248-533.

228. Stipsanelli A, Daskalakis G, Koutra P, et al. Renin-angiotensin system dysregulation in fetuses with 
hydronephrosis. Eur J Obstet Gynecol Reprod Biol. 2010;150(1):39-41.

229. Danilczyk U, Penninger JM. Angiotensin-converting enzyme II in the heart and the kidney. Circ 
Res. 2006;98(4):463-471.

230. Fyhrquist F, Saijonmaa O. Renin-angiotensin system revisited. J Intern Med. 2008;264(3):224-236.



179

CHAPTER 11 

Renal Modulation:  
Arginine Vasopressin and  
Atrial Natriuretic Peptide
Marco Zaffanello, MD, Andrea Dotta, MD, Francesco Emma, MD

d Arginine Vasopressin
d Atrial Natriuretic Peptide

Total body water (TBW) is distributed in compartments divided by semipermeable 
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 mechanisms 
that includes pumps, channels, facilitated carriers, and selective paracellular path-
ways. With few exceptions, water diffuses rapidly across epithelia and cell mem-
branes following osmotic gradients. High transcellular water transport cannot occur 
through pure lipid bilayers because these have low osmotic water permeability 
(≈0.002 cm/sec).1 Water diffusion through cell membranes is therefore mediated by 
specific water channels, termed aquaporins (AQPs), which enhance osmotic water 
permeability by 10- to 1000-fold. Because solutes diffuse less rapidly than their 
solvents, 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 biologic 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% to 80% of body 
mass at the end of gestation. These changes are primarily attributable to a decline 
in extracellular water, while intracellular water increases. In the first 24 to 48 hours 
after birth, the extracellular compartment further decreases as a result of a negative 
fluid balance in the immediate postnatal period.2

Fetuses constantly regulate their TBW by salt and water exchanges through the 
placental membrane. After birth, uptake of water and solutes is limited to gastroin-
testinal intakes, and insensible fluid losses increase dramatically. Newborns need, 
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 the immaturity of the 
central nervous system (CNS).

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

In this chapter, 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 
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important 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 Arginine Vasopressin Physiology
Arginine Vasopressin Synthesis
AVP is a cyclic nonapeptide that constitutes the principal antidiuretic hormone 
(ADH) for regulation of free water excretion by the kidney. It is composed of an 
intrachain disulfide bridge and has a structure similar to oxytocin, which acts pri-
marily as a vasoconstrictor hormone with marginal antidiuretic effects.3 AVP-induced 
vasoconstriction, on the other hand, is elicited only at nonphysiologic plasma con-
centrations in humans.3

AVP is encoded by the pre-pro-vasopressin gene (PPV), which is translated into 
protein as a prohormone. The PPV peptide undergoes two posttranslational modi-
fications, which generate equimolar quantities of AVP and neurophysin II peptides.3 
Both AVP and oxytocin are synthesized in cell bodies of neurosecretory axons located 
in the neurohypophysis. After being 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 network of capillaries 
scattered throughout the neurohypophysis.5

Recently, the apelinergic system, which includes apelin and its G protein–
coupled receptor, has been shown to play a crucial role in regulating AVP synthesis 
and release. Human and animal studies have linked the activity of the apelinergic 
system to regulation of body fluid homeostasis,6 to central AVP response to osmotic 
stimuli, and to the renal response to AVP.7

Sensor Mechanisms for Arginine Vasopressin Secretion
AVP secretion can be stimulated by several mechanisms (Fig. 11-1). The two promi-
nent stimuli are changes in plasma osmolality and changes in blood pressure or 
volume.8 Other triggers for AVP secretion include emetic stimuli, hypoglycemia, 
pain, thermic stresses, hypoxia, hypercapnia, acidosis, and angiotensin II (ATII) 
stimulation.9

Under physiologic 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.10 Some subjects respond to 
changes in plasma osmolality as small as 0.5 mOsm/kg/H2O, but other subjects 
require changes as high as 5 mOsm/kg/H2O.11 The set point for AVP secretion can 
range from 275 mOsm/kg/H2O to 290 mOsm/kg/H2O.11 In addition to the genetic 
background, other factors such as age, sex, blood volume, and serum calcium levels, 
can also modify the set point.11 To date, there is very little information on the 
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 than 10% in blood volume or blood pressure have 
little effect on serum AVP levels.12 Above these values, AVP secretion increases 
rapidly.13 Because these changes are not physiologic, AVP levels are primarily regu-
lated 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.10 Hemodynamic sensors that mediate AVP secretion are chiefly located in 
baroreceptor cells of the cardiac atria, carotid sinus, and aorta.13
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In adults, the ability to regulate water intake and excretion exceeds by far 
physiologic needs, which allows the maintenance of serum sodium and plasma 
osmolality within a very narrow range. In contrast, renal immaturity limits the ability 
of neonatal kidneys to dilute or concentrate the urine, and water intake is poorly 
regulated by activation of thirst in newborns. Consequently, serum sodium levels 
and plasma osmolality are less stable in neonates, particularly in premature infants.

Arginine Vasopressin Receptors and Signal Transduction
AVP receptors are members of the rhodopsin subfamily of G protein–coupled recep-
tors.14 Classically, two types of AVP receptors, V1 and V2, have been identified. The 
V2 receptor is the primary target of AVP in the kidneys 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 GS 
protein in its intracellular domain.15

V1 receptors are mainly located in vascular endothelial cells and are subdivided 
in V1a (vascular or hepatic) and V1b (anterior pituitary) subtypes, according to their 
location and genetic sequence.16 In addition, it is now well established that V1 
receptors are also expressed in renal tubular cells, where they modulate AVP action.17 
Unlike V2 receptors, V1 receptors are generally coupled to the inositol triphosphate 
pathway, which causes a vasoconstrictive response induced by increased cytosolic 
calcium levels.18 Through the activation of vasopressin V1a and V2 receptors, AVP 
regulates body fluid homeostasis, vascular tone, and cardiac contractility.19 In neo-
natal murine cardiomyocytes, AVP stimulates protein synthesis and increases cell 
surface area through activation of V1a receptors that are expressed in the neonatal 
heart; the activity of AVP is in part counterbalanced by increased expression of atrial 
natriuretic peptide (ANP) in hypertrophic cardiomyocytes.20

Figure 11-1 Pituitary/renal AVP response to hypovolemia/hypotension. 
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Renal Arginine Vasopressin Action and Aquaporin  
2 Water Channels
Basolateral binding of AVP to V2 receptors in collecting duct cells activates cytosolic 
adenylate cyclase, leading to increased intracellular cyclic AMP (cAMP) concentra-
tions. This stimulates protein kinase A (PKA), which in turn promotes phosphoryla-
tion of AQP2 proteins and their translocation into the apical membrane.21 In vitro, 
membrane insertion of AQP2 increases cell water permeability from approximately 
0.005 cm/sec to approximately 0.1 cm/sec.22 AQP2 is a member of the AQP super-
family, which to date contains 12 different human water channels.23 AQPs are 26- 
to 34-kD glycosylated proteins sharing 50% to 85% homology. They contain 6 
transmembrane-spanning domains and are organized in homotetramers. AQPs  
differ between them by their water transport properties, solute selectivity, and tissue 
expression.

In the kidney, whereas AQP1 is mostly expressed in water-permeable proximal 
tubular cells and capillaries, water transport in the collecting duct is mediated baso-
laterally 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.24 Most of these actions increase the osmotic gradient for renal water 
reabsorption.

Extrarenal actions of AVP include limited vasoconstrictive action, platelet acti-
vation (release of von Willebrand factor), and regulation of several CNS functions, 
including learning and memory abilities, neuroendocrine reactions, social behaviors, 
circadian rhythm, thermoregulation, and autonomic functions.24 The clinical rele-
vance of these effects remains uncertain.

Modulation of Arginine Vasopressin Action
Renal responses of AVP can be blunted in several conditions. These conditions may 
have significant clinical relevance because they may interfere with normal mecha-
nisms of body water regulation.

Chronic water loading in animals, for example, produces vasopressin-
independent inhibition of V2 receptor mRNA transcription.25,26 This phenomenon 
is referred to as ADH escape. Similarly, ADH escape can be induced by hypercalciuria 
secondary to inhibition of cAMP production through activation of the calcium-
sensing receptor,27 by chronic hypokalemia,28 or through acute water loading.25 
AQP2 and AQP3 expression are also downregulated in experimental nephrotic syn-
drome.29 Conversely, prolonged fasting increases AVP-independent collecting duct 
renal water reabsorption.30

Several hormones and molecules modulate AVP action. Estrogens, for example, 
can directly increase renal fluid reabsorption,31 but endothelin-1 decreases the sen-
sitivity to AVP of collecting ducts.32 Lithium also produces water diuresis by inhibit-
ing AVP-stimulated translocation of AQP2 through inhibition of adenylate cyclase, 
and prolonged indomethacin treatment can induce AVP escape by modulating the 
intrarenal synthesis of prostaglandins.33,34

Developmental Differences Between Fetuses  
and Newborn Infants
Role of Arginine Vasopressin in the Placenta
Normal fetal growth depends on constant exchanges of fluids at the level of the 
placenta. V1a receptors are expressed in the placenta, particularly during the first 
half of the pregnancy.35 In sheep, the time of maximal placental expression of V1a 
receptor correlates with the time of maximal placental growth, suggesting that AVP 
stimulation through V1a receptors may play a role in placental growth and differ-
entiation.35 The expression of V1a receptors in the placenta also suggests that AVP 
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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, bringing into question the physiologic relevance of V2 
receptor expression in this organ.36 No evidence indicating a physiologic role of 
maternal AVP on placenta water permeability or solute transport has been 
reported.37,38 In particular, maternal or fetal infusion of AVP, at least in experimental 
ovine models, has no effect on placental fluid exchanges.38

Several water channels are expressed in human and ovine placentas. AQP1 is 
primarily expressed in the placental vasculature and fetal membranes, AQP3 and 
AQP8 in trophoblast epithelial cells, and AQP9 in the amnion and allantoid.39-42 
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.43

In humans, maternal serum AVP levels decrease progressively in the third tri-
mester of pregnancy as TBW increases.44 Despite decreased plasma AVP concentra-
tions, maternal urinary AQP2 excretion increases during pregnancy, indicating an 
AVP-independent mechanism of renal AQP2 stimulation.44 Because maternal AVP 
does not cross the placental membrane, maternal AVP levels do not influence  
fetal plasma osmolality.45,46

Amniotic fluid contains AVP of fetal origin.47 Assays using reverse-transcription 
polymerase chain reaction (PCR) have shown no evidence of AVP gene expression 
in placentas, which reasonably excludes that amniotic AVP is produced by the pla-
cental membranes.48 Intraamniotic infusion of AVP, on the other hand, produces a 
sharp increase in fetal serum AVP levels, indicating fast equilibration of AVP con-
centrations across the amniotic membranes, and that amniotic AVP levels reflect fetal 
concentrations.49

Increased concentrations of AVP in the amniotic fluid have been shown to cor-
relate with fetal growth retardation in rats and with fetal stress, particularly  
fetal acidosis, in humans.50

Arginine Vasopressin in Fetal Life
In humans, AVP and V1b receptors are detectable in the fetal pituitary gland at  
11 to 12 weeks of gestation.48,51 AVP concentrations increase rapidly thereafter until 
the second trimester of pregnancy.48 Several experimental models support early 
activation of the AVP system in fetuses. In fetal ewes, for example, hypothalamic 
neurons are activated during maternal water deprivation, resulting in higher AVP 
concentrations in the fetal circulation; consequently, maternal water deprivation 
increases fetal serum sodium and osmolality, decreases fetal urine output, and 
increases fetal urine osmolarity.52 A similar effect is obtained by maternal infusion 
of mannitol to early pregnant ewes (<120 days), which increases fetal AVP secretion 
in response to increased fetal plasma osmolality.36,38 In sheep, the expression of 
pituitary V1b receptors decreases progressively during pregnancy despite increased 
AVP responsiveness to glucocorticoid, indicating maturation of the feedback mecha-
nisms that regulate AVP secretion throughout gestation.51

As mentioned previously, ATII is a potent stimulator of AVP secretion. In ovine 
fetuses, both AT1 and AT2 receptors are expressed in the fetal brain at the end of 
gestation, suggesting that ATII stimulation contributes to AVP secretion near term; 
accordingly, ATII-induced fetal AVP secretion has been shown to be mediated 
through stimulation of AT1 receptors in this experimental model.53 Interactions 
between the renin–angiotensin–vasopressin systems are also bidirectional; inhibition 
of V1 receptors, for example, inhibits ATII-induced blood pressure changes, indicat-
ing that AVP plays a role in blood pressure regulation during fetal life in conjunc- 
tion with ATII.54

Although renal V1a and V2 receptors in rats have been shown to be significantly 
expressed since day 16 days of gestation,55 AVP probably has little involvement in 
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modulating urine concentration during fetal life under physiologic conditions 
because of the relative renal unresponsiveness to this hormone.

Overall, fetal serum AVP concentrations are relatively stable during normal 
pregnancy in humans, but correlate poorly with fetal urine production.36 Only 
limited correlation has been reported between amniotic fluid volume and fetal AVP 
levels.56 This clinical evidence is substantiated by experimental data showing that 
AVP infusion in different fetal animal models often produces marginal changes in 
urine osmolarity or plasma osmolarity, although a certain degree of maturation of 
these responses during gestation has been documented.36,38,54,57 The effective role of 
AVP in regulating fetal urine osmolarity in pathologic fetal conditions remains 
unclear.

Arginine Vasopressin in Newborns
AVP is released during labor in term newborns, as demonstrated by high levels of 
the hormone in the umbilical cord.58 Conflicting data exist on the influence of the 
mode of delivery on AVP secretion. In some studies, AVP concentrations have been 
reported to be similar in infants born by cesarean section or by natural delivery, 
calling into question the physiologic relevance of AVP during labor and raising ques-
tions on the exact mechanisms that stimulate AVP secretion.59 Conversely, other data 
indicate that AVP concentrations in the umbilical cord are lower in infants born by 
cesarean section, suggesting that birth stress stimulates fetal AVP secretion, which 
may contribute to the postnatal hemodynamic adaptation, particularly to the redis-
tribution of fetal blood flow, leading to delayed voiding after birth.60

In humans, the urine concentration ability develops progressively during the 
first year of life and reaches full maturity around 18 months of age.61,62

Functional impairment of neonatal kidneys to respond to AVP has been estab-
lished by several investigators by direct injection of ADH or pituitary extracts to 
neonates.63,64 Renal AVP unresponsiveness does not appear to be related to lack of 
receptors. Murine V2 receptor expression, for example, increases rapidly after the 
first weeks of life, reaching adult levels by the fifth week,65 demonstrating an ade-
quate 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 by Bonilla-Felix55). Overall, 
these data show that transduction pathways for AVP are limited by prostaglandin 
E2–mediated inhibition of cAMP synthesis and by increased degradation of cAMP 
secondary to high phosphodiesterase activity.66-69 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.66 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 pro-
gressively with renal growth after birth.70

Finally, it has been proposed that renal concentration ability is limited during 
the first year of life by expression of AQPs because AQP2 expression increases pro-
gressively after birth in humans and animal models.66 Several investigators have 
failed, however, to demonstrate alterations in AQP2 expression at birth, both in 
preterm and term infants71 and in animal models.72 Urinary AQP2 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 6,71 but the correlation between urinary AQP2 
excretion, AVP levels, and renal water concentration ability in the early postnatal 
period is relatively poor.73

Experimental studies have also shown that AQP2 synthesis in immature kidneys 
can be efficiently stimulated by intravenous (IV) AVP or dehydration, which is not 
followed by an increase in urine osmolality.74

Altogether, these data indicate 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  
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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 
kidneys.55,75,76

Role of Arginine Vasopressin in Pathologic Conditions  
of Neonates
Diabetes Insipidus
Genetic forms of diabetes insipidus are caused by a lack of AVP secretion (central 
diabetes insipidus [CDI]) or by insensibility of the kidney to AVP (nephrogenic 
diabetes insipidus [NDI]). Whereas CDI is caused by autosomal dominant mutations 
of the PPV gene (PPV),77 NDI is caused by X-linked mutations of the V2 receptor 
gene or autosomal recessive mutations of the AQP2 gene.78 Exceptionally, these later 
mutations can be transmitted following an autosomal dominant pattern.79 In addi-
tion to genetic forms, CDI develops in association with malformations of the CNS, 
particularly midline defects, or is caused by tumor processes that disrupt the neu-
rohypophysis and its connections.80 Acquired forms of NDI are generally secondary 
to the renal toxic effects of drugs such as lithium, antibiotics, antifungals, antineo-
plastic agents, and antivirals.81 Maternal lithium treatment for bipolar disorders 
aggravates neonatal unresponsiveness to AVP.33

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 symp-
toms, including failure to thrive, polyuria, dehydration, and hypernatremia, because 
human milk has relatively low salt and protein content and therefore generates  
a 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.78

Syndrome of Inappropriate Secretion of Antidiuretic Hormone
Inappropriate secretion of ADH causes hyponatremia with extracellular volume 
expansion. Protracted high AVP levels upregulate AQP2 water channel expression 
in the collecting ducts, which further stimulates water reabsorption leading to hypo-
natremia.82 In older children, the syndrome of inappropriate secretion of ADH 
(SIADH) is caused by neurologic lesions, pulmonary diseases or tumors, or treatment 
with drugs that increase ADH release such as barbiturates, clofibrate, isoproterenol, 
or vincristine.83

In SIADH, the urine is inappropriately concentrated compared with 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 IV infusion of dex-
trose solutions or, less frequently, by decreased renal clearance of free water caused 
by congenital or acquired renal diseases.

Arginine Vasopressin Secretion in Neonatal Pathologic Conditions
AVP is a hormone released during conditions of stress. Increased AVP secretion has 
been reported in numerous clinical conditions, including cardiomyopathy, intracar-
diac shunts, congestive heart failure, respiratory distress, mechanical ventilation, 
systemic infections, meningitis, gastroenteritis, pneumonia, and botulism.84-88 Here 
again, the relative unresponsiveness of neonatal kidneys to AVP calls into question 
the clinical relevance of this secretion. Furthermore, infants undergoing general 
anesthesia are at higher risk of developing postoperative hyponatremia because of 
AVP excess; after surgery, AVP production may increase in response to several 
stimuli, including pain, stress, nausea, vomiting, use of narcotic drugs, hypotension, 
and third spacing.89
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Atrial Natriuretic Peptide
Normal Physiology of Atrial Natriuretic Peptide  
and Related Natriuretic Peptides
Introduction to Natriuretic Peptides
The existence of NPs has been suspected since 1956 after the observation that saline 
infusion released circulating factors that increased natriuresis.90 It was not until 1981 
that de Bold et al91 demonstrated for the first time that extracts of rat atrial cells 
contained peptides, which inhibited renal sodium reabsorption.

NPs are a family of peptides encoded by three different genes. Type A ANP was 
first isolated in 1984 from cardiac atrial cells.92 Soon after, two other NPs were 
isolated from brain cells, namely, BNP and CNP.93,94 Although initially isolated from 
brain tissue, BNP is primarily expressed by cardiac myocytes and CNP by endothelial 
cells.95,96 CNP has important functions of regulating chondrocyte proliferation and 
differentiation, as demonstrated by CNP knock-out mice with severe dwarfism.97

Synthesis of Natriuretic Peptides
Similarly to AVP, oxytocin, and adrenocorticotropic hormone, NPs are short 
peptides28-32  that differ in a few residues within a 17–amino acid ring that is closed 
by a disulfide bridge and are synthesized as prohormones that undergo a series of 
posttranslational modifications. The major site of synthesis of NPs is the heart.

Unlike its BNP and CNP analogues, posttranslational processing of the pre-pro-
ANP gene generates three additional peptides, namely, long-acting NP (LANP), the 
vessel dilator peptide, and the kaliuretic peptide, which are released into the circula-
tion and enhance ANP activity.98

Corin, a transmembrane serine protease identified in the heart, converts 
pro-ANP (pro-ANP) to active ANP. Lack of Corin protease prevents the conversion 
of pro-ANP to ANP and causes salt-sensitive hypertension in mice.99 Posttransla-
tional processing of the ANP gene in the kidneys also results in a 4–amino acid 
longer ANP molecule, termed urodilatin.100 Locally secreted urodilatin in the kidney 
regulates sodium and water reabsorption.96 Since very early in life, urodilatin excre-
tion highly correlates with sodium excretion, but not with body weight loss; in 
full-term infants as in adults, urodilatin appears to have a distinct physiologic role 
in the kidney from ANP.101

NPs’ mRNA has also been documented in several tissues, including the aorta, 
brain, lungs, kidneys, adrenal glands, intestine, and adipose tissue.96,98 Gene expres-
sion in these tissues, however, is far lower than in the heart.86 Therefore, the majority 
of circulating NPs acting on the cardiovascular and renal systems are of cardiac 
origin. Nonetheless, extracardiac synthesis of NPs has important local effects. In 
hypothalamic neurons, for example, regional ANP production is thought to regulate 
AVP secretion and sympathetic nerve activity.102

Sensor Mechanisms for Atrial Natriuretic Peptide Secretion
Both ANP and BNP are stored in secretory granules of atrial and to a lesser degree 
ventricular myocytes.95 The major triggers for ANP release are increased cardiac wall 
stretch and increased blood pressure.91,95,100 In the first case, ANP release is triggered 
by changes in the central venous return and dilatation of the atrial chambers. The 
second type of stimulation is brought about by sustained hemodynamic and neuro-
endocrine stimuli and involves, at least in part, a separate pertussis toxin-sensitive 
pathway.103 Various hormones, including glucocorticoids, AVP, ATII, and catechol-
amines, modulate the rate of ANP release.102

Natriuretic Peptide 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 cyclic guanosine monophosphate (cGMP) levels, similar to NO and 
endothelium-derived relaxing factor.104,105 cGMP in turn activates cGMP-gated 
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channels, cGMP-dependent phosphodiesterases, and the cGMP-dependent protein 
kinases cGKI and cGKII.96,105,106 CNP binds to another guanyl cyclase receptor, 
named NPR-B, which activates similar pathways.96,105,106 The third receptor, NPR-C, 
is expressed in target organs in similar or even greater amounts than receptors A 
and B.10 Unlike its other two homologues, NPR-C has no guanyl cyclase activity and 
has been reported to decrease cAMP levels.107 Its most major role is to internalize 
and degrade NPs in order to modulate their activity in various tissues.10 The pre-
dominant clearance function of NPR-C is well documented in NPR-C knockout 
mice, which exhibit hypotension and reduced urinary concentration ability as a 
result of increased bioavailability of both ANP and BNP.108

Biologic Action of Natriuretic Peptides
ANP and BNP are potent natriuretic, diuretic, and vasodilator hormones that act 
primarily on the cardiovascular and renal systems (Fig. 11-2). In the kidneys, the 
type A receptors 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.109,110 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.111 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.112

In collecting duct cells, low concentrations of ANP can reduce Na reabsorption 
by as much as 50% even in the presence of AVP.108,113-117 Additionally, ANP has been 
shown to inhibit water permeability by 40% to 50% in non–AVP-stimulated renal 
collecting ducts.118 In other tubular segments, the action of AVP is more controver-
sial. 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,117,119 
but these data have not been confirmed by other authors.120-122 Urodilatin, which is 
locally synthesized in the kidneys, is secreted directly in the renal tubules, where it 
has similar actions to the cardiac-derived ANP.123

The above-mentioned ATII antagonist effect of ANP is further reinforced  
by direct inhibition of renin secretion and aldosterone secretion.124-126 At the 

Figure 11-2 ANP and the RAS response. 
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cardiovascular level, stimulation of type A receptors induces vessel dilatation, 
increased endothelial permeability, and inhibition of the sympathetic system, which 
add to the inhibition of the renin–ATII-–aldosterone axis.10,97

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, but overexpression 
of the same genes induces hypotension.95 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 biologic activities that are mediated 
by NPs.127

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.96,128-130

In humans, whereas heterozygous mutations located in the promoter of the 
NPR-A gene cause hypertension and heart failure, homozygous mutations of 
the NPR-B gene cause short-limbed dwarfism, termed Moroteaux acromesomelic 
dysplasia131).

Modulation of Atrial Natriuretic Peptide 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.132 
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.133 Inhibition of PKA, for example, 
increases NPR-A activity, which results in increased generation of cGMP after ANP 
stimulation.134 Conversely, activation of cGMP-coupled phosphodiesterases by 
ANP decreases intracellular cAMP levels,96,106 which is the second messenger for AVP 
activity in the kidneys, where it activates PKA (see above).

In summary, ANP signals via cGMP, which is inhibited by phosphodiesterases. 
High intrarenal phosphodiesterase activity in pregnant rats blunts the natriuretic 
response to ANP, which may contribute to physiologic fetal volume expansion.135

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 kidneys, NEP is 
heavily expressed in the brush border of renal proximal epithelial cells136 and in 
mesangial cells, where it is thought to have an important role in modulating renal 
hemodynamics, partly by inactivation of NPs.137 Endothelin 1, on the other hand, 
promotes gene expression of NP in ventricular myocytes,138 and bradykinin coun-
teracts the ANP-stimulated sodium and water excretion by acting directly on the 
kidney.139,140

Developmental Differences Between Fetuses  
and Newborn Infants
Role of Atrial Natriuretic Peptide in the Placenta
Pregnancy is characterized by a state of physiologic maternal vasodilatation and renal 
sodium and water retention despite activation of the renin–angiotensin system. 
Maternal ANP levels increase steadily during pregnancy from week 12 and decline 
significantly in the postpartum period.141 In a simple view, higher ANP activity 
contributes to the systemic vasodilatation and vascular resistance to ATII of pregnant 
women.142 More accurately, ANP is part of a complex hormonal system of regulation 
that mediates changes in systemic hemodynamics, in blood pressure, and in renal 
excretion, which are essential to maternal adaptation to pregnancy.143
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Currently, no evidence suggests that ANP or other NPs cross the placenta. In 
20-days pregnant rats, for example, no active or passive transport of intact radiola-
beled ANP across the placenta has been documented.144 Because 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.145 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 
reverse transcription PCR in human extravillous trophoblasts and to a lesser degree 
in decidual cells, but villous trophoblasts do not appear to express significant 
amounts of ANP.145 ANP and BNP synthesis has also been documented in vitro in 
cultured human umbilical vein endothelial cells and human amnion cells, respec-
tively.146,147 In mice, strong expression of CNP and, to a lesser degree, of BNP, has 
been shown early during gestation in the decidua, but placental synthesis of ANP 
remains controversial.148-150

The presence of NP receptors was demonstrated using binding assays in nonvil-
lous microsomal placental extracts even before their isolation and molecular char-
acterization.151 Subsequently, the expression of NPR-A and NPR-B was confirmed in 
human uterine tissues, including decidua, chorion, and myometrium, and in the 
placenta itself.147 ANP receptors in the human placenta have been found to be sig-
nificantly more expressed in its fetal components than in the maternal microvillous 
membranes.152 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).153

Clearance receptors are downregulated in fetoplacental artery endothelial cells 
toward the end of gestation, which increases the local concentrations of ANP and 
corresponds to increased generation of cGMP.154 This is thought to be, at least in 
part, secondary to increased placental secretion of basic fibroblast growth factor 
during the last trimester of pregnancy.154 On this basis, it has been postulated that 
ANP and other NPs are critical for maintaining adequate blood flow in the placental 
and uterine tissues and that in pathologic conditions, such as preeclampsia, these 
hormones play an important role.

In fact, the number of guanyl cyclase–coupled receptors in the placental vas-
culature, maternal ANP plasma levels, and fetal ANP plasma levels are increased 
during preeclampsia.155-160 Increased ANP and ANP receptor expression in this con-
dition may represent a local defense mechanism to prevent further increases in 
maternal blood pressure by promoting arterial vasodilatation and natriuresis.156 
Accordingly, infusion of ANP in human placenta inhibits arterial vasoconstriction 
induced by L-arginine, ATII, and to a lesser extent endothelin-1.155,161-163 These 
effects are not mediated by NO and may also extend to thromboxane-induced vaso-
constriction at higher nonphysiologic ANP concentrations.162,163

IV 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%.164 An 
individual increase in placental blood flow correlates with increased cGMP synthesis 
and with a decrease in maternal blood pressure, indicating effective uteroplacental 
vasodilatation.164

Atrial Natriuretic Peptide in Fetal Life
Several studies indicate that ANP levels in fetal blood are not related to maternal 
ANP concentrations. In rat embryos, gene expression of ANP mRNA is detectable 
at 8.5 days of gestation.165 Fetal ANP levels during pregnancy are higher than mater-
nal levels, in murine and ovine experimental models.166,167 Higher fetal ANP levels 
do not result from slower removal rates by developing kidneys or by transfer from 
maternal circulation.168,169 In fact, ANP secretion is markedly increased in rats during 
midgestation, although the major site of synthesis is in the ventricles rather than the 
atria.166,170 Similarly, at 17 to 19 weeks’ gestation human fetuses, ANP expression is 
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higher in the ventricles.148 In ovine fetuses, on the other hand, ANP is mainly syn-
thesized in the atria.171 These differences may be relevant when translating animal 
data to humans because 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, indomethacin 
treatment, acute fetal volume expansion, hypertonicity, and fetal hypoxia.166,169,172,173 
Nonetheless, NPs probably have little role in renal homeostasis and fluid balance 
during intrauterine life, which is chiefly ensured by the placenta. In general, ANP 
infusion at supraphysiologic doses in fetal animals decreases arterial blood pressure, 
has a moderate diuretic effect, but does not increase natriuresis significantly.170,173

Atrial Natriuretic Peptide in Newborns
At birth, loss of the placenta circulation produces dramatic hemodynamic changes 
that significantly modify the atria sizes and pressures and stimulates 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 to  
2 of life and decreases thereafter, reaching a plateau after 1 to 2 weeks.174 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.175

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.176,177 This probably highlights the complexity of interac-
tions between the cardiovascular and renal systems 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 
largely 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.178 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.168 In rats, expression of renal ANP receptors is low at 
birth and increases thereafter to reach adult levels only at the end of the fifth week 
of life.178 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.179

In humans, a similar pattern of postnatal increase in cGMP urinary excretion 
has also been documented, although it is highly variable.180

In summary, these data indicate that the sensor and synthesis mechanisms 
leading to ANP and BNP secretion are mature at birth. The vasodilatory response to 
NPs is also satisfactory in utero, but the renal responses require a phase of postnatal 
maturation.181 Increased ANP levels in neonates, therefore, indicate primarily a state 
of volume expansion or disturbances of the pulmonary circulation related to cardio-
vascular and respiratory diseases,175,182 but do not necessarily anticipate a phase of 
negative fluid balance related to increased renal fluid losses.

Role of Atrial Natriuretic Peptide in Pathologic Conditions  
of Newborns
Fetal Distress
Levels of ANP have been found to be elevated during fetal distress and fetal 
hypoxia.183-186 On these bases, it has been postulated that increased cord levels of 
NPs may predict the development of periventricular leukomalacia lesions. One study 
has prospectively addressed this hypothesis.187 No significant association was found 
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between brain lesions and cord ANP or BNP levels in four patients who later devel-
oped periventricular leukomalacia compared with control infants.188

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 or BNP levels (or levels of both) 
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 
availability of whole-blood assays, allowing onsite BNP measurements within 10 
minutes from as little as 250 mcl of blood samples.188

The available data, however, have generated controversial results. Discrepancies 
between studies are probably related to differences in the studied populations, par-
ticularly to the coexistence of a PDA, and to differences in policies for fluid and 
respiratory management among centers and may reflect changes over time in these 
policies. In addition, ANP secretion is often variable in infants within a 24-hour 
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 al189 is very illustrative. These authors 
measured ANP levels every 4 hours 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 eight babies and was concomitant with 
the same peak in seven babies, demonstrating a temporal relationship between cir-
culating ANP and improvement in respiratory function.189 The same study, however, 
has also documented in several infants peaks of ANP that were not followed by 
immediate respiratory improvement.189 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.182,190-194 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.177,189,190,192,195,196

The persistence of a PDA is probably the most confounding factor 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.188,197-199 A recent study by Choi et al188 has shown very 
significant correlations between BNP levels and PDA. Nonsymptomatic infants with 
PDA had a fivefold increase in their BNP levels compared with control infants, and 
infants with symptomatic PDA had five times higher levels than infants with asymp-
tomatic PDA. BNP levels returned to normal concentrations after duct closure with 
indomethacin.188 Other authors have also reported similar results, although their 
data were considerably less significant.197-201 Similarly, increased levels of BNP have 
also been documented in infants with persistent pulmonary hypertension of the 
newborn compared with healthy infants or with infants with respiratory disease but 
no evidence of pulmonary hypertension.202

Congestive Heart Failure and Congenital Heart Diseases
ANP and BNP levels are increased during congestive heart failure and in most con-
genital heart diseases, including septal and atrial defects, transposition of the great 
arteries, tetralogy of Fallot, pulmonary stenosis, tricuspid valve atresia, and mitral 
valve stenosis or regurgitation.203-206 In general, reported data indicate higher NP 
levels in conditions with marked atrial distension, left ventricle overload, left-to-right 
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shunt, and pulmonary hypertension. In patients with these conditions, cardiopul-
monary bypass has been shown to cause a dramatic decrease in NP levels.204

Reference values for BNP and its pro-peptides (NT-ProBNP) in infants and 
children, as well as comprehensive reviews of available data, are now available.207 
As indicated previously, most studies report high levels of BNP and NT-proBNP 
immediately after birth, which decrease in the following weeks.207

In clinical practice, measurement of cardiac NPs may help in the decision-
making process of specific conditions. Based on available data, Smith et al208 have 
defined clinical situations in which dosage of cardiac NPs helps clinicians in deciding 
the most appropriate treatment. These include PDA of preterm neonates, pulmonary 
regurgitation and tetralogy of Fallot, heart transplantation, and allograft rejection; 
on the other hand, measurement of cardiac peptides is of little value in the manage-
ment of atrial septal defects.208
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CHAPTER 12 

Acute Problems of Prematurity:
Balancing Fluid Volume and 
Electrolyte Replacements in Very 
Low Birth Weight and Extremely 
Low Birth Weight Neonates
Stephen Baumgart, MD

d Immature Epidermal Barrier Function and the Extremely Low Birth 
Weight Habitus

d Transcutaneous (Insensible) Water Loss
d Water Loss and Pathogenesis of Transcutaneous Dehydration
d Salt Restriction Prophylaxis
d Nonoliguric Hyperkalemia in Extremely Low Birth Weight Babies
d The Epidermal Barrier: Reducing Transcutaneous Evaporation
d Pulmonary Edema Formation
d Electrolyte Imbalances and Neurodevelopment
d Areas for Further Investigation
d Between a Rock and a Hard Place: Suggestions for Vigilant Fluid 

Balance Therapy in Extremely Low Birth Weight Babies

This chapter discusses three problem areas for achieving fluid and electrolyte balance 
in extremely low birth weight (ELBW) infants less than 1000 g at birth and for very 
low birth weight (VLBW) infants less than 1500 g at birth. The most recent clinical 
research on fluid and electrolyte therapy addresses these groups as separate; however, 
the principals for achieving fluid balance in each group represent the same physio-
logy 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 or adhesive injury and from routine contact with bedclothes and 
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-
chopulmonary dysplasia [BPD]), leading to the controversy of fluid restriction versus 
fluid replenishment in preventing chronic lung disease in both VLBW and ELBW 
babies. Also controversial is the routine use of diuretics and steroids for the treatment 
of pulmonary edema with acute respiratory distress syndrome (RDS) and with BPD 
and chronic lung disease.

Finally, a relatively new area of concern is the neurodevelopmental outcome of 
infants manifesting severe electrolyte imbalances early in life, particularly in those 
who develop hyponatremia, hypernatremia, or hyperosmolality in the first few  
weeks of life.
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Immature	Epidermal	Barrier	Function	and		
the	Extremely	Low	Birth	Weight	Habitus
ELBW infants experience large transepidermal water losses (TEWLs) immediately 
upon birth.1,2 ELBW infants have little in the way of skin keratin content, and the 
skin appears translucent, gelatinous, and shiny (Fig. 12-1). 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. 12-2).4,5 During early fetal life, more than 85% of 
body mass may be composed of water, with two-thirds residing in the extracellular 
space and only one-third of this water residing in the intracellular space. In contrast, 

Figure 12-1 Photograph at birth of a 23-3/7 weeks 
gestation, 530 g extremely low birth weight infant 
born in 1980 showing that the extremely immature 
skin has little in the way of skin keratin content 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, and she is 
pink, well perfused, and making breathing efforts. She 
is moving all extremities with apparently good pos-
tural tone and spontaneous activity. She went on to 
survive relatively intact. 

Figure 12-2  From previous edition changes in the composition of body fluids occurring 
during normal fetal and neonatal development. Note the sizeable extracellular water compart-
ment (an extension of the amniotic fluid space) during fetal life shown at the left. (With permis-
sion W.B. Saunders Co. from Costarino AT, Baumgart S. Modern fluid and electrolyte 
management of the critically ill premature infant. Pediatr Clin North Am. 1986;33:153-178. 
Derived from a summary by Friis-Hansen B. Body water compartments in children. Pediatrics. 
1961;28:169-181.)
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Figure 12-3 Compared with adult physiology, extremely low birth weight infants proportion-
ally have more than six times the skin surface area exposed per kilogram of body weight, with 
at least three times the mass of water content vulnerable to evaporation. (Adapted with per-
mission from Cambridge University Press, Cambridge, UK from Sridhar S, Baumgart S. Water 
and electrolyte balance in newborn infants. In: Hay WW, Thureen PJ, eds. Neonatal Nutrition 
and Metabolism, 2nd ed. Cambridge, UK, Cambridge University Press, 2006.)
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by term gestation, the infant is composed of about 75% water, with approximately 
half in the extracellular space and half in the intracellular space. By 3 months post-
natal age, only 60% of body mass is water, with two-thirds residing in the intracel-
lular compartment and only one-third in the extracellular space. Finally, ELBW 
neonates have a geometrically larger skin surface area exposed for evaporation from 
the extracellular compartment than in more mature infants and adults (Fig. 12-3).6 
Compared with adult physiology, ELBW infants proportionally have more than six 
times the skin surface area exposed per kilogram of body weight, with at least three 
times the mass of water content vulnerable to evaporation.5,6 A 500-g infant has as 
much as 1400 cm2 skin exposed per kilogram compared with about 750 cm2/kg in 
a term infant and 240 cm2/kg in the adult. And remember, this exposed body mass 
is largely composed of extracellular, sodium-rich water exposed for evaporation.

Transcutaneous	(Insensible)	Water	Loss
In 1981, we proposed a geometric model (Fig. 12-4) 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 over a 1- to 3-hour 

Figure 12-4 From previous edition concept of a geomet-
ric model for estimating insensible water loss in extremely 
low birth weight infants using a metabolic balance for the 
continuous measurement of body weight loss over a 
3-hour period. (With permission from JB Lippincott Co. 
from Baumgart S, Langman CB, Sosulski R, Fox WW, Polin 
RA. Fluid, electrolyte and glucose maintenance in the very 
low birthweight infant. Clin Pediatr. 1982;21:199-206.)
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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/hr approaching 170 mL/kg/day), these findings 
were exactly reproduced by Hammerlund and Sedin in 19832 using an entirely dif-
ferent method to measure water evaporation 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 transcutaneous evaporation, yielding rates of 50 to 60 g/m2/
hr or approximately 170 to 200 mL/kg/day in the first 1 to 3 days of life (Fig. 12-5).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 serum 
sodium concentrations by day 3 of life, with values averaging 155 mEq/L (Fig. 12-6), 

Figure 12-5 Transepidermal water loss measured for gestational age at birth and postnatal 
age. (Adapted with permission from Scandinavian University Press, Stockholm, Sweden from 
Hammarlund K, Sedin G. Transepidermal water loss in newborn infants. VIII. Relation to gesta-
tional age and post-natal age in appropriate and small for gestational age infants. Acta 
Paediatr Scand. 1983;72:721.)
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Figure 12-6 Extremely low birth weight babies are prone to devel-
oping hypernatremic serum sodium concentrations by day 3 of life, 
with values averaging 155 mEq/L and peaking in the smallest babies 
at a serum sodium of nearly 180 mEq/L (2 standard deviations). 
 (With permission from JB Lippincott Co. from Baumgart S, Langman 
CB, Sosulski R, Fox WW, Polin RA. Fluid, electrolyte and glucose  
maintenance in the very low birthweight infant. Clin Pediatr. 1982;21:
199-206.)
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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, hyperosmolarity, and a hyperka-
lemic state peculiar to ELBW infants and developing in the first 72 hours of life (Fig. 
12-7).8 In Fig. 12-5, 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 fetal kidneys led to salt retention. Imma-
ture renal tubules with poor concentrating 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 to 72 hours of life, a hyperosmolar, hyper-
natremic state evolved. This state contributed to the development of life-threatening 
hyperkalemia, as discussed later.

Salt	Restriction	Prophylaxis
To prevent this syndrome, Costarino and coworkers9 in Philadelphia conducted a 
randomized, blinded control trial of sodium restriction versus maintenance sodium 
administration during the first 5 days of life in infants born weighing less than 
1000 g and at less than 28 weeks’ gestation. Infants were randomly assigned to either 
a low-sodium group who received no maintenance sodium additive with their par-
enteral nutrition or to a high sodium replenishment group who received 3 to 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 of the nine infants in the sodium-restricted group became hyponatremic with 
serum sodium concentrations of 130 mEq/L or less by day 5 of life and were taken 
out of the study. Conversely, two of the eight infants in the sodium replenishment 

Figure 12-7 Large free water loss through transcutaneous evaporation is balanced by clini-
cians increasing the rates of fluid replacement, usually adding sodium on the second day of 
life to match anticipated urinary sodium losses. These influxes contribute 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 is subjected to rapid transcu-
taneous dehydration, and the low glomerular filtration rate (GFR) of the fetal kidneys leads to 
salt retention. Immature renal tubules with poor concentrating ability tended to waste addi-
tional free water, and osmolar diuresis may also result from dextrose overload and hypergly-
cemia. The result is that by 48 to 72 hours of life, a hyperosmolar, hypernatremic state evolves, 
and hyperkalemia is likely to occur as well. (Adapted with permission from WB Saunders Co. 
from Baumgart S. Fluid and electrolyte therapy in the premature infant: Case management. In: 
Burg F, Polin RA, eds. Workbook in Practical Neonatology. Philadelphia, WB Saunders, 1983, 
pp. 25-39.)
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group became hypernatremic with a serum sodium of 150 mEq/L or greater by day 
4, and they were also removed from the study. None of these occurrences  
was reversed. Daily assessments of serum sodium concentrations were significantly 
and consistently higher in the sodium-supplemented infants after day 1 of life  
(Fig. 12-8).9

By study design, sodium intake (seen in Fig. 12-9, top graph) ranged between 
4 and 6 mEq/kg/day in the sodium-supplemented maintenance group (solid shaded 
bars).9 Infants in the restricted group inadvertently received between 1 and 1.75 mEq/
kg/day of sodium as additives (shown as light shaded bars in the graph) with medica-
tions containing sodium (sodium heparin, sodium ampicillin, and sodium citrate 
transfusions, and so on). It was impossible to eliminate sodium intake entirely 
because of these often unrecognized sources of exogenously applied salt. Sodium 
output in the urine (shown in Fig. 12-9, middle graph) remained the same for the 
first 3 days of the study, but began to increase after day 4 in infants in the sodium-
supplemented group. And shown in the bottom graph (Fig. 12-9), calculated sodium 
balance was nearly zero in the sodium-supplemented group (shaded bars) when intake 
matched urinary sodium excretion, but remained markedly negative in the sodium-
restricted group by as much as 6 mEq/kg/day net sodium loss (light shaded bars).

Fluid intakes, prescribed independent of the study by the physicians (who did 
not know the group assignment), were similar in both groups of babies, ranging 
between 90 and 130 mL/kg/day throughout the first 3 days of life (Fig. 12-10, top 
graph). 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 
in 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 increasing serum 
sodium concentrations. Conversely, infants in the sodium-restricted group required 
relative fluid restrictions, probably in response decreasing 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. 12-10), urine output was fixed 
throughout the study in both groups at between 2 and 4 mL/kg/hr (or about 50–
100 mL/kg/day) and was not dependent on either the volume of fluid administered 
or the amount of sodium intake.

Survival was similar in both groups at about two-thirds, and the comorbidities 
of intraventricular hemorrhage (IVH) and PDA were also similar. There was a trend, 
however, toward infants developing BPD in the high-sodium, high-fluid intake group 
(seven of seven infants vs. four of eight infants in the low-sodium, low-fluid intake 
group; P = .08). However, this safety analysis was underpowered to detect the impact 
of fluid volume administration on these comorbidities.

Figure 12-8 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 
to 4 mEq/kg/day added to their daily maintenance 
fluids and administered beginning on day 2 of life. 
Daily assessments of serum sodium concentrations 
were significantly and consistently higher in the 
sodium supplemented infants after day 1 of life. 
(Adapted with permission from Elsevier, Inc. from 
Costarino AT, Gruskay JA, Corcoran L, et al. Sodium 
restriction vs. daily maintenance replacement in very 
low birthweight premature neonates, a randomized 
and blinded therapeutic trial. J Pediatr. 1992;120:
99-106.)
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Nonoliguric	Hyperkalemia	in	Extremely	Low	Birth	
Weight	Babies
During these studies, we encountered an additional electrolyte disturbance that was 
further investigated by Gruskay et al,10 who first reported nonoliguric hyperkalemia 
in ELBW babies in the absence of renal failure. These authors measured renal func-
tions in a group of ELBW infants, some of whom developed serum potassium 
concentrations of 6.8 mEq/L or greater, a level first identified by Usher11 that 
increases the risk for life-threatening cardiac arrhythmias in neonates. Gruskay et al10 
described eight ELBW infants in a hyperkalemic group with slightly lower birth 
weights and compared them with 10 comparable ELBW infants who remained 
normokalemic. Peak serum potassium concentrations averaged 8.0 + 0.3 mEq/L in 

Figure 12-9 Sodium intake (top) ranged between 
4 and 6 mEq/kg/day in the sodium-supplemented 
maintenance group (2–4 mEq/kg/day, solid shaded 
bars). Infants in the restricted group received between 
1 and 1.75 mEq/kg/day of sodium as additives (light 
shaded bars) with medications containing sodium (see 
text). It was impossible to eliminate sodium intake 
entirely because of these often unrecognized sources 
of exogenously applied salt. In the bottom graph, cal-
culated sodium balance was nearly zero in the sodium-
supplemented group (solid shaded bars) in whom 
intake matched urinary sodium excretion, but remained 
markedly negative in the sodium restricted group  
by as much as 6 mEq/kg/day net sodium loss (2 stan-
dard deviations, light shaded bars). (Adapted with per-
mission from Elsevier, Inc. from Costarino AT, Gruskay 
JA, Corcoran L, et al. Sodium restriction vs. daily mainte-
nance replacement in very low birthweight premature 
neonates, a randomized and blinded therapeutic trial. 
 J Pediatr. 1992;120:99-106.)
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the hyperkalemic babies, and all of these infants developed electrocardiographic 
abnormalities requiring treatment.

Renal functions for these two groups of babies demonstrated similar serum 
creatinine concentrations and GFRs (Fig. 12-11). In contrast, urine sodium excre-
tion was markedly increased in hyperkalemic infants, with urine concentrations of 
sodium exceeding 140 mEq/L (Fig. 12-12) and fractional excretion of sodium 
nearly 15% in the hyperkalemic group compared with only 5% in the normokalemic 
infants. Both of these observations suggest a profoundly immature tubular conser-
vation of filtered sodium. Moreover, potassium excess is normally secreted from the 
distal tubule. Hyperkalemic infants’ urine revealed significantly less potassium 

Figure 12-10 Fluid intakes prescribed by the physicians unaware of the sodium-supplemental 
group assignment were similar in both groups of babies, ranging between 90 and 130 mL/
kg/day throughout the first 3 days of life (top graph). However, after 3 days, fluid volume 
exceeded 130 mL/kg/day in the sodium-supplemented infants (solid red circles) and was 
significantly higher than in the salt-restricted babies, who only received approximately 90 mL/
kg/day (light pink circles). These results suggest that infants in the sodium-supplemented 
group were prescribed increasing amounts of fluid to compensate for their increasing serum 
sodium concentrations. Conversely, infants in the sodium-restricted group required relative 
fluid volume restriction, probably in response to decreasing serum sodium concentrations. 
Failure to restrict fluid intake volume after 5 days, however, may result in clinically significant 
hyponatremia. Urine output (bottom graph) was fixed throughout the study in both groups at 
between 2 and 4 mL/kg/hr (or about 50–100 mL/kg/day) and was not dependent on either 
the volume of fluid administered or the amount of sodium intake. (Adapted with permission 
from Elsevier, Inc. from Costarino AT, Gruskay JA, Corcoran L, et al. Sodium restriction vs. daily 
maintenance replacement in very low birthweight premature neonates, a randomized and 
blinded therapeutic trial. J Pediatr. 1992;120:99-106.)
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excretion than normal infants’ urine (Fig. 12-13). These authors suggested an imma-
turity in renal tubular response to aldosterone, resulting in these electrolyte 
disturbances.

However, Stefano et al,12 working independently in Philadelphia, reported a 
similar investigation of 12 ELBW infants developing nonoliguric hyperkalemia and 
compared them with 27 babies of similar gestation who remained normokalemic. 
In addition to urine and renal function studies, these authors reported erythrocyte 
Na+, K+-ATPase activity that was significantly higher in normokalemic infants, sug-
gesting that the cellular maturation of this enzyme was markedly more immature in 
the hyperkalemic babies and contributed to the exudation of potassium from the 
intracellular compartment. Potassium leakage can be exacerbated by high serum 
sodium levels when sodium leaks into cells and competitively exceeds the Na+, K+-
ATPase pump capacity to exclude sodium, further promoting intracellular potassium 
leak into the extracellular compartment. These authors concluded that hyperkalemia 
was attributable to an intracellular-to-extracellular potassium shift with diminished 

Figure 12-11 Eight hyperkalemic extremely low birth weight (ELBW) infants compared with 
10 comparable ELBW infants who remained normokalemic. Renal functions for these two 
groups of babies demonstrated similar serum creatinine and glomerular filtration rates. (With 
permission from Elsevier, Inc. from Gruskay J, Costarino AT, Polin RA, Baumgart S. Non-oliguric 
hyperkalemia in the premature infant less than 1000 grams. J Pediatr. 1988;113:381-386.)
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Figure 12-12 Urine sodium excretion was markedly increased in hyperkalemic infants, with 
urine concentrations of urine sodium sometimes exceeding 140 mEq/L (standard deviation), 
and mean fractional excretion of sodium was nearly 15% in the hyperkalemic group compared 
with only 5% in the normokalemic infants. Both of these observations suggest a profoundly 
immature tubular conservation of filtered sodium. (With permission from Elsevier, Inc. from 
Gruskay J, Costarino AT, Polin RA, Baumgart S. Non-oliguric hyperkalemia in the premature 
infant less than 1000 grams. J Pediatr. 1988;113:381-386.)
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Na+, K+-ATPase and that glomerular–tubular imbalance the kidneys did not com-
pletely explain why hyperkalemia was developing in these babies. Subsequent obser-
vational studies by Lorenz and Kleinman13 and others 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 TEWL 
that creates an electrolyte imbalance in the first place. Several techniques have been 
proposed to accomplish this, including incubator humidification, “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 emollients, 
polyvinyl chloride plastic blankets or body bags, and nonocclusive semiadherent 
polyurethane artificial skins. Native transepidermal water evaporation gradually 
lessens because spontaneous keratinization of the epidermis develops over a 1- to 
4-week period after birth in these babies, probably too late to prevent the acute 
dehydration syndrome just described.14

Environmental Humidification
Incubator humidification for premature babies is recommended by the American 
Academy of Pediatrics and the American College of Obstetricians’ guidelines.14 
Levels suggested are between 40% to 50% percent relative humidity. Saturated 
environments for “swamping” babies at 80% to 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 
concern for water-borne infections.

Harpin and Rutter (1985)15 used 80% to 90% humidified incubators for 33 
VLBW infants and compared them with 29 historical control participants nurtured 
in dry incubators. All infants were born at less than 30 weeks’ gestation and were 

Figure 12-13 Potassium excess is normally secreted from the 
distal tubule. Hyperkalemic infants’ urine had significantly less 
potassium excretion than the urine of normokalemic infants, 
suggesting an immaturity in renal tubular response to aldoste-
rone resulting in these electrolyte disturbances. (With permis-
sion from Elsevier, Inc. from Gruskay J, Costarino AT, Polin RA, 
Baumgart S. Non-oliguric hyperkalemia in the premature infant 
less than 1000 grams. J Pediatr. 1988;113:381-386.)
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studied for the first 2 weeks of life. Two infants developed Pseudomonas sepsis in the 
humidified group, and one died, and one developed Pseudomonas sepsis in the dry 
group and died. These authors concluded that saturated humidification was effec-
tive, but may be associated with water-borne nosocomial infection.

More recently, Gaylord et al (2001)16 studied 70 infants in dry incubators, 
comparing them with 85 babies nursed in humidified incubators, again using his-
torical control participants. Despite similar fluid balance, babies kept in dry incuba-
tors were significantly more likely to develop hypernatremia, hyperkalemia, azotemia, 
and oliguria and to receive more fluid volume replacements; babies in humidified 
incubators did not have these problems, but had more gram-negative isolates (62%) 
recovered from surface cultures.

Additionally, servo-regulated humidification is supplied within the closed-
incubator condition (Giraffe OmniBed) and may set a determined relative humidity 
between 70% to 80%, which is optimal to avoid excessive IWL and electrolyte dis-
turbances in ELBW premature neonates in the first week of life, which are often 
experienced when they are incubated dry. One recent report of a clinical series 
compared the use of initial stabilization of ELBW babies (<1000 g at birth) under a 
radiant warmer followed by conventional incubation, dry versus the use of humidity 
control in OmniBeds. The authors demonstrated that humidification improved care 
by decreasing fluid intake, with more stable electrolyte balance and growth velocity.
( Boston AAP, Kim, et al. #7933.24, 2007) The authors did not address the risk-to-
benefit issue of humidification and infection.

Therefore, humidity should be used cautiously. The author recommends not 
exceeding 80% relative humidity during incubator care. The author also suggests 
using the sophisticated humidification monitoring and control systems now incor-
porated into modern incubators. The author does not recommend “swamping” 
infants either within incubators or under radiant warmers. Any visible water (even 
mist) is condensation, which promotes bacterial and fungal growth.

The patented Giraffe Humidifier immerses a heating element in a reservoir of 
sterile water. Water temperature ranges from 52° to 58°C, which is bactericidal to 
most organisms thriving at temperatures of 20° to 45°C (human pathogens). As an 
added safety measure against reservoir contamination, water is boiled off the immer-
sion element as the humidified air is passed inside the infant’s compartment. Sterile 
humidity is created in a vapor state, with no airborne droplets. In an industry-
sponsored study,17 humidified OmniBeds (in vitro air control mode at 35°C and 
humidified to 65% relative humidity) were cultured (after investigator inoculation 
with reservoir contamination [four water-borne pathogens over a 4-week incubating 
period]. No infant environment culture revealed growth of any pathogen. The 
authors concluded that there is no concern for an increased risk of infection to an 
infant when the reservoir is filled daily with sterile distilled water and the bed is 
routinely cleaned according to their protocol.

Skin Emollients
Research on petroleum-based ointments to treat the skin of newborn babies began 
as early as 1981 when Rutter and Hull18 first applied paraffin oil to premature infants 
every 4 to 6 hours, reducing TEWL, but not significantly altering fluid balance over 
the first several days of life. In 1996, Nopper et al19 at Stanford University conducted 
a small randomized trial in 16 infants using Aquaphor, a preservative-free petroleum 
ointment to reduce TEWL, bacterial colonization, 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 et al20 reported 
an increasing occurrence of candidiasis in their nurseries after the introduction of 
petroleum ointment use. The multicenter Vermont Oxford trial (2004) observed an 
increase in coagulase-negative staphylococcal sepsis occurring in babies who were 
treated with this petroleum preparation.21 Because of these concerns for infection 
and the requirement for more frequent handling (it was necessary to repeatedly 
reapply ointment in ELBW babies to maintain an effective moisture barrier), the 
author no longer uses this technique in our nurseries.
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Plastic Shields, Bags, and Blankets
Alternatively, the author has reported the use of a single layer of Saran polyvinyl 
chloride to reduce IWL during the first few days of life by more than half in low 
birth weight (LBW) babies, and the author has advocated the use of this technique, 
especially for tiny infants under radiant warmers during the first 24 to 48 hours of 
life. To date, however, there have been no studies to evaluate the occurrence of 
infection or bacterial colonization with the use of these plastic “blankets.”22 Other 
investigators with our Philadelphia fluid study group, Knauth et al,23 alternatively 
suggested the use of a flexible polyurethane plastic, nonocclusive skin barrier (the 
trade names of these barriers are familiar as Tegaderm and OpSite). Some of these 
barriers are treated with antimicrobial suppressants and are relatively infection 
neutral when used as total parenteral nutrition catheter site dressings. The author 
evaluated transcutaneous evaporation using these materials and produced a two-
thirds reduction in TEWL (Table 12-1) during the first 4 days of life in a series of 
premature babies. However, as seen on the right side of Table 12-1, after removal 
on the fifth day, evaporation again increased,24 either with reexposure of the imma-
ture skin or with the exfoliation of the developing keratin underneath this gently 
adhesive barrier. The Israelis have produced a membrane material for this applica-
tion that is completely adhesive free to avoid such debridement.

Porot and Brodsky25 recently published data on the use of polyurethane dress-
ings completely covering LBW infants. They demonstrated significant reductions in 
hypernatremia, excessive fluid volume intake, weight loss, BPD, and mortality with 
the use of an artificial layer during the first few weeks of life.

Donahue et al26 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. Humidifica-
tion 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% to 70%, with or without a plastic barrier, remains 
the most popular practice in the author’s 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 replen-
ishment therapy continued past the first week when these babies were more subject 
to dehydration.

Suggested pathogenesis for water overload is depicted in Figure 12-14.8 Fluid 
replenishment volume, when administered too aggressively, may result in increased 
lung water and may contribute to the pathogenesis of BPD.27-29 Moreover, high fluid 
intakes have been associated with the development of clinically significant PDA and 
congestive heart failure,30-32 also contributing to the pathogenesis of BPD.33 Increased 

Table	12-1 TRANSEPIDERMAL EVAPORATION (G/M2/HR) WITH AND 
WITHOUT A FLEXIBLE POLYURETHANE PLASTIC, 
NONOCCLUSIVE SKIN BARRIER*

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

*OpSite, Smith Nephew Inc., Columbia, SC.23 †Indicates significant reduction in TEE.
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Figure 12-14 When administered too aggressively, fluid replenishment volume may result 
in increased lung water, and contribute to the pathogenesis of bronchopulmonary dysplasia 
(BPD).27-29 Moreover, high fluid intakes have been associated with the development of clinically 
significant patent ductus arteriosus (PDA) and congestive heart failure,30-32 also contributing 
to the pathogenesis of BPD.33 Increased pulsatility and diastolic run-off with a clinically signifi-
cant PDA may contribute to the development of necrotizing enterocolitis (NEC),34 and intra-
ventricular hemorrhage (IVH).35  (Adapted with permission W.B. Saunders Co. from Baumgart 
S: Fluid and electrolyte therapy in the premature infant: Case management. In: Workbook in 
Practical Neonatology. Burg F, and Polin RA, eds. WB Saunders, Philadelphia, pp. 25-39, 1983.)

Fluid volume
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Table	12-2 META ANALYSIS OF FOUR STUDIES EVALUATING HIGH-VERSUS LOW-FLUID 
VOLUME INTAKE STRATEGIES FOR MAINTENANCE THERAPY IN VERY  
LOW BIRTH WEIGHT INFANTS*

Study Design
Weights and 
Gestational Age

High-/Low-Fluid 
Volume Limits Outcomes

Bell et al30 170 sequential 
matched pairs, 
30 days

1.41 kg
31 wk

122/169 PDA, CHF, NEC 
in high-fluid 
group

von Stackhauser 
and Struve31

56 random pairs,  
3 days

1.9/2.0 kg
34.6/34.2 wk

60/150 No differences

Lorenz et al32 88 random matched 
pairs, 5 days

1.20 kg
29 wk

60–85/80–140 No differences

Tammela and 
Koivisto33

100 random pairs, 
28 days

1.30 kg
31 wk

50–150/80–200 Death, BPD in 
high-fluid 
group

*PDA, congestive heart failure (CHF), and necrotizing enterocolitis (NEC) were significantly more common with high fluid 
volumes administered.
BPD, bronchopulmonary dysplasia.
Adapted from Bell, EF, Acarregui MJ. Restricted versus liberal water intake for preventing morbidity and mortality in preterm 
infants. Cochrane Database Syst Rev. 2001;3:CD000503.

pulsatility and diastolic runoff with a clinically significant PDA may contribute to 
the development of necrotizing enterocolitis (NEC)34 and IVH.35

Perhaps the root cause of this problem is premature infants’ markedly immature 
renal development. At 25 weeks’ gestation, the fetal kidneys have a lobulated appear-
ance, with a thin cortex predominated by small, less well-developed juxtamedullary 
nephrons and entirely lacking 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 ELBW infants between 
500 to 1000 g in development.

Prevention of Iatrogenic Fluid Overload
In testing the prevention strategy of low versus high fluid volume administration for 
the development of fluid overload in premature infants, Bell and Acarregui33 recently 
reviewed a meta-analysis of four randomized controlled trials (Table 12-2).30-34 Of 
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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 in 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 NEC were more frequently observed in the high-
fluid group and that death was significantly higher as well. More recently, Kavvidia 
et al36 reported the only randomized series including a number of ELBW infants, 
with gestational ages ranging between 23 and 33 weeks, and offered only modest 
differences in high- versus low-fluid volumes prescribed. 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 and 1000 g who were followed prospec-
tively at Network centers to characterize their daily fluid volume intakes prescribed 
(both parenteral and enteral; net intake, mL/kg/day; Fig. 12-15) 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 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 BPD. As in other studies, 
however, higher birth weight was associated with a 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 sections on epidermal barrier and renal organogenesis in ELBW babies. 
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 to 24 mL/kg/day.

Even more recently, Stephens et al37,38 reported on 204 surviving ELBW (<32 
weeks and <1250 g at birth),ranked into low-, intermediate-, and high-fluid groups, 
concluding: “High fluid intake (>170 mL/kg/day) in the first days of life is associated 
with increased risk of PDA.” These authors concluded that intakes less than 170 mL/

Figure 12-15 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 bronchopulmonary dysplasia (BPD) in 1382 extremely low birth weight 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 to 24 mL/kg/day. (Adapted with permission from Elsevier, Inc. from Oh W, Poindexter BB, 
Perritt R, et al 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 2005;147:786-790.)
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kg/day could be provided at as little as less than 126 mL/kg/day during the first 
week with similar nutritional caloric intakes and is advisable.

Another recent report by Niwas et al39 compared restricted 125 mL/kg/day 
versus more liberal fluid administration of 155 mL/kg/day in 113 ELBW infants 
(<900 g at birth), finding no association with any mortality or morbidities. This 
study may have been underpowered to detect such differences and did not combine 
death and BPD as an outcome as was done for the NETWORK analysis.

The author concludes from these published data that careful fluid volume 
restriction reduces death, PDA, and NEC in VLBW infants and may also be prudent 
for the ELBW population and that there is also a trend toward less chronic lung 
disease in infants from both categories. However, we cannot readily extrapolate a 
more restricted fluid strategy to the treatment of ELBW babies during the first 1 to 
3 days of life because of the risk for dehydration with severe electrolyte disturbances 
already described. Randomized trials of either artificial epidermal barriers to circum-
vent hypernatremia or hyperkalemia, 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 al40 reported a meta-analysis of six random-
ized controlled trials for the combination of spironolactone and thiazide diuretics 
given for 3 weeks’ duration or longer, with some success in the treatment of chronic 
lung disease. A year later, they conducted a second meta-analysis, describing six 
randomized controlled trials for the use of furosemide in treating lung edema in 
acute RDS.41 Oxygenation was only transiently improved with furosemide. However, 
furosemide is also a vasodilator and was associated with the development of symp-
tomatic PDA in RDS babies. Moreover, in some cases, significant hypovolemia 
developed, requiring excess fluid administration to recover blood pressure. Brion 
and Sol41 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 development of BPD have not been adequately tested or reported in 
the present era.

Regarding lung edema, in a 1990 review, Bland42 summarized perinatal animal 
models, describing lung water physiology. Prenatally, the pulmonary epithelium 
actively secretes chloride ion with water; but the postnatal lung changes 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 pul-
monary edema, and BPD.

Corticosteroid Therapy
Helve et al43 reported the use of postnatal steroids on the epithelial sodium channel 
and described mRNA expression as diminished in VLBW babies with RDS compar-
ing them with normal term control infants. All five RDS subjects’ mothers had 
received prenatal β-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 ELBW babies and steroids, Omar et al44 in 1999 reported 
prenatal corticosteroid effects on development in ELBW infants ranging from 565 
to 865 g. They noted higher urine output during the first 2 days of life in babies 
receiving prenatal steroids when compared with control participants. The authors 
speculated that natriuresis may be attributable to better mobilization of lung fluid 
through the augmentation of Na+, K+-ATPase in the pulmonary epithelium. These 
authors also commented on a lower calculated IWL during the first 4 days of life in 
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these infants, speculating that prenatal steroids may also have improved epidermal 
barrier function. In the author’s opinion, results of studies on corticosteroids and 
fluid balance remain highly speculative at this time, and unfortunately, no recom-
mendations for routine therapy should be made.

Electrolyte	Imbalances	and	Neurodevelopment
Hyponatremia
Finally, in examining the effects of fluid and electrolyte imbalances on later neuro-
development, Bhatty et al45 have 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 of less than 125 mEq/L as clinically significant hypo-
natremia. Thirty-five babies developing hyponatremia during the first few weeks of 
life were compared retrospectively with 43 nonhyponatremic birth weight–matched 
control infants using multivariate regression analysis.

Although not statistically significant, hyponatremic babies in general seemed 
more critically ill: all of them subsequently developed BPD, had longer ventilator 
and oxygen courses, and had longer hospital stays. Moreover, more severe IVH 
(grades 3 and 4) were observed in 23% of the hyponatremic subjects and only 5% 
of the nonhyponatremic infants. Similarly, significant retinopathy (grades 3 and 4) 
was more prevalent in the hyponatremic subjects.

On follow-up through early infancy, Bhatty et al45 observed a higher occurrence 
of spastic cerebral palsy in infants who had developed hyponatremia, more hypoto-
nia, and an increased occurrence of sensorineural 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 hyponatremia and 
neurodevelopmental problems subsequently developing in the ELBW 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 >10 mEq/L in 24 
hours) experienced the worst neurodevelopmental outcomes later on. The authors 
concluded that rapid correction of hyponatremia, particularly within the first 24 
hours of onset of serum sodium concentration below 125 mEq/L, may be associated 
with adverse neurodevelopmental sequelae and that the calculated sodium correc-
tion should provide a rate no more than 0.4 mEq/L/hr or at most 10 mEq/L/day. 
The author 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 and VLBW neonates.

Many other studies have suggested an association between hyponatremia and 
later neurodevelopmental problems (Table 12-3). In 1995, Leslie et al46 matched 
case control participants revealing significant sensorineural hearing deficits in ELBW 
babies under 28 weeks of gestation and 1000 g at birth. Hyponatremia in this study 

Table	12-3 PUBLISHED STUDIES SUGGESTING HYPONATREMIA IS 
ASSOCIATED WITH ADVERSE NEURODEVELOPMENTAL 
OUTCOMES46-48

Study Design Population
Developmental 
Deficits

Leslie et al46 Case controls ELBW Sensorineural 
hearing loss

Murphy et al47 Case controls VLBW Cerebral palsy

Ertl et al48 Multi-variate analysis, 
case controls

VLBW Sensorineural 
hearing loss

ELBW, extremely low birth weight; VLBW, very low birth weight.



 Acute Problems of Prematurity 215

12

was also diagnosed at a sodium concentration below 125 mEq/L. In 1997, Murphy 
et al47 reported 134 case controls for 59 VLBW babies developing cerebral palsy and 
associated cerebral palsy with hyponatremia. Ertl et al48 matched 22 babies with 
sensorineural hearing loss to 25 case control participants for multivariate analysis 
and found an association between hearing impairment and hyponatremia specifi-
cally. 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-Dahhana et al49 reported 
that sodium-supplemented VLBW babies less than 32 weeks gestation given 4 to 
5 mEq/kg/day in their diets and lasting from 4 to 14 days of life had better perfor-
mance IQs, better motor and memory indices, and improved parental behavioral 
assessments at 10 years of age. 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. In 1974, Simmons et al50 
suggested restricting hypertonic sodium bicarbonate use, associating the resulting 
hypernatremia with significant IVHs. However, in 1990, Lupton et al51 reevaluated 
serum sodium concentrations during the first 4 days of life in VLBW premature 
infants weighing less than 1500 g who had developed IVH in that time period  
and found no association with hypernatremia. Lupton et al’s51 study, however, 
defined hypernatremia at serum sodium levels greater than 145 mEq/L, which  
may not comprise a critical threshold for evaluating neurologic impairment.  
The author certainly have seen more severe hypernatremia in the ELBW population 
with serum sodium concentrations ranging from greater than 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 ELBW infants, in whom virtually 
every therapy is experimental, protocols to standardize care should be developed in 
each provider’s institution along with safety and outcome evaluations. Epidermal 
barrier augmentation seems to be a first, natural step in these investigations to avoid 
the disruption of fluid and electrolyte balance in the first place. Materials for promot-
ing a temporary artificial skin barrier that is neutral to infection are more elusive 
than we might have imagined.

Manipulations of both sodium and free water volume intake are also warranted. 
Testing specified wet versus dry net volume intakes seems to me to be a dogmatic 
approach. Rather, a more strict and precise definition of fluid balance is needed. 
Right now, we depend on serial measurements of serum sodium concentration to 
evaluate whether ELBW babies need more or less water volume replenishment. The 
trouble with this approach is that the serum sodium concentration must be abnormal 
before fluid intake can be adjusted 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 sodium supplementation are hot topics for investigation given the numerous 
associations with sensorineural hearing loss and cerebral palsy reviewed previously. 



216 Special Problems

	
D

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 multivari-
ate analysis of presently existing databases in this regard.

Between	a	Rock	and	a	Hard	Place:	Suggestions		
for	Vigilant	Fluid	Balance	Therapy	in	Extremely		
Low	Birth	Weight	Babies
Maintenance fluid therapy is at best a moving target that should be addressed by 
adjusting fluid volumes required frequently, at least two or three times daily, depend-
ing on a periodic clinical assessment of hydration and balance (intake and output). 
Practitioners should try to anticipate and to avoid both extremes of under- and 
overhydration in ELBW babies by anticipating their physiologic progress as demon-
strated in a hypothetical 600-g patient shown in Figure 12-16.52 On day 1 of life, 

Figure 12-16 On day 1 of life, the primary problem is the tremendously high transepidermal 
water loss (TEWL). We recommend checking serum electrolytes every 8 hours during the first 
day or 2 of life and adjusting an electrolyte-free solution upward in 10- to 20-mL increments 
every 6 to 8 hours, depending on the rate of increase in the measured serum sodium concen-
tration. The key to this strategy is checking serum or urine electrolytes more frequently 
because once the serum sodium rises, the practitioner is already behind. By day 2, the problem 
of hyperkalemia often emerges – volume replacement maximizes, as serum sodium concentra-
tion peaks, and sodium leaks into the cells displacing potassium 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 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 iatro-
genic hyponatremia is most often observed at this time and may be associated with patent 
ductus physiology, 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 addressed by liberalizing fluid volume administration, nor by the use of furosemide 
which may actually dilate the PDA. Rather, maintenance fluid restriction should be continued 
while the PDA is addressed definitively either with Indocin, or by surgical ligation. (Adapted 
with permission from Cambridge University Press, Cambridge, UK from Sridhar S, Baumgart S. 
Water and electrolyte balance in newborn infants. In: Hay WW, Thureen PJ, eds. Neonatal 
Nutrition and Metabolism, 2nd ed. Cambridge, UK, Cambridge University Press, 2006.)
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the primary problem is the tremendously high TEWL; the author recommends 
checking serum electrolytes every 8 hours during the first day or two of life and 
adjusting an electrolyte-free solution upward in 10- to 20-mL increments every 6 to 
8 hours, depending on the rate of increase in the measured serum sodium concen-
tration. The key to this strategy is checking serum and urine electrolytes more fre-
quently because when the serum sodium rises, the practitioner is 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 outward 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. Practitio-
ners should anticipate this change by diminishing water volume immediately when 
first seeing the serum sodium concentrations decrease, thus anticipating fluid over-
load 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 ductal physiology53 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 admini-
stration, nor by the use of furosemide, which may actually dilate the PDA.40 Rather, 
maintenance fluid restriction should be continued while the PDA is addressed 
definitively either with indomethacin or by surgical ligation.

A Parting Shot at Aggressive Patent Ductus  
Arteriosus Management
Much of this discussion regarding fluids and electrolyte imbalances in ELBW pre-
mature infants revolves around the prevention of a clinically significant PDA. In a 
recent and controversial opinion paper, Laughon et al54 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, pathologic. Indeed, the ductus before birth is 
essential to maintain systemic circulation in fetuses 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 of 30 weeks gestation or later, the ductus 
usually closes within 5 days. In the ever troublesome VLBW premature newborn 
less than 30 weeks’ gestation and certainly in the ELBW population less than 1000 g 
birth weight, at least two-thirds of infants have PDAs that do not close, and, inci-
dentally, this is the group with serious pulmonary disease and high pulmonary 
vascular resistance to shunting left to right (resulting in lung congestion). The 
importance of diagnosis of a clinically significant PDA (i.e., pulmonary congestive) 
is raised by these authors. It seems that 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 otherwise 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 repre-
sented as “bidirectional” 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 PDA aggres-
sively seems prudent even though a markedly premature lung morphology and  
fluid physiology (secretory vs. 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 asymptomatic, the majority of 



218 Special Problems

	
D

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).55 And surgery is not without risks for a hemo-
dynamically unstable patient: bleeding, pneumothorax, vocal cord paralysis, grades 
3 to 4 retinopathy, and infection have all been associated with PDA surgical 
ligation.

Then there is indomethacin medical therapy to avoid surgery in patients not 
responding to fluid restriction within 48 hours. In the landmark multicenter col-
laborative trial authored by Gersony et al55 (1983), more than 3500 infants with 
significant PDAs failing fluid restriction received indomethacin for one or two 
courses by 2 weeks postnatal age (with 79% closure) before surgery was offered 
(35%). There were no differences in mortality or duration of mechanical ventilation, 
hospital stay, IVH, or NEC in the medical versus the surgical treatment groups. At 
the end of the study, however, all PDAs were closed. Other landmark studies of 
indomethacin therapy have followed (e.g., prophylactic treatment for all vulnerable 
premature infants to prevent PDA and IVHs or only for those with asymptomatic 
PDAs having echocardiographic evidence of PDA on screening), but amelioration of 
final adverse outcomes remains wanting (neurodevelopmental delays persist, as does 
chronic lung disease at ≥36 weeks postconceptional age).56,57

Conclusion
If judicious fluid and electrolyte balance is achievable in ELBW babies, neither 
indomethacin nor surgery may be required.58
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CHAPTER 13 

Lung Fluid Balance in  
Developing Lungs and Its Role  
in Neonatal Transition
Sarah D. Keene, MD, Richard D. Bland, MD, Lucky Jain, MD, MBA

d Fetal Lung Liquid and Its Physiologic Significance
d How Is the Fetal Lung Fluid Cleared?
d Sodium Channel Pathology in the Lung
d What Causes the Neonatal Lung Epithelium to Switch to an 

Absorptive Mode?
d 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. Clearing the fluid filled lungs is a significant 
component of this transition. Scientists have long known that fetal lungs are full of 
fluid, initially presumed to be an extension of the amniotic fluid pool. However, 
studies have confirmed1,2 that fetal lungs themselves, rather than the amniotic sac, 
are the source of the chemically distinct liquid that fills the lungs during develop-
ment. Through an active process involving chloride secretion by the respiratory 
epithelium, this liquid forms a slowly expanding structural template that prevents 
collapse and is essential for growth of fetal lungs.3,4

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 absorbed5,6 and that the normal transition from liquid 
to air inflation is considerably more complex than the characteristic “vaginal squeeze” 
theory suggests. Physiologic events beginning days before spontaneous delivery are 
accompanied by changes in the hormonal milieu of the fetus that 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 common and 
can be particularly problematic in some infants delivered prematurely or when 
delivery occurs operatively before the onset of spontaneous labor. The same pathways 
are involved in the development of pulmonary edema in acute respiratory distress 
syndrome (ARDS) that develops in response to infections such as respiratory syncytial 
virus.7 This chapter considers 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 Physiologic Significance
As stated, 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 circulation8 allows the delivery to the lung epithelium of the 
substrates needed to make surfactant and secretion of up to 5 mL/kg/hr lung fluid 
at term gestation.9,10 Several studies have shown that the presence of an appropriate 
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volume of secreted liquid within the fetal respiratory tract is essential for normal 
lung growth and development before birth.1,2,11 Conditions that interfere with normal 
production of lung liquid, such as pulmonary artery occlusion,12 diaphragmatic 
hernia with displacement of abdominal contents into the chest,13 and uterine com-
pression of the fetal thorax from chronic leak of amniotic fluid,14 also inhibit lung 
growth. Conversely, excessive accumulation of lung fluid, such as that after tracheal 
occlusion, leads to excessive but abnormal lung growth.1

Figure 13-1 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).15 Whereas the lung epithelium has tight 
intercellular junctions that provide an effective barrier to macromolecules, including 
albumin, the vascular endothelium has wider openings that allow passage of large 
plasma proteins, including globulins and fibrinogen.16-18 Consequently, liquid in the 
interstitial space, which was 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.19 Despite the large transepithelial difference 
in protein osmotic pressure, which tends to inhibit fluid flow out of the interstitium, 
active transport of chloride (Cl−) ions across the fetal lung epithelium generates an 
electrical potential difference that averages about −5 mV, luminal side negative.4

The osmotic force created by this secretory process overcomes that of the 
protein gradient, pulling liquid from the pulmonary microcirculation through the 
interstitium into potential air spaces.

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.20-22 In fetal sheep and lambs, lung epithelial Cl− transport is inhibited by diuret-
ics that block Na+, K+, 2Cl−, co-transport.23-25 This finding supports the concept that 
the driving force for transepithelial Cl− movement in the fetal lung is similar to the 
mechanism described for Cl− transport across other epithelia, although the specific 
anion channels responsible have not yet been definitively identified.26 Accordingly, 
Cl− enters the epithelial cell across its basal membrane linked to sodium (Na+) and 
potassium (K+) (Fig. 13-2). Na+ enters the cell down its electrochemical gradient 
and is subsequently extruded in exchange for K+ (three Na+ ions exchanged for two 
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 

Figure 13-1 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 () more than it restricts albumin (•). 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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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 mem-
brane surface. Na+ traverses the epithelium via paracellular pathways or via nonse-
lective cation channels that have been identified in fetal distal airway epithelium; 
water can flow either between epithelial cells or through water channels, one of 
which (aquaporin 5) is abundantly expressed in alveolar type I (AT-I) lung epithelial 
cells.27,28

Although 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 virtu-
ally identical to that of plasma.3,16 The concentration of bicarbonate in lung liquid 
of fetal sheep is less than 3 mEq/L, yielding a pH of approximately 6.3 and indicat-
ing that that the lung epithelium 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 mecha-
nism for acidification of liquid within the lung lumen during development. In vitro 
electrophysiologic studies using fetal rat lung epithelial cells provided evidence that 
exposure to an acid pH might activate Cl− channels and thereby contribute to the 
production of fetal lung liquid.29 In fetal dogs and monkeys, however, the bicarbon-
ate concentration of lung luminal liquid is not significantly different from that of 
fetal plasma.30 Thus, the importance of lung liquid pH and acidification mechanisms 
during human 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 midgestation25 to more than 20 mL/kg near term.18,19 The hourly 
flow rate of lung liquid increases from approximately 2 mL/kg body weight at mid-
gestation to approximately 5 mL/kg body weight at term.9,10,31 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.25,32 The observation that unilateral pulmonary 
artery occlusion decreases lung liquid production in fetal sheep by at least 50%33 
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 

Figure 13-2 Schematic drawing of the fluid compartments of the fetal lung, highlighting the 
lung epithelium, consisting of type I cells that occupy most of the surface area of the lung 
lumen and type II 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 electro-
chemical 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. AQP, aquaporin; ENaC, epithelial sodium channel; NSC, nonselective channel. 
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had no effect on liquid flow across the pulmonary epithelium.34 Thus, transepithelial 
Cl− 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 transport across 
the fetal airways indicate that the epithelium of the upper respiratory tract also 
secretes Cl−, thereby contributing to lung liquid production.35-37 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.

How Is the Fetal Lung Fluid Cleared?
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.19,31,38-40 Thus, lung water content is about 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 operatively after 
the onset of labor (Table 13-1).41,42 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 extra- 
vascular lung water measured in term lambs that were studied 6 hours after a normal 
vaginal birth.19

To achieve this, the lung epithelium is believed to switch from a predominantly 
Cl−-secreting membrane at birth to a predominantly Na+-absorbing membrane after 
birth. Work performed over the past 2 decades to understand the mechanism(s) 
responsible for fetal lung fluid clearance have shown that active Na+ transport across 
the pulmonary epithelium drives liquid from lung lumen to the interstitium, with 
subsequent absorption into the vasculature.43-46 In the lung, Na+ reabsorption is a 
two-step process (Fig. 13-3).47 The first step is passive movement 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 across the basolateral mem-
brane into the serosal space. Several investigators have demonstrated that the initial 
entry step primarily involves sodium-specific apical channels (epithelial sodium 
channels [ENaC]) that are particularly sensitive to amiloride, a diuretic. Indeed, 
cDNAs that encode amiloride-sensitive Na+ channels in other Na+ transporting epi-
thelia have also been cloned from airway epithelial cells.48-50 This is consistent with 
studies by O’Brodovich et al,51 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 AT-I and AT-II cells in the vectorial transport of Na+ from the 
apical surface.48,52,53 Increased production of the mRNA for amiloride-sensitive epi-
thelial Na+ channels (ENaC) in the developing lung54 has been correlated with the 
transition from a secretory to absorptive state. Much of this information has come 
from studies using AT-II cells. Recent studies have shown that AT-I cells also express 
functional Na+ channels and other transporters capable of salt and fluid transport.55-57 

Table 13-1 FACTORS THAT CAN DELAY CLEARANCE OF FETAL LUNG FLUID

Failure of antenatal decrease 
in fetal lung fluid

• Delivery without labor
• Prematurity

Excessive production of 
fluid

• Elevated transvascular pressure (e.g., cardiogenic edema)
• Increased vascular permeability

Decreased epithelial 
transport of sodium and 
water

• Decreased number or function of type I and II cells
• Decreased sodium-channel expression and activity
• Loss of function mutations of ENaC
• Decreased Na+, K+-ATPase function

ENaC, epithelial sodium channel.
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Based on work in animals and humans, ENaC channels are thought to be responsible 
for 40% to 70% of sodium transport.58 Nonspecific cation channels and cyclic 
nucleotide gated channels are also present in alveolar cells and contribute to the 
amiloride-insensitive sodium and fluid uptake.

Sodium Channel Pathology in the Lung
ENaC channels are primarily composed of three subunit types, α, β, and γ, each 
with a role in sodium transport but with varied relative importance in mammalian 
species. A fourth subunit, δ, first identified in the brain and since shown to be 
coexpressed with the other subunits in lung tissue, is of uncertain significance.59,60 
Hummler et al61 have shown that inactivating the α-ENaC (a-subunit of the epithelial 
Na+ channel) leads to defective lung liquid clearance and premature death in mice. 
Inactivating β- and γ-ENaC subunits also leads to early death in newborn mice, 
albeit because of fluid and electrolyte imbalances, suggesting that α-ENaC expres-
sion is critical for fetal lung fluid absorption. In later work, Hummler et al62 showed 
that a mouse model of increased α-ENaC activity demonstrated increased alveolar 
fluid clearance after induction of pulmonary edema. This is direct evidence that in 
vivo ENaC constitutes the rate-limiting step for Na+ absorption in epithelial cells of 
the lung, and thus in the adaptation of newborn lungs to air breathing. It also sup-
ports the hypothesis that in many newborns who have difficulty in the transition to 
air breathing, Na+ channel activity may be diminished, albeit transiently.

Studies in human neonates have shown that immaturity of Na+ transport 
mechanisms contributes to the development of transient tachypnea of the newborn 
(TTN) and respiratory distress syndrome (RDS) (Table 13-2).63,64 Gowen et al64 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 the potential differ-
ence between the nasal epithelium and subcutaneous space. Nasal potential differ-
ence is a good measure of the net electrogenic transport of Na+ and Cl− (dominant 
ion) across the epithelial layer (PD = Resistance × Current) and has been shown to 
mirror image ion transport occurring in the lower respiratory tract. The potential 

Figure 13-3 Epithelial sodium absorption in the fetal lung near birth. Na enters the cell 
through the apical surface of both alveolar type I (AT-I) and AT-II cells via amiloride-sensitive 
epithelial sodium channels (ENaCs), both highly selective channels (HSCs) and nonselective 
channels (NSCs), and via cyclic nucleotide gated channels (seen only in AT-I cells). Electroneu-
trality is conserved with chloride movement through the cystic fibrosis transmembrane con-
ductance regulator (CFTR) or through chloride channels (CLCs) in AT-I and AT-II cells 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 three Na ions in exchange 
for two 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 same direction, either through aquaporins 
(AQPs) or by diffusion. 
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difference was reduced in infants with TTN (suggesting a defect in Na+ transport), 
and recovery from TTN in 1 to 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.63 Barker 
et al63 measured nasal transepithelial potential difference in premature infants less 
than 30 weeks’ gestation. Authors found that maximal nasal epithelial potential dif-
ference 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. Furthermore, 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. Helve et al65,66 studied ENaC RNA levels in full-term and 
preterm infants with and without RDS. Lower α- and β-ENaC levels were noted in 
preterm infants, correlated with decreasing gestational age. Interestingly, full-term 
infants born via cesarean section did not demonstrate a decrease in ENaC levels at 
22 hours of life, although those born by vaginal delivery did show a decrease. These 
studies provide important evidence for the role of Na channel activity in the patho-
genesis of RDS and TTN.

Additional evidence indicates that the ability of various agents to increase lung 
fluid absorption in fetal lambs is gestational age dependent.38,67-72 The mechanism 
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 β-receptor, 
GTP-binding proteins, adenyl cyclase, protein kinase A, or the Na+ channel and its 
regulatory proteins. Studies have shown that the expression of α-subunit of ENaC 
is developmentally regulated in rats54 and in humans.70 However, several questions 
remain to be answered. For example, pseudohypoaldosteronism type I (a renal salt-
wasting disease) has been reported to be associated with mutations involving the 
α-subunit of ENaC.72 One would have expected these patients to have trouble clear-
ing fluid from their spaces considering that the α-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 Cl− channels. Cystic fibrosis (CF) is a genetic disease caused by mutations 
of the CF transmembrane conductance regulator (CFTR), which has been identified 
as a cyclic AMP (cAMP)-dependent Cl channel.73 In the lungs of CF patients, 
amiloride-sensitive Na+ absorption is increased, and aerosolized amiloride has been 
used to reverse this imbalance.61,74,75 However, despite the absence of functional 
CFTR activity in fetuses who will go on to develop CF, fetal lung fluid production 
during gestation is unaffected, and the lungs are normally developed at birth.  
These findings are in contrast to recent studies on infants with congenital  
diaphragmatic hernia (CDH), who do not have a specific deficiency in ENaC or 
other channels. However, these infants do have respiratory distress at birth and may 
have this compounded by decreased alveolar fluid clearance. Animal models of  
term equivalent CDH rats show net lung fluid secretion rather than the absorption 
seen in control subjects.76 Animal and human studies have also shown 
decreased levels of various ENaC subunits (α- and β-subunits in rats; β- and 
γ-subunits in humans) in term infants with CDH, the cause of which is unknown.77 

Table 13-2 PATHOLOGIC STATES ASSOCIATED WITH ABNORMAL LUNG 
ION TRANSPORT

Decreased sodium and water 
transport

• Respiratory distress syndrome
• Transient tachypnea of the newborn
• Pulmonary edema

Excessive sodium and water 
transport

• Cystic fibrosis
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Therefore, examining the molecular mechanisms and the cellular regulation of Na+ 
reabsorption is 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.78 In the first (fetal) stage, the lung 
epithelium remains in a secretory mode, relying on active Cl− secretion via Cl− chan-
nels and relatively low reabsorption activity of Na+ channels. The second (transi-
tional) 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 epi-
thelial cells to high concentrations of steroids and cyclic nucleotides and to an air 
interface. 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 rever-
sal of the direction of Cl− movement through Cl− channels. The third and final (adult) 
stage represents lung epithelia with predominantly Na+ reabsorption through Na+ 
channels and possibly Cl− 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 function79 and that term neonates with genetic defects of cilia 
structure or function (primary ciliary dyskinesia) have a high prevalence of neonatal 
respiratory disease.79

A considerable amount of research effort in this area has focused on physiologic 
changes that trigger the change in lung epithelia from a Cl− secretory to a Na+ reab-
sorption mode.23,45,52,78,80-82 Although several endogenous mediators (Table 13-3), 
including catecholamines, vasopressin, and prolactin, have been proposed to increase 
lung fluid absorption, none explains this switch convincingly.71,83,84 Mechanical 
factors, such as stretch and exposure of the epithelial cells to air interface, are other 
probable candidates that have not been well studied. Jain et al52 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 inter-
face, and oxygen concentration.85 Furthermore, regulation of Na+ channels is medi-
ated through these factors in a tissue-specific manner.86,87 For example, aldosterone 
is a major factor in the kidneys and colon, but probably not in the lungs.88 In the 
kidneys, it works by activating transcription of genes for ENaC subunits.88 Of the 
several factors that have been proposed to have a lung-specific effect on Na+ 

Table 13-3 ENDOGENOUS FACTORS THAT CAN ENHANCE LUNG FLUID 
CLEARANCE

β-Adrenergics and catecholamines
Dopamine
Arginine vasopressin
Prostaglandin E2

Prolactin
Surfactant
Oxygen
Tumor necrosis factor α
Epidermal growth factor
Steroids
Alveolar expansion (stretch)
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reabsorption, some have been investigated, including glucocorticoids, oxygen, 
β-adrenergics, and surfactant.81,83,89

High doses of glucocorticoids, acting through serum and glucocorticoid regu-
lated kinase,26 have been shown to stimulate transcription of ENaC in several Na+-
transporting epithelia as well as in the lung.70 In the alveolar epithelia, glucocorticoids 
were found to induce lung Na+ reabsorption in the late gestation fetal lung.71 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 responsiveness of lungs to β-adrenergic agents 
and thyroid hormones.90 The enhanced Na+ reabsorption induced by glucocorticoids 
can be blocked by amiloride, suggesting 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 additional explanation for the beneficial effect of 
antenatal steroids on the lung.

In the rat fetal lung, O’Brodovich et al51,54 have previously shown that the 
expression of α-ENaC is markedly increased at about 20 days’ gestation (correspond-
ing 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 al52 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 nonselective cation channel that is unlikely to trans-
port 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 dexametha-
sone, there is a rapid transition to highly selective Na+ channels, which are readily 
seen in other Na+ and fluid transporting systems such as the kidneys and colon.52 
In addition, steroids have been shown to have beneficial effects on the surfactant 
system as well as pulmonary mechanics.90-95

Considerable evidence shows that high levels of endogenous catecholamines  
at birth may be important for accelerating alveolar fluid clearance.96-98 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 show that exogenous addition of  
epinephrine in guinea pigs failed to stimulate fluid clearance in the newborn  
lungs.98 There are several possible explanations for this finding. First, catecholamines 
work on the fetal Na+ channel (mostly nonselective) by increasing its activity, 
not by increasing the gene transcription or translation of the proteins required  
to assemble the channel.78,83 Thus, if the developmentally regulated ENaC 
channels are not available in adequate numbers at birth, no amount of extra  
catecholamines will make a difference. Steroids, on the other hand, increase the 
transcription of the ENaC genes and, through another mechanism involving proteo-
somal degradation, increase the total number of ENaC channels available at birth; 
however, a longer duration (4–24 hr) 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 al55,99 have recently 
shown that dopamine can greatly enhance Na+ channel activity working via a non–
cAMP-dependent posttranslational mechanism. However, because a significant 
(≅40%) reduction in fetal lung fluid occurs before 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 
would be a successful alternate strategy. In adult ARDS, clinical trials of β-agonist 
and steroid therapy have shown improvement in lung fluid clearance or ventilator-
free days but not definitively in mortality.100 It remains to be seen if this is applicable 
to neonates.
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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 common. 
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 14 

Use of Diuretics in the Newborn
Jean-Pierre Guignard, MD

d Body Fluid Homeostasis
d Clinical Use of Diuretics
d Adverse Effects of Diuretics

Diuretics are pharmacologic agents that increase the excretion of water and electro-
lytes. They are primarily used in states of inappropriate salt and water retention. 
Such states can be the consequence of congestive heart failure (CHF), renal diseases, 
and liver disease. Diuretics are also used in various conditions not evidently  
associated with salt retention. Such conditions include oliguric states, respiratory  
disorders, electrolyte disorders, and nephrogenic diabetes insipidus. Diuretics  
can also be valuable tools in the laboratory differential diagnosis of congenital 
tubulopathies.

The rationale use of diuretics in newborn infants requires a clear understanding 
of the physiology and physiopathology of immature kidneys.1,2

Body Fluid Homeostasis
The kidney is responsible for maintaining the extracellular fluid (ECF) volume and 
osmolality constant despite larges variations in salt and water intake.

Extracellular Fluid Volume
NaCl, the major osmotically active solute in ECF, determines its volume. The overall 
balance between sodium intake and its urinary excretion thus regulates ECF volume 
and consequently cardiac output and blood pressure. Volume receptors are distrib-
uted in the low-pressure capacitance vessels (great veins and atria) as well as in the 
high-pressure resistance vessels (arterial vascular tree). Arterial sensors perceive the 
adequacy of blood flow in the arterial circuit, a parameter coined as effective arterial 
circulating volume. This volume is also monitored by baroreceptors located in the 
juxtaglomerular apparatus of the kidney. When sensed by these receptors, a decrease 
in renal perfusion pressure leads to the activation of the renin–angiotensin–aldoste-
rone system (RAAS). Aldosterone stimulates sodium reabsorption and potassium 
excretion. Although aldosterone is the main hormone regulating long-term changes 
in sodium excretion, other hormones and paracrine factors, including angiotensin 
II, the prostaglandins, dopamine, the catecholamines, and atrial natriuretic peptide 
(ANP), also modulate sodium renal handling. The release of the latter, a potent 
vasodilator and natriuretic agent, is modulated by sensors (the stretch receptors) 
that sense the atrial filling volume.3

Plasma Osmolality
The plasma osmolality is maintained within narrow limits.3 Small 2% to 3% changes 
in plasma osmolality are sensed by osmoreceptors located in the hypothalamus, 
which by stimulating or inhibiting the release of vasopressin, lead to increases or 
decreases in the excretion of free water. By acting on the baroreceptors, the effective 
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circulating volume also influence the release of vasopressin. Dilution of urine 
depends on sodium delivery to the distal nephron diluting site, and the concentra-
tion of urine, modulated by vasopressin, requires the presence of a hypertonic renal 
medullary interstitium.3

Clinical Use of Diuretics
Sodium-Retaining States
Sodium retention is the primary target of diuretics. Salt and water retention with or 
without edema formation can occur as a primary event or as a consequence of 
reduced effective circulating volume with secondary hyperaldosteronism. CHF is the 
main neonatal condition associated with sodium retention.4 The increased pressure 
in the venous circulation and capillaries favors the movement of fluid into the inter-
stitium and leads to the formation of edema. Failure of the heart to provide normal 
tissue perfusion is sensed as a decrease in effective circulating volume by the kidney, 
which retains sodium and water. Treatment of the condition consists in restoring 
normal cardiac output. By mobilizing the edematous fluid, diuretics improve the 
symptoms of CHF. The pulmonary edema secondary to left heart failure requires the 
urgent use of diuretics to reduce the life-threatening pulmonary congestion.5,6 The 
use of diuretics can be lifesaving when the ECF volume is expanded.

Diuretics may on the contrary further compromise the patient’s condition when 
sodium retention occurs in response to homeostatic mechanisms mobilized to 
defend the circulating volume. The same reasoning applies to states of nephrotic or 
liver cirrhosis edemas.7,8 The use of diuretics (loop diuretics, thiazides, and potassium-
sparing diuretics) in these conditions requires a clear understanding of the patient’s 
underlying pathophysiologic condition and careful monitoring of the hemodynamic 
state.5,6

Oliguric States
Loop diuretics are often administered to patients with oliguric renal insufficiency in 
the hope of promoting diuresis and improving renal perfusion and glomerular filtra-
tion rate (GFR). When present, the diuretic response may actually worsen the renal 
hypoperfusion.9,10

Respiratory Disorders
Interstitial and alveolar edema is present in idiopathic respiratory distress syndrome 
(RDS) of preterm babies as well as in transient tachypnea of term neonates. Inade-
quate fetal lung fluid clearance is partly responsible for the edema. Administration 
of diuretics (loop diuretics) could accelerate the reabsorption of lung fluid and 
ameliorate pulmonary recovery in these patients with lung edema.11

Central Nervous System Disorders
Large hemorrhages into the brain ventricles may result in fluid retention and dilata-
tion of the fluid-producing brain cavities. Diuretics (acetazolamide, furosemide) are 
sometimes used to prevent or reduce the accumulation of fluid in the ventricles.12

Electrolyte Disorders
Diuretics can be used in various situations associated with dyselectrolytemia. They 
can increase potassium excretion in hyperkalemic states (loop diuretics, thiazides), 
increase calcium excretion in hypercalcemia (loop diuretics), or decrease the rate of 
calcium excretion in hypercalciuric states (thiazides). Increased bicarbonate excre-
tion can be achieved by acetazolamide, and increased excretion of hydrogen ions 
can be stimulated by loop diuretics.5,13,14

Nephrogenic Diabetes Insipidus
Diuretics (thiazides) can paradoxically decrease urine output in nephrogenic diabe-
tes insipidus.15
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Arterial Hypertension
Arterial hypertension may be a consequence of or aggravated by sodium retention 
and consecutive expansion of the ECF volume. This type of hypertension responds 
to diuretic-induced natriuresis.16

Differential Diagnosis of Congenital Tubulopathies
Diuretics such as acetazolamide, furosemide, and hydrochlorothiazide can be used 
to test distal tubular acidification or distal sodium reabsorption defects in patients 
with congenital tubulopathies.

Classification of Diuretics According to the Site of Action
Diuretics can be classified according to their site and mode of action (Fig. 14-1 and 
Table 14-1). They all increase sodium and water excretion and variably modify the 
excretion of other electrolytes (Table 14-2). Filtration diuretics increase salt and water 
excretion by primarily increasing GFR. Osmotic diuretics depress salt and electrolyte 
reabsorption in the proximal tubule and in Henle loop. Carbonic anhydrase inhibitors 
act primarily on the proximal tubule. Loop diuretics, the most potent diuretics, inhibit 
Na+ reabsorption in the ascending limb of Henle loop. The thiazide and thiazide-like 
diuretics act in the distal convoluted tubule and potassium-sparing diuretics in the late 
distal tubule and collecting duct.13,14 New diuretics with different modes of action 
(adenosine antagonists, natriuretic peptides, vasopressin antagonists) are being developed 
and tested. All diuretics share adverse effects that are actually extensions of their 
primary effects on electrolyte excretion (Table 14-3), as well as non-electrolyte 
adverse effects (Table 14-4).

Although diuretics are very widely used in intensive care neonatal units, the 
extent of and expectations for diuretic therapy by neonatologists caring for low birth 
weight neonates may, as stated in a recent survey,17 exceed evidence for efficacy 
(Table 14-5). The dosages of diuretics commonly used in neonates are given in 
Table 14-6.

Figure 14-1 Sites 1 to 5: sites of sodium transport along the nephron. Numbers 1 to 5 represent the sites and 
mechanisms of Na+ transport. The group of diuretics acting at the different sites is indicated in brackets. 1, Na+ / 
H+ exchanger NHE1. 2, Na+glucose cotransporter SLGT2. 3, Na+, K+, 2Cl− cotransporter (furosemide receptor): 
NKCC2 (loop diuretics). 4, Na+, Cl− cotransporter (thiazide receptor): NCC (thiazides). 5, H+, K+ ATPase and epi-
thelial sodium channel (amiloride receptor): ENaC (potassium-sparing diuretics). The aquaretics act on the collect-
ing duct V2R arginine vasopressin receptor. CAI, carbonic anhydrase inhibitor; ENaC, sodium epithelium channel. 
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Table 14-2 ACUTE EFFECTS OF DIURETICS ON ELECTROLYTE EXCRETION*

Na+ K+ Ca++ Mg++ H+ Cl− HCO3
− H2PO4

−

Carbonic anhydrase 
inhibitors

↑ ↑↑ = ∼ ↓ (↑) ↑↑ ↑↑

Loop diuretics ↑↑ ↑↑ ↑↑ ↑↑ ↑ ↑↑ ↑ ↑

Thiazide diuretics ↑ ↑↑ ∼ (↑) ↑ ↑ ↑ ↑

K+-sparing diuretics ↑ ↓ ↓ ↓ ↓ ↑ (↑) =

*In the absence of significant volume depletion, which would trigger complex adjustments.
(↑), slight increase; ↑, moderate increase; ↑↑, marked increase; ↓, decrease; =, no change; ∼, variable effects.

Filtration Diuretics
Agents that increase diuresis by increasing GFR are called filtration diuretics. These 
agents include the glucocorticoids; theophylline; and inotropic agents such as iso-
proterenol, dopamine, and dobutamine. By increasing GFR, these drugs only mod-
erately increase Na+ excretion. Dopamine and theophylline are sometimes used in 
neonates in the hope of improving renal perfusion and GFR rather than for their 
natriuretic and diuretic effect. They are discussed in Chapter 5.

Table 14-1 CLINICAL USE OF DIURETICS IN NEONATES

Filtration diuretics

• Oliguric prerenal failure

Osmotic diuretics

• Oliguric prerenal failure
• Elevated intracranial pressure

Carbonic anhydrase inhibitors

• Production of alkaline diuresis
• Posthemorrhagic ventricular dilatation
• Assessment of distal urinary acidification

Loop diuretics

• Edematous states (congestive heart failure, renal and liver diseases)
• Respiratory disorders (transient tachypnea, respiratory distress syndrome,
• chronic lung disease in preterm neonates, compromised lung mechanics)
• Prerenal failure (asphyxia)
• Transient tachypnea of the term neonate
• Chronic lung disease in preterm neonates
• Compromised lung mechanics
• Posthemorrhagic ventricular dilatation
• Indomethacin-induced oliguria
• Electrolyte disorders (hyperkalemia, hypercalcemia, severe hyponatremia)
• Assessment of distal urinary acidification

Thiazides

• Edematous states (congestive heart failure, renal and liver diseases)
• Respiratory disorders (chronic lung diseases in preterm neonates
• Hypercalciuria
• Proximal renal tubular acidosis
• Nephrogenic diabetes insipidus
• Diagnosis of renal tubular hypokalemic disorders

Potassium-sparing diuretics

• Adjunctive therapy with loop or thiazide diuretics
• Prevention of hypokalemia
• Nephrogenic diabetes insipidus
• Cystic fibrosis
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Table 14-3 ELECTROLYTE DISTURBANCES INDUCED BY DIURETICS COMMONLY 
USED IN NEONATES

Loop Thiazides K+-Sparing

Hypovolemia +++ + +

Hyponatremia ++ +++
-

Hypokalemia +++ ++
-

Hyperkalemia - -
++

Hypercalciuria ++
- -

Hypercalcemia -
+

-

Hypomagnesemia + +
-

Hypophosphatemia + +
-

Hyperuricemia ++ ++
-

Metabolic acidosis - -
+

Metabolic alkalosis ++ ++
-

+++, marked increase in electrolyte disturbances; ++, moderate increase in electrolyte disturbances; +, mild increase in 
electrolyte disturbances. A - indicates no effects.
Adapted from ref 13.

Table 14-4 GENERAL NON-ELECTROLYTE SIDE EFFECTS OF DIURETICS

Diuretic Non-electrolyte Side Effects

Carbonic anhydrase inhibitors CNS depression, paresthesia, calculus formation

Loop diuretics Ototoxicity (usually reversible), nephrocalcinosis in 
neonates, PDA in neonates, hyperuricemia, 
hyperglycemia, hyperlipidemia, hypersensitivity

Thiazides Hyperglycemia, insulin resistance, hyperlipidemia, 
hypersensitivity (fever, rash, purpura, anaphylaxis, 
interstitial nephritis), hyperuricemia

K+-sparing Amiloride Diarrhea, headache

Triamterene Glucose intolerance, interstitial nephritis, blood dyscrasias

Spironolactone Gynecomastia, hirsutism, peptic ulcers, ataxia, headache

CNS, central nervous system; PDA, patent ductus arteriosus.

Table 14-5 SPECIFIC INDICATIONS WITH QUESTIONABLE BENEFITS IN CLINICAL TRIALS

Condition Diuretic(s) Reference

Oliguric prerenal failure Mannitol
Furosemide

Better et al,18 Rigden et al19

Kellum,9 Dubourg et al40

Respiratory distress syndrome Furosemide Jain and Eaton41

Transient tachypnea of the newborn Furosemide Wiswell et al,43 Lewis and Whitelaw44

Chronic lung disease Furosemide
Thiazides
Thiazides + 

spironolactone
Furosemide + thiazides
Furosemide + metolazone
Intratracheal furosemide

Brio and Primhak,45 Brion et al46

Brion et al70

Brion et al70

Brion et al70

Segar et al47

Aufricht et al56

Posthemorrhagic ventricular 
dilatation

Furosemide + 
acetazolamide

International PHVD Drug Trial Group,21 
Kennedy et al,22 International PHVD 
Drug Trial Group,49 Whitelaw et al50

Continued
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Table 14-6 DOSAGES OF DIURETICS COMMONLY USED IN NEONATES

Drug
Route/
Interval (qh)

Dosage 
(mg/kg/day)

Half-
life (h) Comments

Furosemide PO: 12–24
IV: 12–24
CIVI

1–2
0.5–1.5
100–200 µg/

kg/h

≈1.5
idem

Effective at GFR <10
Doses may be increased up to 5 mg/kg in 

CRF
Hypokalemia; Mg, Ca depletion
Ototoxicity; metabolic alkalosis

Torasemide PO 0.5–1 ≈3.5 Longer half-life and larger duration than 
furosemide

Effective at GFR <10
Idem furosemide

Ethacrynic acid PO: 12–24 1–2 ≈1 Effective at GFR <10
Idem furosemide

Bumetanide PO: 12–24
IV: 12–24
CIVI

0.01–0.10
0.01–0.05
5–10 µg/kg/h

≈1
idem

Effective at GFR <10
Idem furosemide

Hydrochlorothiazide PO: 12–24 1–3 ≈2.5 Not effective at GFR <20
Hypokalemia metabolic alkalosis

Chlorthalidone PO: 24–48 0.5–2.0 45 Not effective at GFR <20
Hypokalemia metabolic alkalosis

Metolazone PO: 12–24 0.2–0.4 8–10 Effective at GFR <20
Hypokalemia

Spironolactone PO: 6–12 1–3 ≈1.6 Delayed effect. Cave CRF or K suppl.
Hyperkalemia, acidosis

Canrenoate-K IV: 24 4–10 ≈16 Single IV dose
Hyperkalemia, acidosis

Triamterene PO: 12–24 2–4 ≈4.2 Cave RF or K suppl.
Hyperkalemia, acidosis

Amiloride PO: 24 0.5 ≈21 Cave RF or K suppl.
Hyperkalemia, acidosis

CIVI, constant IV infusion; CRF: chronic renal failure; GFR: glomerular filtration rate (mL/min/1.73 m2); IV, intravenous; 
PO, oral.
Adapted from Guignard JP. Diuretics. In: Yaffe S and Aranda J, eds. Neonatal and Pediatric Pharmacology – Therapeutic 
Principles in Practice. 4th ed. Philadelphia: Lippincott Williams & Wilkins, Wolters Kluwer, 2011:629-645.

Table 14-5 SPECIFIC INDICATIONS WITH QUESTIONABLE BENEFITS IN CLINICAL TRIALS—cont’d

Condition Diuretic(s) Reference

Indomethacin-induced oliguria Furosemide
Dopamine

Eades and Christensen,24 Brion et al,51 
Andriessen et al,52 Lee et al53

Barrington and Brion55

Furosemide-induced nephrocalcinosis Thiazides Campfield et al61

Nephrocalcinosis secondary to the 
use of vitamin D in 
hypophosphatemic rickets

Thiazides Seikaly and Baum66

Compromised lung mechanics after 
cardiac surgery

Intratracheal furosemide Aufricht et al56

Cystic fibrosis Aerolized amiloride Pons et al,75 Ratjen and Bush76

Asthma Intratracheal furosemide Aufricht et al56
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Osmotic Diuretics
Osmotic diuretics are agents that inhibit the reabsorption of solute and water by 
altering osmotic driving forces along the nephron.

Chemistry
Mannitol, a hexahydric alcohol related to mannose with a molecular weight of 182 
d, is the main representative of this class of agents.18

Mechanisms and Sites of Action
Freely filtered and (mostly) not reabsorbed, osmotic diuretics increase the tubular 
fluid osmolality, thus impairing the diffusion of water out of the tubular lumen, 
as well as that of NaCl by a solvent drag effect. The osmotic diuretics act in the 
proximal tubule and in the loop of Henle. By attracting water from the intracel-
lular compartment, osmotic diuretics increase ECF volume and renal blood flow. 
Increased medullary blood flow washes out the hypertonic medulla, thus impairing 
the concentrating mechanism. By inhibiting NaCl reabsorption out of the water-
impermeable thick ascending limb, osmotic diuretics also impair the dilution of 
urine. Osmotic diuretics increase nonspecifically the excretion of all electrolytes. 
The natriuresis induced by osmotic diuretics is only about 10% of the filtered 
load.

Efficacy and Therapeutic Uses
Osmotic diuretics increase the excretion of Na+, K+, Cl−, Mg++, Ca++, Cl−, and HCO3

−. 
They improve renal perfusion without significantly affecting GFR. Mannitol has been 
used to increase urine flow rate in patients with prerenal failure,18,19 promote the 
excretion of toxic substances by forced diuresis, and reduce elevated intracranial and 
intraocular pressures.

Adverse Effects: Interactions
Circulatory overload, acute renal tubular necrosis, intracranial hemorrhage, and 
CHF have been described in patients given intravenous (IV) mannitol. Mannitol is 
presently not recommended in neonates.

Carbonic Anhydrase Inhibitors
Agents in this group act by inhibiting the carbonic anhydrase in renal tubular cells 
and in the brush border of proximal tubular cells.

Chemistry
Acetazolamide, a sulfonamide derivative, is the main inhibitor of carbonic anhydrase 
used in humans.

Mechanisms and Sites of Action
Inhibition of carbonic anhydrase results in depressed cellular formation and subse-
quent secretion of H+. As a consequence, the HCO3

− ions that are normally reab-
sorbed by combining to H+ in the tubular lumen are excreted in the urine. 
Acetazolamide is a weak diuretic agent, at best producing the excretion of 5% of the 
Na+ and water filtered load.

Pharmacokinetic Properties
Acetazolamide is readily absorbed and is eliminated in the urine. It crosses the pla-
cental barrier and is secreted in breast milk.

Efficacy and Therapeutic Uses
Acetazolamide increases the urinary excretion of HCO3

−, Na+, and K+, promoting 
alkaline diuresis with consequent systemic metabolic acidosis. Acetazolamide may 
be useful to alkalinize the urine when necessary, such as when chemotherapy is 
given. Acetazolamide can also be used to assess reliably the distal acidification ability 
by measuring the urine minus blood PCO2 in alkaline urine.20
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Specific Indications with Questionable Benefits (Table 14-5)
Posthemorrhagic Ventricular Dilatation. Acetazolamide has been used alone 
or in association with furosemide in the treatment of posthemorrhagic ventricular 
dilatation (PHVD) in the hope of avoiding the need for surgical management.  
Randomized controlled studies have led to the conclusion that this treatment was 
ineffective in decreasing the rate shunt placement and that it was associated  
with increased neurologic morbidity. The use of diuretics in PHVD is thus not 
recommended.21,22

Adverse Effects: Interactions
The occurrence of metabolic acidosis is common if the urinary losses of HCO3

− are 
not substituted. Side effects include paresthesias, drowsiness, rash, fever, and the 
formation of renal calculi. Blood dyscrasias and hepatic failure are occasionally seen.

Loop Diuretics: Inhibition of Na+, K+, 2Cl− Cotransport
Loop diuretics induce natriuresis by inhibiting the active reabsorption of NaCl in 
Henle loop.

Chemistry
Loop diuretics form a group of diuretics with diverse chemical structures.23,24 Furo-
semide and bumetanide are sulfonamide derivatives, torsemide is a sulfonylurea, 
and ethacrynic acid is a phenoxyacetic acid derivative.

Mechanisms and Sites of Action
Loop diuretics block the Na+, K+, 2Cl− cotransporter in the thick ascending limb 
of Henle loop, where 25% of NaCl filtered load are usually reabsorbed. They are 
consequently highly efficacious because only a small proportion of the filtered Na+ 
that escapes reabsorption in the loop can be reabsorbed downstream. Loop diuret-
ics act from within the tubular lumen where they are actively secreted by the 
organic acid pump. The effect of loop diuretics is more closely related to their 
urinary excretion rate than to their plasma concentration. By inhibiting NaCl reab-
sorption in Henle loop, loop diuretics abolish the lumen-positive voltage and thus 
the driving force for Ca++ and Mg++ reabsorption. They consequently increase Ca++ 
and Mg++ excretion. Inhibition of NaCl transport upstream of the distal tubule 
results in increased Na+ delivery to the late portion of the distal tubule and cortical 
collecting duct. This part of the nephron responds by increasing the tubular secre-
tion of K+ and H+, thus decreasing urine pH and increasing the urinary excretion 
of K+. This secretion is also stimulated by the state of secondary hyperaldosteronism 
usually present as a consequence of diuretic-induced decrease in ECF volume.3 By 
inhibiting NaCl reabsorption in the water-impermeable thick ascending limb of 
Henle loop, loop diuretics interfere with both the diluting and the concentrating 
mechanism.

Pharmacokinetic Properties
Furosemide is rapidly reabsorbed from the gastrointestinal (GI) tract and is 
mainly excreted unchanged in the urine. It is 99% bound to plasma albumin 
and has a bioavailability close to 60% to 70%. Furosemide and ethacrynic acid 
displace bilirubin from albumin-binding sites.13 Loop diuretics cross the placental 
barrier and are secreted in breast milk. The diuretic response to loop diuretics 
appears within a few minutes after IV administration and within 30 to 60 
minutes after oral administration. The effect does not last over 2 hours after IV 
injection and 6 hours after oral administration. Compared with furosemide, torse-
mide’s release and half-life are prolonged.25-27 The nonrenal clearance of loop 
diuretics is increased in patients with chronic renal failure. The half-life is pro-
longed in patients with renal and liver insufficiency and in premature and term 
neonates in whom half-lives as long as 45 hours have been observed.28 Although 
the pharmacology of furosemide has been well studied in children29 and neo-
nates,28 that of other loop diuretics is not as well defined. The pharmacokinetics 
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and pharmacodynamics of bumetanide have been studied in critically ill children30 
and infants.31

Efficacy and Therapeutic Uses
Loop diuretics are the most potent natriuretic agents, also markedly increasing Cl−, 
K+, Ca++, and Mg++ excretion.23 They have steep dose-response curves. They remain 
active in patients with advanced renal failure. Loop diuretics are the most frequently 
used diuretics in neonates, infants, and children.32

Continuous Intravenous Infusion of Loop Diuretics
Clinical trials in infants indicate that continuous infusion therapy can produce more 
efficient and better-controlled diuresis with less fluid shifts and greater hemody-
namic stability.33 Administration of a small loading dose of the diuretic before starting 
the continuous infusion accelerates the diuretic response.24 Alternatively, starting 
with a relatively high continuous infusion dose (0.2 mg/kg/h) of furosemide has 
been claimed to be optimal.34 In hemodynamically stable postoperative cardiac 
patients, intermittent furosemide has been shown to be more efficacious than con-
tinuous infusion of furosemide.35

Indications
Edematous States. CHF is the most common indication to the use of loop diuretics 
in neonates and infants. In infants with severe CHF, the diuretic effect of furosemide  
is inversely related to the serum aldosterone level. The concomitant administration  
of a K+-sparing diuretic improves the response to loop diuretics.36 Furosemide 
increases the peripheral venous capacitance and can thus be useful independently 
from its diuretic effect. In adults, torsemide has been shown to be at least as effective  
as furosemide in reducing salt and water retention,37 to have a longer duration of 
action, and to reduce the overall treatment costs of CHF compared with furosemide.38

Nephrotic Syndrome. In hypovolemic infants with massive nephrotic edema, IV 
furosemide can be used to promote sodium and water excretion. Furosemide 
(1–2 mg/kg) should only be given after careful expansion of the extracellular space 
with IV albumin (5 mL/kg of 20% albumin in 60 min). The dose can be repeated. 
The effect is transient but may be useful in patients with severe ascites or pulmonary 
edema. The therapy may be associated with potentially serious complications such 
as CHF or RDS.39

Specific Indications with Questionable Benefits (Table 14-5)
Oliguric States. Furosemide is frequently used in oliguric states secondary to 
prerenal or renal failure in the hope of promoting diuresis and improving renal 
function. Although furosemide may increase urine output and facilitate the clinical 
management of the patient, it is unlikely to improve GFR. By inducing diuresis and 
possibly hypovolemia, loop diuretics carry the risk of further stressing the oliguric 
kidney. There is as yet no clinical or experimental evidence that loop diuretics can 
prevent acute renal failure or improve the outcome of patients with acute renal 
failure.9,40

Respiratory Distress Syndrome. Furosemide administration has produced con-
flicting results in preterm neonates with RDS. Although furosemide usually acutely 
induces diuresis and a transient improvement in pulmonary function, a recent criti-
cal review of the literature failed to find evidence for long-term benefits of routine 
administration of furosemide (or any diuretic) in preterm infants with RDS.41 The 
review also concluded that elective administration of furosemide should be weighed 
against the risk of precipitating hypovolemia or of developing a symptomatic patent 
ductus arteriosus (PDA) by stimulating prostaglandin synthesis.

Transient Tachypnea of the Newborn. Transient tachypnea of the newborn 
(TTN), sometimes called wet lungs, is a common self-limited disease of term 
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newborns that results from delayed lung fluid clearance.42 This deficit is probably 
secondary to immature sodium epithelium channel (ENaC). Furosemide has been 
proposed to hasten fluid lung clearance and thus improve the pulmonary condition. 
In a randomized study, the oral administration of 2 mg/kg followed by 1 mg/kg 12 
hors later increased weight loss but did not improve the severity or duration of 
symptoms.43 A Cochrane analysis of the study concluded that oral furosemide could 
not be recommended as treatment of TTN.44 Whether infants with TTN could benefit 
from IV furosemide remains to be demonstrated.

Preterm Infants with or Developing Chronic Lung Disease. Loop diuretics 
have been given to preterm infants with chronic lung disease (CLD) in the hope of 
decreasing the need for oxygen or ventilatory support. A critical review of the avail-
able literature has concluded that (1) furosemide has very inconstant effects in 
preterm infants younger than 3 weeks of age developing CLD and (2) in infants 
older than 3 weeks of age with CLD, the acute IV administration of furosemide 
(1 mg/kg) improved lung compliance and airway resistance for only 1 hour. The 
chronic administration of furosemide improved both oxygenation and lung compli-
ance.45 The overall conclusion of the authors of the Cochrane review was that the 
routine use of loop diuretics in infants with or developing CLD, whether adminis-
tered IV or enterally, cannot be recommended until randomized trials assessing their 
effects on survival, duration of oxygen administration and ventilatory support, and 
long-term outcome are available.45

A similar conclusion was drawn by the thorough analysis of studies on the 
effect of aerosolized furosemide in preterm infants with CLD.46 Although data in 
preterm infants older than 3 weeks of age with CLD showed that a single dose of 
aerosolized furosemide improved pulmonary mechanisms, the data in premature 
infants younger than 3 weeks of age were too scarce to confirm this effect. Based on 
current available evidence, the routine or sustained use of IV or aerolized furosemide 
cannot be recommended.45,46 The suggestion that adding metolazone to furosemide 
would overcome tolerance to the latter awaits confirmation.47

Posthemorrhagic Ventricular Dilatation. PHVD is a common complication of 
intraventricular hemorrhage in preterm infants. It carries a high risk of long-term 
disability. Combined furosemide–acetazolamide treatment has been used in the 
hope of avoiding the need of placing a ventriculoperitoneal shunt. A large trial 
in 177 infants showed that acetazolamide and furosemide treatment resulted in a 
borderline increase in the risk for motor impairment at 1 year and in an increased 
risk for nephrocalcinosis without evidently decreasing the risk for disability, chronic 
motor impairment, or death.48 A critical review of the three available randomized 
trials in newborn infants with PHVD concluded that combined furosemide–
acetazolamide therapy is neither effective nor safe in treating preterm infants with 
PHVD.49,50

Indomethacin-Induced Oliguria. Oliguria occurs frequently after administration 
of indomethacin to close a PDA. Inhibition of prostaglandin synthesis by indometha-
cin is responsible for the oliguria. Because furosemide increases the production of 
prostaglandins, it could potentially help prevent the indomethacin-related toxicity 
while at the same time decreasing the ductal response to indomethacin. A Cochrane 
analysis of studies available in 2001 demonstrated that furosemide increased urine 
output in all patients, leading to a 5% weight loss during a three-dose course. This 
diuretic response was considered as being risky in dehydrated neonates.51 The review 
concluded that there was as yet not enough evidence to support the administration 
of furosemide to preterm infants with PDA treated with indomethacin.51 This conclu-
sion has been confirmed by more recent studies showing that (1) furosemide given 
before each indomethacin dose resulted in a significant increase in serum creatinine 
and worsening of hyponatremia without increasing urine output52 and (2) furose-
mide increased the incidence of acute renal failure without, however, affecting  
the PDA closure rate.53 A delay in ductus arteriosus closure has recently been 
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demonstrated in neonatal rats given furosemide.54 Noteworthy is also the conclusion 
that there is as yet no evidence from randomized trials to support the use of dopa-
mine to prevent renal dysfunction in indomethacin-treated preterm infants.55 The 
same conclusion probably applies to the premature infants presenting with ibuprofen-
induced oliguria.

Hypercalcemic States. Loop diuretics can promote calcium excretion and decrease 
hypercalcemia. Isotonic saline must be infused concomitantly to prevent volume 
depletion.

Severe Hyponatremia. Severe hyponatremia can be treated by loop diuretics and 
the concomitant isovolumetric infusion of hypertonic saline.

Asthma and Compromised Lung Mechanics. Direct intratracheal administration 
of furosemide has been claimed to produce beneficial effects in patients with asthma, 
in infants with bronchopulmonary dysplasia, and in toddlers with compromised 
lung mechanics after cardiac surgery. In the latter study, a systemic effect was 
observed within 15 minutes after intratracheal instillation of the agent.56 This tech-
nique has not yet been validated.

Laboratory Investigation: Assessment of Distal Tubular Acidification. The 
simultaneous administration of furosemide and fludrocortisone has been shown to 
be an easy, effective, and well-tolerated alternative to standard ammonium chloride 
loading to assess distal tubular urine acidification and confirm the diagnosis of distal 
renal tubular acidosis.57

Drug Dosage
See Table 14-6.

Adverse Effects: Interactions
Adverse effects, including volume depletion, postural hypotension, dizziness and 
syncope, hyponatremia, and hypokalemia, are commonly observed when using loop 
diuretics. These effects are dose dependent and often occur after overzealous use of 
large doses of diuretics or chronic administration.

Hypochloremic Metabolic Alkalosis
This occurs frequently as a consequence of direct stimulation by loop diuretics of 
H+ secretion in the collecting tubule.

Hypercalciuria and Nephrocalcinosis
Elevated Ca++ urinary losses after chronic furosemide administration may lead to 
nephrocalcinosis in term58 and premature infants59 secondary hyperparathyroidism, 
bone resorption, and rickets. When prolonged, hypercalciuria may lead to renal 
impairment.60 Although thiazide diuretics decrease calcium and oxalate excretion, 
adding thiazides to loop diuretics does not appear beneficial.61

Patent Ductus Arteriosus
The beneficial renal effect of combining furosemide and indomethacin is still con-
troversial.24 The suggestion that stimulating prostaglandin synthesis furosemide 
could promote PDA has not been confirmed (see earlier discussion).

Ototoxicity
The use of furosemide has been identified as an independent risk factor for senso-
rineural hearing loss in preterm infants.62 Hearing loss may be transient or perma-
nent. It is usually associated with elevated blood concentrations of loop diuretics. 
The coadministration of loop diuretics and aminoglycosides increases the risk of 
ototoxicity. By avoiding elevated peak concentrations of furosemide, the continuous 
infusion may decreases the risk of ototoxicity.24
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Miscellaneous
Pancreatitis, jaundice, impaired glucose tolerance, thrombocytopenia, and serious 
skin disorders are occasionally observed. The majority of adverse effects occur with 
the use of high doses of the diuretics.

Interactions
Drug interactions may occur with the coadministration of nephrotoxic antibiotics, 
nonsteroidal antiinflammatory drugs, anticoagulants, and cisplatin.

Distal Convoluted Tubule: Inhibitors of Na+Cl− Cotransport
The thiazides inhibit NaCl reabsorption in the distal convoluted tubule.

Chemistry
The benzothiadiazide derivatives are sulfonamides. They are weak diuretics that 
inhibit the reabsorption of NaCl at the diluting site in the early distal tubule. The 
main thiazides include chlorothiazide and hydrochlorothiazide. Thiazide-like agents 
such as chlorthalidone and metolazone belong to this group.

Mechanisms and Sites of Action
The thiazide diuretics are organic anions. They gain access to the tubular lumen by 
filtration and by secretion in the proximal tubule. They decrease NaCl reabsorption 
in the distal convoluted tubule by inhibiting the Na+-Cl− apical cotransporter. This 
cotransporter, sometimes called “thiazide-sensitive sodium chloride cotransporter 
(TSC)” is predominantly expressed in the epithelial cells of the distal convoluted 
tubule. Its expression is upregulated by aldosterone.3 To reach their site of action 
on the luminal side of the tubular cells, the thiazides must be secreted by the anionic 
organic acid pathway in the proximal tubule. Approximately 4% to 5% of the Na+ 
filtered load being reabsorbed in the distal tubule, inhibition of Na+ reabsorption at 
this site can only modestly increase NaCl excretion. Some of the thiazides also 
slightly increase the excretion of HCO3

− by weakly inhibiting the carbonic anhy-
drase. By increasing Na+ delivery to the late distal tubule, the thiazides lead to 
increased reabsorption of Na+ at this site in exchange for K+ and H+ which are then 
excreted in the urine.13,14 By inhibiting NaCl reabsorption in the early distal tubule, 
the thiazides blunt the ability to dilute the urine. They do not interfere with the 
concentrating mechanism. The thiazides stimulate Ca++ reabsorption in the distal 
tubule, probably by opening the apical membrane Ca++ channels. The thiazides (but 
not metolazone) are ineffective at GFRs below 30 mL/min/1.73 m2.

Pharmacokinetic Properties
The thiazides are rapidly absorbed after oral administration. They variably bind  
to plasma proteins. They are eliminated unchanged, exclusively (chlorothiazide, 
hydrochlorothiazide, chlorthalidone) or in great part (∼80%) (metolazone) in the 
urine. Administration of thiazides initiates diuresis in 2 hours, an effect that lasts 
for 12 hours. The response to metolazone is somewhat more rapid (1 hour) and 
lasts longer (12–24 hours). The thiazides cross the placental barrier and are secreted 
in breast milk.

Efficacy and Therapeutic Uses
Thiazide diuretics moderately increase the excretion of Na+, Cl−, and water. All thia-
zides (chlorothiazide, hydrochlorothiazide) and thiazide-like diuretics have overall 
similar effects when used in maximal doses. When administered chronically, they 
decrease the excretion of Ca++, as well as that of uric acid, probably as a consequence 
of increased proximal reabsorption because of volume depletion. The excretion of 
Mg++ is somewhat increased, as is the excretion of K+ and fixed acids. The prophy-
lactic coadministration of K+-sparing diuretics can prevent the occurrence of severe 
hypokalemia. Alternatively, potassium and magnesium supplementation may be 
useful in patients at risk of symptomatic hypokalemia. The thiazides (but not meto-
lazone) increase the excretion of HCO3

−. In the absence of significant volume 
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depletion, the thiazides do not normally influence renal hemodynamics and GFR. 
In contrast with the thiazides and chlorthalidone, metolazone remains effective at 
GFRs below 30 mL/min/1.73 m2.

Indications
The main indications for the administration of thiazide diuretics include edematous 
states, hypertension, and a few specific indications.

Specific Indications with Questionable Benefits (Table 14-5)
Hypercalciuria
The thiazides decrease calcium excretion and this effect may be useful in states of 
idiopathic hypercalciuria, as well as to prevent calcium losses in patients receiving 
glucocorticoids.63 They have been associated to loop diuretics in the hope of decreas-
ing the risk of hypercalciuria and nephrocalcinosis in very low birth weight infants; 
disappointing results have been observed.61 In young rats with established 
furosemide-induced nephrocalcinosis, thiazides failed to improve the calcinosis.64 
The use of thiazides has been associated with an increase in total serum cholesterol 
and in the ratio of low-density lipoprotein (LDL) to high-density lipoprotein (HDL).65 
In children with X-linked hypophosphatemia on renal phosphate and vitamin D 
therapy, hydrochlorothiazide decreased the urinary excretion of calcium but did not 
reverse the nephrocalcinosis.66

Proximal Renal Tubular Acidosis
The thiazides have been used to raise the plasma bicarbonate concentration in 
proximal renal tubular acidosis. This effect on bicarbonate reabsorption is the con-
sequence of the chronic volume contraction induced by the thiazides, a condition 
that is deleterious for body growth.67

Nephrogenic Diabetes Insipidus
The thiazides have been successfully used in children with nephrogenic diabetes 
insipidus. By inducing volume contraction, they enhance the proximal tubular 
reabsorption of water and electrolytes, thus significantly decreasing urine output. 
Although usefully decreasing urine output, volume contraction may inhibit growth 
in young children with nephrogenic diabetes insipidus. The concomitant use of 
hydrochlorothiazide and amiloride obviates the need for the K+ supplementation 
and has been shown as useful as the standard treatment with hydrochlorothiazide 
and indomethacin in reducing urine output.68,69

Chronic Lung Disease
The thiazide and thiazide-like diuretics have been used in the hope of improving 
pulmonary mechanisms and clinical outcome in preterm infants with CLD. A critical 
analysis of available well-planned studies led to the conclusion that in preterm 
infants older than 8 weeks of age with CLD, a 4-week treatment with thiazides and 
spironolactone reduced the need for furosemide, improved lung compliance, 
decreased the risk of death, and tended to decrease the risk for lack of extubation 
after 8 weeks in intubated infants without access to corticosteroids, bronchodilators, 
or aminophylline.70 There was little evidence to support any benefit on the need for 
ventilatory support, length of hospital stay, or long-term outcome in infants receiving 
current therapy. There was also no evidence to support the hypothesis that adding 
spironolactone to thiazides or metolazone to furosemide improved the outcome of 
preterm infants.70 The addition of K+-sparing diuretics to thiazide did, however, 
decrease the risk of hypokalemia.

Laboratory Investigation: Diagnosis of Renal  
Hypokalemic Tubulopathies
Assessment of the maximal diuretic response induced by the administration of 
hydrochlorothiazide (1 mg/kg) orally) allows to differentiate Bartter from Gitelman 
syndrome, the former presenting with a blunted response to the diuretic agent.71
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Drug Dosage
See Table 14-6.

Adverse Effects: Interactions
The thiazides may adversely affect water balance and induce electrolyte imbalances 
(See Table 14-3). They induce an increase in total serum cholesterol and in the LDL-
to-HDL ratio.65 Other side effects include GI disturbances, hypersensitivity reactions, 
cholestatic jaundice, pancreatitis, thrombocytopenia, and hyperglycemia in diabetic 
and susceptible patients and hyperlipidemia. Precipitation of hepatic encephalo-
pathy has been observed in patients with hepatic cirrhosis. The thiazides displace 
bilirubin from albumin and should be cautiously administered to patients with 
jaundice.

Cortical Collecting Duct: K+-Sparing Drugs
Diuretics that inhibit Na+ reabsorption in the cortical collecting duct decrease the 
urinary excretion of K+ and H+ and can produce hypokalemia and metabolic 
acidosis.14

Chemistry
Two types of diuretics form the group of K+-sparing diuretics: the inhibitors of a 
renal epithelial Na+ channels (ENaC) and the antagonists of mineralocorticoid recep-
tors. The overall effects of these two groups of diuretics differ only in their mode of 
action.

Mechanisms and Sites of Action
The antagonists of the action of aldosterone on the principal cells of the collecting 
duct increase Na+ excretion and decrease K+ and H+ secretion. Spironolactone, the 
main agent in this group, competitively inhibits the binding of aldosterone to the 
mineralocorticoid receptor, thus decreasing the synthesis of aldosterone-induced 
proteins. The aldosterone antagonists have greater effects in situations of hyperaldo-
steronism. They do not modify the renal hemodynamics. Highly selective antagonists 
of the mineralocorticoid receptor are currently under investigation.72

The K+-sparing diuretics amiloride and triamterene block the entry of Na+ into 
the cell through the ENaC Na+ in the apical membrane. Because of changes in elec-
trical profile across the apical membrane, the diffusion of both H+ and K+ from 
cells into tubular fluid decreases. Activation of the RAAS by the diuretics also impairs 
the excretion of K+, H+, Ca++, and Mg++. The ENaC blockers do not affect renal 
hemodynamics.

Pharmacokinetic Properties
Spironolactone is rapidly absorbed from the GI tract with a bioavailability close to 
90%. It is 90% bound to plasma proteins and is excreted mainly in the urine and 
to a lesser extent in the feces. Spironolactone has a slow onset of action, requiring 
2 to 3 days for maximum effect.73 Canrenoate potassium has actions similar to those 
of spironolactone. It is available for IV administration.

Amiloride is incompletely absorbed from the GI tract with a bioavailability of 
only 50%. It is not bound to plasma proteins and is excreted unchanged in the urine. 
Its half-life is 6 to 9 hours. It is prolonged in patients with hepatic or renal failure. 
Triamterene is unreliably absorbed. It is metabolized by hepatic conjugation. One-
fifth of the dose is excreted unchanged in the urine. Its half-life is 1 to 3 hours.

All K+-sparing diuretics cross the placental barrier and are secreted in breast 
milk.

Efficacy and Therapeutic Uses
The overall effects on electrolyte excretion are similar for spironolactone, amiloride, 
and triamterene. They are weak natriuretic agents that reduce the excretion of potas-
sium and hydrogen ions. K+-sparing diuretics are mainly used in Na+-retaining states 
in association with loop or thiazide diuretics. They enhance the natriuretic effect 



 Use of Diuretics in the Newborn 247

14

while at the same time limiting K+ losses. Refractory edema secondary to CHF, cir-
rhosis of the liver, and the nephrotic syndrome represent the most common indica-
tions for the use of K-sparing diuretics. In these conditions associated with secondary 
hyperaldosteronism, spironolactone is the first choice agent provided renal function 
is not impaired. Because they induce K+ retention, K+-sparing diuretics should not 
be used in patients with impaired renal function or in those receiving K+ supple-
mentation. They should also be avoided in patients prone to developing metabolic 
acidosis. Amiloride has been successfully used in association with hydrochlorothia-
zide in patients with nephrogenic diabetes insipidus, obviating the need for using 
indomethacin.68

Specific Indications with Questionable Benefits (Table 14-5)
K+-sparing diuretics are often used in association with thiazide diuretics in the man-
agement of preterm infants with CLD. Although they certainly decrease the risk of 
hypokalemia and facilitate the clinical management of the infants, there is as yet no 
definite proof that their association to thiazide improve the long-term outcome of 
preterm infants with CLD.70

The respiratory function of patients with cystic fibrosis has been improved by 
the inhalation of amiloride,74 possibly by the blocking effect of ENaC in pulmonary 
tissue. Such a beneficial effect has not been confirmed in placebo-controlled trials.75,76

Drug Dosage
See Table 14-6.

Adverse Effects: Interactions
The main adverse effects of K+-sparing diuretics is to increase the K+ plasma con-
centration to harmful levels. Close monitoring of K+ concentration is thus mandatory. 
GI disturbances, dizziness, photosensitivity, and blood dyscrasias have been reported 
after the use of triamterene.

Significant adverse effects have been observed with spironolactone; gynecomas-
tia, hirsutism, impotence and menstrual irregularities can occur. Gynecomastia in 
men is related to both the dose and duration of treatment. Breast enlargement and 
tenderness occur in women. The pathogenesis of the adverse effects of spironolac-
tone on the endocrine system is probably related to an antiadrenergic action and to 
reduced 17 hydroxylase activity.

Interactions
K+-sparing diuretics should not be used in patients receiving angiotensin-converting 
enzyme inhibitors because the association can worsen the risk of hyperkalemia.

New Developments in Diuretic Therapy
Three categories of diuretics are under investigation: the adenosine A1 receptor 
antagonists, the natriuretic peptides, and the arginine-vasopressin antagonists.77

Adenosine A1 Receptor Antagonists
Theophylline, an A1 adenosine nonspecific receptor antagonist, presents with natri-
uretic and diuretic properties. It has been shown, both in experimental studies and 
clinical trials, to protect newborn kidneys in conditions of asphyxia and RDS. The 
effect and the use of theophylline are described in Chapter 5.

Natriuretic Peptides
ANP and B-type natriuretic peptide (BNP) are two peptides with natriuretic and 
diuretic properties.77 Both are released by cardiac cells in the atria in response to 
increased blood volume. ANP (28 amino acids) and BNP (32 amino acids) act via 
the natriuretic peptide receptor A (NPR-A). In addition to increasing the excretion 
of Na+, both peptides inhibit the sympathetic system and the RAAS. They also relax 
vascular smooth muscle. ANP and BNP are degraded by the metalloproteinase 
neutral endopeptidase 24.11 (NEP). Urodilatin is a noncirculating natriuretic peptide 
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(32 amino acids) secreted by distal tubular cells that is not degraded by the NEP 
located in the proximal tubular cells.78 ANP favors filtration by relaxing the afferent 
artery and the mesangial cells.79 The NPs inhibit Na+ proximal reabsorption and 
decrease distal Na+ reabsorption indirectly by blunting angiotensin II and aldoste-
rone synthesis and directly by inhibiting the thiazide-sensitive Na+ channel. ANP 
increases diuresis by inhibiting the V2 receptor-mediated action of arginine vaso-
pressin (AVP) on water permeability.

The natriuretic peptides have not yet been used as diuretic agents in neonates 
but may have interesting properties in patients presenting with inappropriate salt 
and water retention.

Arginine Vasopressin Antagonists
AVP acts on three type of receptors: (1) the V1A receptors mediating vasoconstriction, 
(2) the V1B mediating the release of ACTH, and (3) the V2 receptors mediating free 
water reabsorption in the collecting duct. AVP also stimulates Na+, K+, 2Cl− cotrans-
poort in the ascending limb of Henle loop via V2 receptors. By selectively increasing 
the excretion of free water, the AVP antagonists may prove useful in the treatment 
of severe hyponatremic states.77,80,81
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Neonatal Hypertension: Diagnosis 
and Management
Joseph T. Flynn, MD, MS

d Normative Values for Neonatal Blood Pressure
d What Level of Blood Pressure Should Be Considered Hypertensive?
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d Diagnostic Evaluation
d Treatment
d Outcome
d Conclusion

There has been increased awareness of neonatal hypertension over the past several 
decades since its first description in the 1970s.1,2 Despite this, there is still uncer-
tainty over which neonates require treatment for hypertension, primarily because of 
conflicting data on normative blood pressure (BP) values in neonates. This chapter 
reviews the existing data on normal neonatal BP and presents a reasonable approach 
to evaluation and management based on likely causes and pathophysiology. Finally, 
research needs, especially those related to late-onset hypertension and long-term 
outcome, are reviewed.

Normative Values for Neonatal Blood Pressure
There are many complexities to the changing patterns of BP in the newborn period, 
and consideration of gestational age at birth, postnatal and postconceptual age, and 
appropriateness of size for gestational age, are all contributory factors. As in older 
children, BP values in neonates may vary according to the method of BP assessment 
(e.g. intraarterial, Doppler, oscillometric) and according to the infant’s state (e.g. 
sleeping, crying, feeding). All of these factors need to be taken into account when 
reviewing the literature on BP standards as well as in clinical practice. Even though 
neonatal BPs have been measured for decades, we are still in the early phase of 
identifying the normal patterns of infant BPs, and many physiologic changes still 
need further investigation.

Data on BP on the first day of life was published in 1995 by Zubrow et al.3 
From data on 329 infants on day 1 of life, they were able to define the mean plus 
upper and lower 95% confidence limits for BP; their data clearly demonstrated 
increases in BP with increasing gestational age and birth weight (Fig. 15-1). A more 
recent study by Pejovic et al,4 limiting their analysis to hemodynamically stable 
premature and term infants admitted to the neonatal intensive care unit (NICU), 
also showed that BPs on day 1 of life correlated with gestational age and birth weight. 
Healthy term infants do not seem to demonstrate this same pattern.5

After the first day of life, it appears that BPs in premature newborns increase 
more rapidly over the first week or 2 of life followed by a slowing of the rate of 
increase. The previously mentioned Philadelphia study categorized more than 600 
infants in the NICU into gestational age groups and showed a similar rate of BP 
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increase over the first 5 days of life, regardless of gestational age.3 The more recent 
study by Pejovic and colleagues4 on stable NICU infants showed a similar pattern 
with BPs in each gestational age category of premature infants increasing at a faster 
rate over the first week of life with subsequent slowing.4 In these infants, they deter-
mined that the rate of rise was more rapid in the preterm than full-term infants (Fig. 
15-2). As premature neonates mature, it appears that the strongest predictor of BP 
is postconceptual age. Illustrated in Figure 15-3 from Zubrow et al3 are the regres-
sion lines between postconceptual age and systolic and diastolic BP along with the 
upper and lower 95th confidence limits for systolic and diastolic BP for each week 
of postconceptual age.

In term infants, appropriateness for gestational age seems to be an important 
influence on BP. In the Australian study of healthy term infants,5 BPs were higher 
on day 2 of life compared to day 1, but not thereafter. A Spanish study demonstrated 
that small for gestational age infants had the lowest BPs at birth, but subsequently 
the fastest rate of rise, so that by 1 month of age, all term infants had similar BPs.6

Normal BPs in infants older than 1 month of age have not been extensively 
studied recently. The percentile curves reported by the Second Task Force of the 
National High Blood Pressure Education Program (NHBPEP)7 (Fig. 15-4) remain the 
most widely available reference values. These curves allow BP to be characterized as 
normal or elevated not only by age and gender, but also by length (provided in the 
legend below the curves). Unfortunately, these BP values were determined by a single 

Figure 15-1 Linear regression of systolic and diastolic blood pressure (BP) by birth weight (A) and gestational 
age (B), with 95% CL (confidence limits); upper and lower dashed lines. (Reproduced from Zubrow AB, Hulman S, 
Kushner H, et al. Determinants of blood pressure in infants admitted to neonatal intensive care units: a prospective 
multicenter study. J Perinatol. 1995;15:470-479 with permission from Nature Publishing Group.)
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measurement on awake infants by the Doppler method, which reduced the number 
of diastolic BP readings by more than half. Comparison with the more recently 
published values for 1 year-old infants in the Fourth Report from the NHBPEP8 
reveals significant differences that further call into question the validity of the 1987 
curves. Additionally, a recent study of 406 healthy term infants with BPs measured 
by the oscillometric method on day 2 of life and then at 6 and 12 months of age 
demonstrated BPs that are slightly higher than the Task Force values.9 Although 
there is clearly a pressing need for new normative BP data on infants during the  
first year of life, at present, the Task Force values should be used in most 
circumstances. 

Figure 15-2 Increase in systolic (A), diastolic (B), and 
mean (C) blood pressure (BP) during the first month 
of life in infants classified by estimated gestational 
age: A, 28 weeks or younger; B, 29 to 32 weeks;  
C, 33 to 36 weeks; and D, 37 weeks or older. (Repro-
duced from Zubrow AB, Hulman S, Kushner H, et al. 
Determinants of blood pressure in infants admitted to 
neonatal intensive care units: a prospective multi-
center study. J Perinatol. 1995;15:470-479 with permis-
sion from Nature Publishing Group.)
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Figure 15-3 Linear regression of mean systolic 
(A) and diastolic (B) blood pressure (BP) by postcon-
ceptual age in weeks, with 95% confidence limits 
(CLs; upper and lower dashed lines). (Reproduced 
from Zubrow AB, Hulman S, Kushner H, et al. Deter-
minants of blood pressure in infants admitted to neo-
natal intensive care units: a prospective multicenter 
study. J Perinatol. 1995;15:470-479 with permission 
from Nature Publishing Group.)
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Figure 15-4 Age-specific percentiles for blood pressure (BP) in boys (A) and girls (B) from birth to 12 months of 
age. (Reprinted from Task Force on Blood Pressure Control in Children. Report of the Second Task Force on Blood 
Pressure Control in Children—1987. National Heart, Lung and Blood Institute, National Institutes of Health, Bethesda, 
MD, January 1987.)
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What Level of Blood Pressure Should Be  
Considered Hypertensive?
In older children, the definition of hypertension is persistent systolic or diastolic BP 
equal to or greater than the 95th percentile for age, gender, and height.8 As can be 
deduced from the preceding discussion, there is considerable variation in neonatal 
BP, and no generally agreed upon reference values are available. For term infants 
and infants between 1 and 12 months of age, the best available reference data are 
those from the Second Task Force Report7 (Fig. 15-4). In this age group, one could 
diagnose hypertension if the infant’s BP was repeatedly greater than or equal to the 
95th percentile for an infant of comparable age (also note that weight and height 
are given below the curves and could also be used to help determine if an infant’s 
BP is normal or elevated).

The major unresolved question is how to diagnose hypertension in preterm 
infants. From the limited published data, it is possible to derive systolic and diastolic 
BP percentiles, as well as mean arterial pressure percentiles, according to postcon-
ceptual age (Table 15-1).3-6,9,10 Although not derived from a large-scale study (which 
is sorely needed), these values may be useful clinically. Specifically, infants with BP 
values persistently at or above the 99th percentile clearly would warrant investiga-
tion and possibly initiation of antihypertensive drug therapy. Whatever reference 
data are used, clinical circumstances and personal experience need to be brought to 
bear in interpreting an individual infant’s BP and entertaining a possible diagnosis 
of hypertension.

Incidence and Differential Diagnosis
Most reports indicate that the incidence of hypertension in neonates is low, ranging 
from 0.2% to 3%.1,2,11,12 It is so unusual in otherwise healthy term infants that routine 
BP determination is not advocated for this group.13 For preterm and otherwise high-
risk newborns admitted to modern NICUs, however, the picture can be quite dif-
ferent. In a recent Australian study of approximately 2500 infants followed for more 
than 4 years, the prevalence of hypertension was 1.3%.14 Antenatal steroids, mater-
nal hypertension, umbilical arterial catheter placement, postnatal acute renal failure, 
and chronic lung disease were among the most common concurrent conditions in 
babies with elevated BP.

Hypertension may also be detected long after discharge from the NICU. In a 
retrospective review of more than 650 infants seen in follow-up after discharge from 
a tertiary level NICU, Friedman and Hustead15 found an incidence of hypertension 
(defined as a systolic BP of >113 mm Hg on three consecutive visits over 6 weeks) 
of 2.6%. Hypertension in this study was detected at a mean age of approximately 2 
months postterm when corrected for prematurity. Infants in this study who devel-
oped hypertension tended to have lower initial Apgar scores and slightly longer 
NICU stays than infants who remained normotensive, indicating a somewhat greater 
likelihood of developing hypertension in sicker babies. Unfortunately, this study has 
not been replicated, so the current prevalence of hypertension in high-risk infants 
remains unclear. However, these data do support routine BP monitoring after NICU 
discharge, as advocated by the NHBPEP.8

As in older infants and children, the causes of hypertension in neonates are 
numerous (Table 15-2), with the largest number of cases probably accounted for by 
umbilical artery catheter-associated thromboembolism affecting the aorta, the renal 
arteries, or both. This was first demonstrated in the early 1970s by Neal and col-
leagues16 and later confirmed by other investigators. Hypertension was reported to 
develop in infants who had undergone umbilical arterial catheterization even when 
thrombi were unable to be demonstrated in the renal arteries. Reported rates of 
thrombus formation have generally been about 25%.17

Although several studies have examined duration of line placement and line 
position as factors involved in thrombus formation, these data have not been con-
clusive.18 Longer duration of umbilical catheter placement has been associated with 
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Table 15-1 NEONATAL BLOOD PRESSURE PERCENTILES*

Postconceptual Age 50th Percentile 95th Percentile 99th Percentile

44 Weeks

SBP 88 105 110

DBP 50 68 73

MAP 63 80 85

42 Weeks

SBP 85 98 102

DBP 50 65 70

MAP 62 76 81

40 Weeks

SBP 80 95 100

DBP 50 65 70

MAP 60 75 80

38 Weeks

SBP 77 92 97

DBP 50 65 70

MAP 59 74 79

36 Weeks

SBP 72 87 92

DBP 50 65 70

MAP 57 72 77

34 Weeks

SBP 70 85 90

DBP 40 55 60

MAP 50 65 70

32 Weeks

SBP 68 83 88

DBP 40 55 60

MAP 49 64 69

30 Weeks

SBP 65 80 85

DBP 40 55 60

MAP 48 63 68

28 Weeks

SBP 60 75 80

DBP 38 50 54

MAP 45 58 63

26 Weeks

SBP 55 72 77

DBP 30 50 56

MAP 38 57 63

*Derived from data in references Zubrow et al,3 Pejovic et al,4 Kent et al,5 Lurbe et al,6 Kent et al,9 and 
Kent et al.10

DBP, diastolic blood pressure; MAP, mean arterial pressure; SBP, systolic blood pressure.
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Table 15-2 CAUSES OF NEONATAL HYPERTENSION

Renovascular
•	 Thromboembolism
•	 Renal artery stenosis
•	 Mid-aortic coarctation
•	 Renal venous thrombosis
•	 Compression of renal artery
•	 Idiopathic arterial calcification
•	 Congenital rubella syndrome
Renal parenchymal disease
•	 Congenital

•	 Polycystic kidney disease
•	 Multicystic-dysplastic kidney disease
•	 Tuberous sclerosis
•	 Ureteropelvic junction obstruction
•	 Unilateral renal hypoplasia
•	 Congenital nephrotic syndrome
•	 Renal tubular dysgensis

•	 Acquired
•	 Acute tubular necrosis
•	 Cortical necrosis
•	 Interstitial nephritis
•	 Hemolytic-uremic syndrome
•	 Obstruction (stones, tumors)

Pulmonary
•	 Bronchopulmonary dysplasia
•	 Pneumothorax
Cardiac
•	 Thoracic aortic coarctation
Endocrine
•	 Congenital adrenal hyperplasia
•	 Hyperaldosteronism
•	 Hyperthyroidism
•	 Pseudohypoaldosteronism type II

Medications and intoxications
•	 Infant

•	 Dexamethasone
•	 Adrenergic agents
•	 Vitamin D intoxication
•	 Theophylline
•	 Caffeine
•	 Pancuronium
•	 Phenylephrine

•	 Maternal
•	 Cocaine
•	 Heroin

Neoplasia
•	 Wilms tumor
•	 Mesoblastic nephroma
•	 Neuroblastoma
•	 Pheochromocytoma
Neurologic
•	 Pain
•	 Intracranial hypertension
•	 Seizures
•	 Familial dysautonomia
•	 Subdural hematoma
Miscellaneous
•	 Total parenteral nutrition
•	 Closure of abdominal wall defect
•	 Adrenal hemorrhage
•	 Hypercalcemia
•	 Traction
•	 Extracorporeal membrane oxygenation
•	 Birth asphyxia

higher rates of thrombus formation.19 A recent Cochrane review comparing “low” 
versus “high” umbilical artery catheters determined that the “high” catheter place-
ment was associated with fewer ischemic events such as necrotizing enterocolitis, 
but that hypertension occurred at equal frequency with either position.20 Thus, it is 
assumed that catheter-related hypertension is related to thrombus formation at the 
time of line placement because of disruption of the vascular endothelium of the 
umbilical artery, particularly in preterm infants.

Fibromuscular dysplasia leading to renal arterial stenosis is an extremely impor-
tant cause of renovascular hypertension in neonates. Many of these infants may have 
main renal arteries that appear normal on angiography, but demonstrate significant 
branch vessel disease that can cause severe hypertension.21 In addition, renal arterial 
stenosis may also be accompanied by mid-aortic coarctation and cerebral vascular 
stenoses.21,22 Several other vascular problems may also lead to neonatal hypertension, 
including renal venous thrombosis, idiopathic arterial calcification, and compression 
of the renal arteries by tumors.

After renovascular causes, the next largest group of infants with hypertension 
are those with congenital renal abnormalities. While both autosomal dominant and 
autosomal recessive polycystic kidney disease (PKD) may present in the newborn 
period with severe nephromegaly and hypertension,23,24 recessive PKD more com-
monly leads to hypertension early, sometimes in the first month of life. Hypertension 
has also been reported in infants with unilateral multicystic dysplastic kidneys,25 
possibly because of another coexisting urologic abnormality such as parenchymal 
scarring. Renal obstruction may be accompanied by hypertension, for example, in 
infants with congenital ureteropelvic junction obstruction, and sometimes may 
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persist after surgical correction of the obstruction.26 The importance of congenital 
urologic malformations as a cause of neonatal hypertension was recently highlighted 
in a referral series from Brazil27 in which 13 of 15 hypertensive infants had urologic 
causes. The median age at diagnosis of hypertension was 20 days (range, 5–70 days), 
emphasizing the need for regular BP measurement in infants with urologic malfor-
mations to detect hypertension.

The other important group of hypertensive neonates are those with broncho-
pulmonary dysplasia (BPD). BPD-associated hypertension was first described in the 
mid-1980s by Abman and colleagues,28 who found the incidence of hypertension 
in infants with BPD was 43% versus an incidence of 4.5% in infants without BPD. 
More than half of the infants with BPD who developed hypertension did not display 
it until after discharge from the NICU, again highlighting the need for measurement 
of BP in NICU “graduates.”

Other studies have subsequently confirmed that hypertension occurs more 
commonly in infants with BPD compared with infants of similar gestational age or 
birthweight without BPD. Factors such as hypoxemia and increased severity of BPD 
appear to correlate with the development of hypertension.29 Because many of these 
infants will have had an umbilical line placed, it is also possible that BPD is a comor-
bidity for line-associated thromboembolic disease (see above). Although updated 
studies are needed, these observations reinforce the impression that infants with 
severe BPD are clearly at increased risk and need close monitoring for the develop-
ment of hypertension. This is especially true in infants who require ongoing treat-
ment with theophylline preparations, diuretics, or corticosteroids.

Hypertension may also be secondary to disorders of several other organ systems 
or may develop as a consequence of treatment with various pharmacologic agents 
(Table 15-2). Interested readers are encouraged to consult more comprehensive 
reviews for a full discussion of these causes.30,31

Diagnostic Evaluation
Except in critically ill infants with severely elevated BP, in many infants, elevated BP 
is detected on routine monitoring of vital signs, making it difficult to identify infants 
with true hypertension that warrants further evaluation or treatment. This is primar-
ily a consequence of the changing nature of BP in neonates and the difficulty in 
knowing what BP level should be considered elevated (see preceding sections). 
However, some classic presentations of neonatal hypertension have been described, 
including congestive heart failure and cardiogenic shock.32 In less acutely ill infants, 
feeding difficulties, unexplained tachypnea, apnea, lethargy, irritability, or seizures 
may constitute symptoms of unsuspected hypertension. In older infants who have 
been discharged from the NICU, unexplained irritability or failure to thrive may be 
the only manifestations of hypertension.

Accurate BP measurement is crucial so that hypertension will be correctly 
identified. The gold standard for BP measurement in neonates remains direct intra-
arterial measurement. There is reasonable correlation between umbilical artery and 
peripheral artery catheter BPs in neonates,33 so no specific site is preferred. Indirect 
methods of measuring BP such as palpation and auscultation are not practical in 
neonates, especially in the NICU setting, and ultrasonic Doppler assessment has 
largely been replaced by oscillometric devices.34

Oscillometric devices are easy to use and provide the ability to follow BP trends 
over time. Studies have shown reasonably good correlation between oscillometric 
and umbilical or radial artery BP in neonates and young children.35,36 They are 
especially useful for infants who require BP monitoring after discharge from the 
NICU.37 However, not all oscillometric devices are equal. A few studies have com-
pared different oscillometric BP monitors with direct arterial measurements in neo-
nates and have shown that accuracy varied depending on the size of the infant38 
with a higher likelihood of oscillometric methods to overread BP compared with 
direct measurement.39 Given this, consistent technique becomes of paramount 
importance in obtaining accurate BP values. A standard protocol as suggested by 
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Nwankwo and colleagues40 may result in decreased variability of BP readings, ensur-
ing that accurate BP values will be available to guide clinical decision making.

Diagnosing the cause of the elevated BP should be fairly straightforward. A 
relatively focused history should be obtained, paying attention to determining 
whether there were any pertinent prenatal exposures, as well as to the details of the 
infant’s clinical course and any concurrent conditions. The procedures that the infant 
has undergone (e.g., umbilical catheter placement) should be reviewed, and his or 
her current medication list should be reviewed for substances that can elevate BP.

The physical examination should focus on obtaining information to assist in 
narrowing the differential diagnosis. BP readings should be obtained in all four 
extremities at least once to rule out coarctation of the aorta.41 The general appearance 
of the infant should be assessed, with particular attention paid to the presence of 
any dysmorphic features that may indicate an obvious diagnosis such as congenital 
adrenal hyperplasia.42 Careful cardiac and abdominal examination should be per-
formed. The presence of a flank mass or of an epigastric bruit may point the clinician 
toward diagnosis of either ureteropelvic junction obstruction or renal artery stenosis, 
respectively.

Because the correct diagnosis is usually suggested by the history and physical 
examination and there is typically ample prior laboratory data available for review, 
few additional studies are needed in most instances. It is important to assess renal 
function and to examine a specimen of the urine to ascertain the presence of renal 
parenchymal disease. Chest radiography may be useful in infants with signs of con-
gestive heart failure and in those with a murmur on physical examination. Other 
diagnostic studies, such as cortisol, aldosterone, or thyroxine levels, should be 
obtained when there is pertinent history (Table 15-3). Plasma renin activity is typi-
cally quite high in infancy, particularly in premature infants,43-45 making renin values 
difficult to interpret. Given this, assessment of plasma renin activity in the initial 
evaluation of hypertension in infants may be deferred. An exception to this is infants 
with electrolyte abnormalities such as hypokalemia that suggest a genetic disorder 
in tubular sodium handling.46

The role of imaging in the evaluation of neonates with hypertension has been 
reviewed extensively elsewhere,47 so only a few comments are made here. Renal 
ultrasonography with Doppler should be obtained in all infants with hypertension 
because it can help uncover potentially correctable causes of hypertension such as 
renal venous thrombosis,48 may detect aortic or renal arterial thrombi,17 and can 
identify anatomic renal abnormalities and other congenital renal diseases. Although 
nuclear scanning has been shown in some studies to demonstrate abnormalities of 
renal perfusion caused by thromboembolic phenomenon,47 in the author’s experi-
ence, it has had little role in the assessment of infants with hypertension, primarily 
because of the difficulties in obtaining accurate, interpretable results in this age 

Table 15-3 DIAGNOSTIC TESTING IN NEONATAL HYPERTENSION

Generally Useful Useful in Selected Infants

Urinalysis (±	culture)
CBC and platelet count
Electrolytes
BUN, creatinine
Calcium
Chest radiography
Renal ultrasonography with Doppler

Thyroid studies
Urine VMA and HVA
Plasma renin activity
Aldosterone
Cortisol
Echocardiography
Abdominal and pelvic ultrasonography
VCUG
Aortography
Renal angiography
Nuclear scan (DTPA/Mag-3)

BUN, blood urea nitrogen; CBC, complete blood count; DTPA, diethylene-triamine-penta-acetic acid; HVA, homovanillic 
acid; Mag-3, mercapto acetyl triglycine; VCUG, voiding cystourethrography; VMA, vanillylmandelic acid.
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group. Other studies, including echocardiograms and voiding cystourethrograms, 
should be obtained as indicated.

For infants with extremely severe BP elevation, angiography may be necessary. 
In the author’s experience, a formal arteriogram using the traditional femoral 
approach offers the only accurate method of diagnosing renal artery stenosis, par-
ticularly given the high incidence of branch vessel disease in children with fibro-
muscular dysplasia.21 Although theoretically possible in infants, size is obviously a 
limiting factor. Computed tomography and magnetic resonance angiography will 
not detect branch stenosis in neonates and should not be ordered. Given these 
considerations, it may be necessary to defer angiography, managing the hypertension 
medically until the baby is large enough for an arteriogram to be performed safely.

Treatment
The first step in treatment should be correction of any iatrogenic causes of hyperten-
sion, such as excessive or unnecessary inotrope administration, dexamethasone or 
other corticosteroids, hypercalcemia, volume overload, and pain. Hypoxemia should 
be treated in infants with BPD, and appropriate hormonal replacement should be 
initiated in those with endocrine disorders.

Surgery is indicated for treatment of neonatal hypertension in a limited set of 
circumstances, most notably in infants with ureteral obstruction or aortic coarcta-
tion.49 For infants with renal artery stenosis, it may be necessary to manage the infant 
medically until he or she has grown sufficiently to undergo definitive repair of the 
vascular abnormalities.50 However, unilateral nephrectomy may be needed in rare 
cases. Infants with hypertension secondary to Wilms tumor or neuroblastoma 
require surgical tumor removal, possibly after chemotherapy. A case has also been 
made by some authors for removal of multicystic-dysplastic kidneys because of the 
risk of development of hypertension,24,51 although this is controversial. Infants with 
malignant hypertension secondary to recessive PKD may require bilateral nephrec-
tomy. Fortunately, such severely affected infants are rare.

At some point, a decision will need to be made as to whether antihypertensive 
medications are indicated. Except in severely hypertensive infants with obvious end-
organ manifestations (e.g., congestive heart failure or seizures), this can be a difficult 
decision. No data exist on the adverse effects of chronic BP elevation in infancy, and 
few, if any, antihypertensive medications have ever been studied in neonates. Addi-
tionally, as noted earlier, determining what BP threshold at which to consider treat-
ment can be difficult because of the lack of robust normative BP data. Therefore, 
clinical expertise and expert opinion must be relied upon to guide decision making.

Oral antihypertensive agents (Table 15-4) are best reserved for infants with less 
severe hypertension and infants whose acute hypertension has been controlled with 
intravenous (IV) infusions and who are ready to be transitioned to chronic therapy. 
The author typically starts with the calcium channel blocker isradipine52,53 because 
it can be compounded into a stable 1-mg/mL suspension,54 facilitating dosing in 
small infants. Amlodipine may also be used, but its slow onset of action and pro-
longed duration of effect may be problematic in the acute setting. “Sublingual” 
nifedipine should be avoided for several reasons, including the lack of an appropriate 
oral formulation and unpredictable magnitude of antihypertensive effect.55 Other 
potentially useful vasodilators include hydralazine and minoxidil. β-Blockers may 
need to be avoided in infants with chronic lung disease. In such infants, diuretics 
may have a beneficial effect not only in controlling BP but also in improving pul-
monary function.56 On the other hand, it should be noted that propranolol is avail-
able commercially as a suspension, which makes it convenient to use when β-blockade 
is not contraindicated.

Use of angiotensin-converting enzyme (ACE) inhibitors in neonates is contro-
versial. Captopril is one of the only antihypertensive agents that has actually been 
shown to be effective in infants,57 but it is well known to cause an exaggerated 
decrease in BP in premature infants.58 This effect is related to the activation of the 
renin–angiotensin system in neonates mentioned previously, which in turn is a 
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Table 15-4 RECOMMENDED DOSES FOR SELECTED ANTIHYPERTENSIVE AGENTS FOR 
TREATMENT OF HYPERTENSION IN INFANTS

Class Drug Route Dose Interval Comments

*ACE inhibitors Captopril PO <3 months: 0.01-
0.5	mg/kg/dose

Maximum, 2	mg/kg/
day

>3 months: 0.15–
0.3	mg/kg/dose

Maximum, 6	mg/kg/
day

TID First dose may cause a 
rapid decrease in BP, 
especially if receiving 
diuretics

Monitor serum creatinine 
and K+

IV enalaprilat not 
recommended; see text

Enalapril PO 0.08–0.6	mg/kg/day QD–BID
Lisinopril PO 0.07-0.6	mg/kg/day QD

α- and 
β-Antagonists

Labetalol Oral 0.5–1.0	mg/kg/dose
Maximum, 10	mg/kg/

day

BID-TID Heart failure, BPD relative 
contraindications

IV 0.20–1.0	mg/kg/dose
0.25–3.0	mg/kg/hr

Q4–6hr
Infusion

Carvedilol PO 0.1	mg/kg/dose, 
≤0.5	mg/kg/dose

BID May be useful in heart 
failure

β-Antagonists Esmolol IV 100–500	µg/kg/min Infusion Very short acting; constant 
infusion necessary

Propranolol PO 0.5–1.0	mg/kg/dose
Maximum, 8–10	mg/

kg/day

TID Monitor heart rate; avoid 
in BPD

Calcium channel 
blockers

Amlodipine PO 0.05–0.3	mg/kg/dose
Maximum, 0.6	mg/kg/

day

QD All may cause mild reflex 
tachycardia

Isradipine PO 0.05–0.15	mg/kg/dose
Maximum, 0.8	mg/kg/

day

QID

Nicardipine IV 1–4	µg/kg/min Infusion

Central 
α-agonist

Clonidine PO 5–10	µg/kg/day
Maximum, 25	µg/kg/

day

TID May cause mild sedation

Diuretics Chlorothiazide PO 5–15	mg/kg/dose BID Monitor electrolytes
Hydrochlorothiazide PO 1–3	mg/kg/dose QD
Spironolactone PO 0.5–1.5	mg/kg/dose BID

Vasodilators Hydralazine PO 0.25–1.0	mg/kg/dose
Maximum, 7.5	mg/kg/

day

TID–QID Tachycardia and fluid 
retention are common 
side effects

IV 0.15–	0.6	mg/kg/dose Q4hr
Minoxidil PO 0.1–0.2	mg/kg/dose BID–TID Tachycardia and fluid 

retention are common 
side effects; prolonged 
use causes 
hypertrichosis

Sodium 
Nitroprusside

IV 0.5–10	µg/kg/min Infusion Thiocyanate toxicity can 
occur with prolonged	
(>72	hr) use or in renal 
failure.

*ACE, angiotensin-converting enzyme; BID, twice daily; BPD, bronchopulmonary dysplasia; IV, intravenous; QD, once daily; 
QID, four times daily; PO, oral; TID, three times daily.
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reflection of the importance of the renin–angiotensin system in nephron develop-
ment.59 Although few data exist on this topic, the concern over use of ACE inhibitors 
in infants is that they may impair the final stages of renal maturation. Based on this 
concern, the author typically avoids use of captopril (and other ACE inhibitors) until 
the preterm infant has reached a corrected postconceptual age of 44 weeks.

Intermittently administered IV agents have a role in therapy in selected infants 
with hypertension. Hydralazine and labetalol in particular may be useful in infants 
with mild to moderate hypertension who are not yet candidates for oral therapy 
because of necrotizing enterocolitis or other forms of gastrointestinal dysfunction. 
Enalaprilat, the IV ACE inhibitor, has also been used in the treatment of neonatal 
renovascular hypertension.60,61 However, in the author’s experience, this agent should 
be used with great caution. Even doses at the lower end of published ranges may 
lead to significant, prolonged hypotension and oliguric acute renal failure. It should 
also be noted that all available doses for enalaprilat are based on the previously 
mentioned uncontrolled case series. For these reasons, the author does not recom-
mend its use in neonates with hypertension.

In infants with acute severe hypertension, continuous IV infusions of antihy-
pertensive agents should be used.62 The advantages of IV infusions are numerous, 
most importantly including the ability to quickly titrate the infusion rate to achieve 
the desired level of BP control. As in patients of any age with malignant hyperten-
sion, care should be taken to avoid too rapid a reduction in BP62,63 to avoid cerebral 
ischemia and hemorrhage, problems that premature infants, in particular, are already 
at increased risk of because of the immaturity of their periventricular circulation. 
Here again, continuous infusions of IV antihypertensive agents offer a distinct advan-
tage. Published experience64,65 suggests that the calcium channel blocker nicardipine 
may be particularly useful in infants with acute severe hypertension. Other drugs 
that have been successfully used in neonates include esmolol,66 labetalol,67 and 
nitroprusside.68 Oral agents in general are probably not appropriate given their vari-
able onset and duration of effect and unpredictable antihypertensive response.52 
Whatever agent is used, BP should be monitored continuously via an indwelling 
arterial catheter or by frequently repeated (every 10–15 min) BP cuff readings with 
an oscillometric device so the dosage can be titrated to achieve the desired degree 
of BP control.

Outcome
For most infants with hypertension, the long-term prognosis should be good, 
depending on the underlying etiology of the hypertension. For infants with hyper-
tension related to an umbilical artery catheter, available information suggests that 
the hypertension will usually resolve over time.14,69,70 These infants may require 
increases in their antihypertensive medications over the first several months after 
discharge from the NICU as they undergo rapid growth. After this, it is usually pos-
sible to wean their antihypertensive agents by making no further dose increases as 
the infant continues to grow. Because home BP monitoring is crucially important  
for following these infants, home BP equipment, usually an oscillometric device, 
should be obtained for all infants discharged from the NICU on antihypertensive 
medications.

Some forms of neonatal hypertension may persist beyond infancy, usually 
hypertension related to PKD and other forms of renal parenchymal disease.22,23,26,71 
Infants with renal venous thrombosis may also remain hypertensive,72 and some of 
these children will ultimately benefit from removal of the affected kidney. Persistent 
or late hypertension may also be seen in children who have undergone repair of 
renal artery stenosis or thoracic aortic coarctation.73 Reappearance of hypertension 
in these situations should prompt a search for restenosis by the appropriate imaging 
studies.

Better long-term outcome studies of infants with neonatal hypertension are 
needed. Because many of these infants are delivered before the completion of 
nephron development, it is possible that they may not develop the full complement 



 Neonatal Hypertension: Diagnosis and Management 263

15

of glomeruli normally seen in term infants. Reduced nephron mass is hypothesized 
to be a risk factor for the development of adult hypertension.74,75 Thus, it may be 
possible that hypertensive neonates (and possibly also normotensive premature 
neonates) are at increased risk compared with term infants for the development of 
hypertension in late adolescence or early adulthood.76 Because we are now entering 
an era in which the first significantly premature NICU “graduates” are reaching their 
second and third decades of life, it is possible that appropriate studies can be con-
ducted to address this question.

Conclusion
Although better data are needed in many areas, particularly with respect to patho-
physiology, diagnostic thresholds, and antihypertensive medications, much has been 
learned about neonatal hypertension over the past decades. Normal BP in neonates 
depends on a variety of factors, including gestational age, postnatal age, and birth 
weight. Hypertension is more often seen in infants with concurrent conditions such 
as BPD and in those who have undergone umbilical arterial catheterization. A careful 
diagnostic evaluation should lead to determination of the underlying cause of hyper-
tension in most infants. Treatment decisions should be tailored to the severity of the 
hypertension and may include IV or oral therapy (or both). Most infants will resolve 
their hypertension over time, although a small number may have persistent BP eleva-
tion throughout childhood.

Acknowledgements
The author would like to thank Dr. Carolyn Abitbol for her permission to use Table 15-1 in this chapter.

References
1. Adelman RD. Neonatal hypertension. Pediatr	Clin	North	Am. 1978;25:99-110.
2. Watkinson M. Hypertension in the newborn baby. Arch	 Dis	 Child	 Fetal	 Neonatal	 Ed. 2002;86:

F78-F88.
3. Zubrow AB, Hulman S, Kushner H, et al. Determinants of blood pressure in infants admitted to 

neonatal intensive care units: A prospective multicenter study. J	Perinatol. 1995;15:470-479.
4. Pejovic B, Peco-Antic A, Marinkovic-Eric J. Blood pressure in non-critically ill preterm and full-term 

neonates. Pediatr	Nephrol. 2007;22:249-257.
5. Kent A, Kecskes Z, Shadbolt B, et al. Normative blood pressure data in the early neonatal period. 

Pediatr	Nephrol. 2007;22:1335-1341.
6. Lurbe E, Garcia-Vicent C, Torro I, et al. First-year blood pressure increase steepest in low birthweight 

newborns. J	Hypertens. 2007;25:81-86.
7. Task Force on Blood Pressure Control in Children. Report of the Second Task Force on Blood Pres-

sure Control in Children – 1987. National Heart, Lung and Blood Institute, National Institutes of 
Health, Bethesda, MD, January 1987.

8. National High Blood Pressure Education Program Working Group on High Blood Pressure in Chil-
dren and Adolescents. The fourth report on the diagnosis, evaluation, and treatment of high blood 
pressure in children and adolescents. Pediatrics. 2004;114(2 Suppl 4th Report):555-576.

9. Kent A, Kecskes Z, Shadbolt B, et al. Blood pressure in the first year of life in healthy infants born 
at term. Pediatr	Nephrol. 2007;22:1743-1749.

10. Kent A, Meskell S, Falk M, et al. Normative blood pressure data in non-ventilated premature neonates 
from 28-36 weeks gestation. Pediatr	Nephrol. 2009;24:141-146.

11. Buchi KF, Siegler RL. Hypertension in the first month of life. J	Hypertens. 1986;4:525-528.
12. Singh HP, Hurley RM, Myers TF. Neonatal hypertension: incidence and risk factors. Am	J	Hypertens. 

1992;5:51-55.
13. American Academy of Pediatrics Committee on Fetus and Newborn. Routine evaluation of blood 

pressure, hematocrit and glucose in newborns. Pediatrics. 1993;92:474-476.
14. Seliem WA, Falk MC, Shadbolt B, et al. Antenatal and postnatal risk factors for neonatal hypertension 

and infant follow-up. Pediatr	Nephrol. 2007;22:2081-2087.
15. Friedman AL, Hustead VA. Hypertension in babies following discharge from a neonatal intensive 

care unit. Pediatr	Nephrol. 1987;1:30-34.
16. Neal WA, Reynolds JW, Jarvis CW, et al. Umbilical artery catheterization: demonstration of arterial 

thrombosis by aortography. Pediatrics. 1972;50:6-13.
17. Seibert JJ, Taylor BJ, Williamson SL, et al. Sonographic detection of neonatal umbilical-artery throm-

bosis: clinical correlation. Am	J	Radiol. 1987;148:965-968.
18. Wesström G, Finnström O, Stenport G. Umbilical artery catheterization in newborns. I. Thrombosis 

in relation to catheter type and position. Acta	Paediatr	Scand. 1979;68:575-581.
19. Boo NY, Wong NC, Zulkifli SS, et al. Risk factors associated with umbilical vascular catheter-

associated thrombosis in newborn infants. J	Paediatr	Child	Health. 1999;35:460-465.



264 Special Problems

D

20. Barrington KJ. Umbilical artery catheters in the newborn: effects of position of the catheter  
tip. Cochrane Database of Systematic Reviews, 2009. Issue 1, Art. No.: CD000505. DOI: 
10.1002/14651858.CD000505.

21. Tullus K, Brennan E, Hamilton G, et al. Renovascular hypertension in children. Lancet. 2008;
371:1453-1663.

22. Das BB, Recto M, Shoemaker L, et al. Midaortic syndrome presenting as neonatal hypertension. 
Pediatr	Cardiol. 2008;29:1000-1001.

23. Fick GM, Johnson AM, Strain JD, et al. Characteristics of very early onset autosomal dominant 
polycystic kidney disease. J	Am	Soc	Nephrol. 1993;3:1863-1870.

24. Guay-Woodford LM, Desmond RA. Autosomal recessive polycystic kidney disease: the clinical experi-
ence in North America. Pediatrics. 2003;111(5 Pt 1):1072-1080.

25. Angermeier KW, Kay R, Levin H. Hypertension as a complication of multicystic dysplastic 
kidney. Urology. 1992;39:55-58

26. Gilboa N, Urizar RE. Severe hypertension in newborn after pyeloplasty of hydronephrotic kidney. 
Urology. 1983;22:179-182.

27. Lanzarini VV, Furusawa EA, Sadeck L, et al. Neonatal arterial hypertension in nephro-urological 
malformations in a tertiary care hospital. J	Hum	Hypertens. 2006;20:679-683.

28. Abman SH, Warady BA, Lum GM, et al. Systemic hypertension in infants with bronchopulmonary 
dysplasia. J	Pediatr. 1984;104:929-931.

29. Anderson AH, Warady BA, Daily DK, et al. Systemic hypertension in infants with severe broncho-
pulmonary dysplasia: associated clinical factors. Am	J	Perinatol. 1993;10:190-193

30. Nafday SM, Brion LP, Benchimol C, et al. Renal Disease. In: MacDonald MG, Seshia MMK, Mullett 
MD, eds. Avery’s	Neonatology:	Pathophysiology	and	Management	of	the	Newborn, 6th ed. Philadelphia, 
PA: Lippincott-Williams and Wilkins; 2005:981-1065.

31. Flynn JT. Neonatal Hypertension. In: Flynn JT, Ingelfinger J, Portman R, eds. Pediatric	Hypertension, 
2nd ed. New York, NY: Humana Press; 2011, pp. 375-396.

32. Hawkins KC, Watson AR, Rutter N. Neonatal hypertension and cardiac failure. Eur	J	Pediatr. 1995;
154:148-149.

33. Butt W, Whyte H. Blood pressure monitoring in neonates: comparison of umbilical and peripheral 
artery catheter measurements. J	Pediatr. 1984;105:630-632.

34. Low JA, Panagiotopoulos C, Smith JT, et al. Validity of newborn oscillometric blood pressure. Clin	
Invest	Med. 1995;18:163-167.

35. Kimble K, Darnall R, Yelderman M, et al An automated oscillometric technique for estimating mean 
arterial pressure in critically ill newborns. Anesthesiology. 1981;54:423-425.

36. Park M, Menard S. Accuracy of blood pressure measurement by the Dinamap monitor in infants and 
children. Pediatrics. 1987;79:907-914.

37. Park MK, Menard SM. Normative oscillometric blood pressure values in the first 5 years of life in 
an office setting. Am	J	Dis	Child. 1989;143:860-864.

38. Dannevig I, Dale H, Liestol K, et al. Blood pressure in the neonate: three non-invasive oscillometric 
pressure monitors compared with invasively measure blood pressure. Acta	 Pediatrica. 2005;
94:191-196.

39. O’Shea J, Dempsey E. A comparison of blood pressure measurements in newborns. Am	J	Perinatol. 
2009;26:113-116.

40. Nwankwo M, Lorenz J, Gardiner J. A standard protocol for blood pressure measurement in the 
newborn. Pediatrics. 1997;99:E10.

41. Rao PS, Jureidini SB, Balfour IC, et al. Severe aortic coarctation in infants less than 3 months: suc-
cessful palliation by balloon angioplasty. J	Invasive	Cardiol. 2003;15:202-208.

42. Speiser PW, White PC. Congenital Adrenal Hyperplasia. New	Engl	J	Med. 2003;349:776-788.
43. Tannenbaum J, Hulman S, Falkner B. Relationship between plasma renin concentration and atrial 

natriuretic peptide in the human newborn. Am	J	Perinatol. 1990;7:174-177.
44. Krüger C, Rauh M, Dörr HG. Immunoreactive renin concentration in healthy children from birth to 

adolescence. Clinica	Chimica	Acta. 1998;274:15-27.
45. Richer C, Hornych H, Amiel-Tison C, et al. Plasma renin activity and its postnatal development in 

preterm infants. Preliminary report. Biol	Neonate. 1977;31:301-304.
46. Vehaskari VM. Heritable forms of hypertension. Pediatr	Nephrol. 2009;24:1929-1937.
47. Roth CG, Spottswood SE, Chan JC, et al. Evaluation of the hypertensive infant: a rational approach 

to diagnosis. Radiol	Clin	North	Am. 2003;41:931-944.
48. Elsaify WM. Neonatal renal vein thrombosis: grey-scale and Doppler ultrasonic features. Abdom	

Imaging. 2009;34:413-418.
49. Rajpoot DK, Duel B, Thayer K, Shanberg A. Medically resistant neonatal hypertension: revisiting the 

surgical causes. J	Perinatol. 1999;19(8 Pt 1):582-583.
50. Bendel-Stenzel M, Najarian JS, Sinaiko AR. Renal artery stenosis: long-term medical management 

before surgery. Pediatr	Nephrol. 1995;10:147-151.
51. Webb NJA, Lewis MA, Bruce J, et al. Unilateral multicystic dysplastic kidney: the case for nephrec-

tomy. Arch	Dis	Child. 1997;76:31-34.
52. Flynn JT, Warnick SJ. Isradipine treatment of hypertension in children: a single-center experience. 

Pediatr	Nephrol. 2002;17:748-753.
53. Miyashita Y, Peterson D, Rees JM, et al. Isradipine treatment of acute hypertension in hospitalized 

children and adolescents. J	Clin	Hypertens	(Greenwich). 2010;12:850-855.
54. MacDonald JL, Johnson CE, Jacobson P. Stability of isradipine in an extemporaneously compounded 

oral liquid. Am	J	Hosp	Pharm. 1994;51:2409-2411.



 Neonatal Hypertension: Diagnosis and Management 265

15

55. Flynn JT. Safety of short-acting nifedipine in children with severe hypertension. Expert	Opin	Drug	
Saf. 2003;2:133-139.

56. Kao LC, Durand DJ, McCrea RC, et al. Randomized trial of long-term diuretic therapy for infants 
with oxygen-dependent bronchopulmonary dysplasia. J	Pediatr. 1994;124(5 Pt 1):772-781.

57. O’Dea RF, Mirkin BL, Alward CT, et al. Treatment of neonatal hypertension with captopril. J	Pediatr. 
1988;113:403-406.

58. Tack ED, Perlman JM. Renal failure in sick hypertensive premature infants receiving captopril therapy. 
J	Pediatr. 1988;112:805-810.

59. Guron G, Friberg P. An intact renin-angiotensin system is a prerequisite for normal renal develop-
ment. J	Hypertens. 2000;18:123-137.

60. Wells TG, Bunchman TE, Kearns GL. Treatment of neonatal hypertension with enalaprilat. J	Pediatr. 
1990;117:664-667.

61. Mason T, Polak MJ, Pyles L, et al. Treatment of neonatal renovascular hypertension with intravenous 
enalapril. Am	J	Perinatol. 1992;9:254-257.

62. Flynn JT, Tullus, K. Severe hypertension in children and adolescents: pathophysiology and treatment. 
Pediatr	Nephrol. 2009;24:1101-1112.

63. Adelman RD, Coppo R, Dillon MJ. The emergency management of severe hypertension. Pediatr	
Nephrol. 2000;14:422-427.

64. Flynn JT, Mottes TA, Brophy PB, et al. Intravenous nicardipine for treatment of severe hypertension 
in children. J	Pediatr. 2001;139:38-43.

65. Gouyon JB, Geneste B, Semama DS, et al. Intravenous nicardipine in hypertensive preterm infants. 
Arch	Dis	Child	Fetal	Neonatal	Ed. 1997;76:F126-F127.

66. Wiest DB, Garner SS, Uber WE, et al. Esmolol for the management of pediatric hypertension after 
cardiac operations. J	Thorac	Cardiovasc	Surg. 1998;115:890-897.

67. Thomas CA, Moffett BS, Wagner JL, et al. Safety and efficacy of intravenous labetalol for hypertensive 
crisis in infants and small children. Pediatr	Crit	Care	Med. 2011;12:28-32.

68. Benitz WE, Malachowski N, Cohen RS, et al. Use of sodium nitroprusside in neonates: efficacy and 
safety. J	Pediatr. 1985;106:102-110.

69. Adelman RD. Long-term follow-up of neonatal renovascular hypertension. Pediatr	 Nephrol. 1987;
1:35-41.

70. Caplan MS, Cohn RA, Langman CB, et al. Favorable outcome of neonatal aortic thrombosis and 
renovascular hypertension. J	Pediatr. 1989;115:291-295.

71. Roy S, Dillon MJ, Trompeter RS, Barratt TM. Autosomal recessive polycystic kidney disease: long-
term outcome of neonatal survivors. Pediatr	Nephrol. 1997;11:302-306.

72. Mocan H, Beattie TJ, Murphy AV. Renal venous thrombosis in infancy: long-term follow-up. Pediatr	
Nephrol. 1991;5:45-49.

73. O’Sullivan JJ, Derrick G, Darnell R. Prevalence of hypertension in children after early repair of 
coarctation of the aorta: a cohort study using casual and 24 hour blood pressure measurement. Heart. 
2002;88:163-166.

74. Mackenzie HS, Lawler EV, Brenner BM. Congenital olionephropathy: the fetal flaw in essential 
hypertension? Kidney	Int. 2006;55:S30-S34.

75. Keller G, Zimmer G, Mall G, et al. Nephron number in patients with primary hypertension. N	Engl	
J	Med. 2003;348:101-108.

76. Shankaran S, Das A, Bauer CR, et al. Fetal origin of childhood disease: intrauterine growth restriction 
in term infants and risk for hypertension at 6 years of age. Arch	 Pediatr	 Adolesc	 Med. 2006;160:
977-981.



16

267

CHAPTER 16 

Edema
Yosef Levenbrown, DO, Andrew T. Costarino, MD

d	 The	Basics:	Body	Water	Compartments
d	 Starling	Forces
d	 The	Role	of	Aquaporins	in	Regulating	Fluid	Balance
d	 Factors	That	Combat	the	Development	of	Edema
d	 Factors	That	Promote	the	Development	of	Edema
d	 Unique	Features	of	Water	Homeostasis	in	the	Neonatal	Population
d	 Special	Circumstances	in	the	Neonatal	Population
d	 Conclusion

Several systems act in concert to regulate total body water (TBW), allowing homeo
stasis of the circulating intravascular volume and maintenance of cellular and extra
cellular electrolytes in the appropriate concentrations. Edema, defined here as an 
abnormal accumulation of extracellular water (ECW), can result from malfunction 
of these fluid regulatory systems. This chapter provides an overview of the water 
regulatory mechanisms and then examines how the dysfunction of these mecha
nisms can lead to a state of edema. Lastly, the chapter examines some common 
clinical scenarios of the neonatal population that are associated with edema.

The Basics: Body Water Compartments
The volume and distribution of body water changes significantly during gestation 
and infancy. TBW is 78% of body weight at birth, but by 1 year of age, the percent 
of TBW declines to approximately 60%. There is a parallel decline in the ECW 
volume, which demonstrates a decrease from 45% of the TBW to 27% during the 
first postnatal year. As a result of the loss of ECW, the percentage of body weight 
that is intracellular water (ICW) increases during the first 3 months of age from 34% 
to 43%. This transient increase in ICW volume is followed by a decrease to around 
35% at 1 year of age. At around 3 months of age, the ICW overtakes the ECW as 
the major contributor to TBW. This trend continues until, eventually, the ICW 
volume doubles that of the ECW.1

Between 1 and 3 years of age, a slight increase is found in all three body water 
components, after which TBW and ECW decrease slightly until around puberty, at 
which point the adult values are reached. This decline in TBW and ECW that occurs 
between age 3 years and puberty is likely a result of the increase in both the quantity 
and size of cells in the major organ systems, especially the cells of the musculo
skeletal system, the skin, and central nervous system (CNS). These three organ 
systems tend to retain more water in the intracellular compartment, leading to the 
decrease in both TBW and the proportion of ECW. TBW also is inversely propor
tional to the amount of body fat because of the low content of water in fat cells. 
During the first year of life, there is a very rapid increase in the amount of body fat. 
This is followed by a decrease during the preschool years and finally by a slight 
increase in amount of body fat during the prepubescent years. These changes in 
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body fat composition correlate well with the abovementioned changes in TBW. 
Overall, ICW appears to remain relatively constant, likely because the composition 
of the intracellular content remains constant.1

Starling Forces
Water movement across an idealized capillary wall was described qualitatively by 
Starling2 in 1896 and can be defined by the following equation:

J K P Pv fc c t d p t= − − −[( ) ( )]σ π π

where Jv is the volume flow of fluid across the capillary wall, Kfc is the filtration 
coefficient of the capillary wall (volume flow/unit time per 100 g of tissue per unit 
pressure), Pc is the capillary hydrostatic pressure, Pt is the interstitial fluid or tissue 
hydrostatic pressure, σd is the osmotic reflection coefficient of all plasma proteins, 
πp is the colloid osmotic pressure (COP) of the plasma, and πt is the COP of the 
tissue fluids. To best understand how the interplay of these forces affects overall 
fluid balance, it is best to analyze them individually.

Hydrostatic	Forces
The hydrostatic pressure in the intravascular space (Pc) is the principle force driving 
water and electrolytes out of the capillary into the interstitial space. The filtration 
force of the capillary hydrostatic pressure is opposed by the tissue pressure sur
rounding the capillaries (Pt). Thus, the net difference between capillary and tissue 
hydrostatic pressure (Pc – Pt) is the driving force promoting filtration or absorption 
of fluid out of or into the capillary lumen.

Under physiologic conditions, the average capillary hydrostatic pressure is 
estimated to be about 17 mm Hg.3 An increase in small artery, arteriolar, or venous 
pressure will increase the capillary hydrostatic pressure favoring filtration. A reduc
tion of these pressures will have the opposite effect. Whereas an increased arteriolar 
resistance or closure of arteries reduces the downstream capillary hydrostatic pres
sure, an increase in the venous resistance results in increased upstream capillary 
hydrostatic pressure. In general, changes in the venous resistance result in a greater 
effect on the capillary pressure than changes in arteriolar resistance.4

In the nonedematous state, Pt in loose tissues is close to zero or even negative 
(−1 to −4 mm Hg). Negative interstitial pressure often occurs under physiologic 
conditions when the lymphatic system is pumped from muscle contraction while 
there is minimal leakage of fluid from the intravascular space.3 Tissue pressure can 
change significantly if fluid moves into tissue space.5

Osmotic	Forces
The plasma COP (πp) is the primary counterbalancing force to capillary hydrostatic 
pressure that promotes fluid retention in intravascular space. In his landmark  
publication, Starling2 demonstrated that this force is generated from the osmotic 
pressure associated with the plasma proteins. Total osmotic pressure of plasma 
approximates 6000 mm Hg, but most of this pressure is generated by the electro
lytes, which are present in almost equal concentrations in both the intravascular and 
extravascular compartments of the ECW. In contrast, the plasma proteins are mini
mally present in the tissue surrounding the capillary.2 Therefore, the direct and 
indirect effect of the charged plasma proteins generates the difference in osmotic 
pressure, the plasma oncotic pressure. Normally, the plasma oncotic pressure aver
ages 28 mm Hg.3,4

Albumin is the primary plasma protein that is responsible for approximately 
80% of the total COP. The other 20% is generated by globulins. It is the number of 
particles rather than the mass of a solute that determines its osmotic pressure. Thus, 
while albumin compromises only 50% of total plasma protein concentration, it has 
the greatest number of molecules present in the plasma and therefore makes the 
greatest contribution to the plasma oncotic pressure6.



 Edema 269

16

Another characteristic of albumin plays an important role through its effect on 
osmotic pressure. The albumin molecule has a net negative charge as the protein 
binds chloride anions. The charged albumin, and its bound chloride, attract cations 
(mainly Na+). The excess cations within the intravascular space due to the albumin 
binding increases the osmotic pressure within the plasma significantly more than 
the albumin particles alone would generate. This is known as the GibbsDonnan 
effect. On average, the normal human COP is 28 mm Hg. Whereas 19 mm Hg is 
attributable to dissolved proteins, 9 mm Hg is generated by the imbalance of cations 
associated with the GibbsDonnan effect.3,4

The interstitial fluid COP (πt) is generated from smaller size proteins and the 
minimal amount of albumin that manages to leak out of the pores in the capillary 
walls. In healthy adults, the percentage of albumin that leaks into the interstitial 
space each hour is approximately 4% to 5%. This leakage of albumin is known as 
the transcapillary escape rate (TER), and it varies with capillary permeability, capil
lary recruitment, and hydrostatic pressure.6 The concentration of these proteins in 
the interstitial fluid is approximately 40% of the protein concentration in the plasma. 
Thus, the average colloid osmotic interstitial pressure is about 8 mm Hg, favoring 
the movement of fluid into the intravascular compartment.

The	Osmotic	Reflection	Coefficient
The reflection coefficient is the relative impediment to the passage of a substance 
through the capillary wall. The reflection coefficient of water across a capillary wall 
(fully permeable) is zero, and that of albumin (fully impermeable) is 1. Thus, all 
solutes that can be filtered across a capillary wall will have a reflection coefficient 
between 0 and 1. The reflection coefficient of a substance depends both on the 
nature of the solute and the characteristics of the endothelial wall being crossed.

The reflection coefficient is a key component of the COP. True COP (π) is 
determined by the following equation:

π σ= −RT C Ci o( )

where σ is the reflection coefficient, R is the gas constant, T is the absolute tempera
ture (in degrees Kelvin), Ci is the albumin concentration inside the capillary, and Co 
is the albumin concentration outside the capillary.4,5

The	Filtration	Coefficient
The filtration coefficient is an expression that quantifies the ability of a given fluid 
to cross the capillary wall. The filtration coefficient is proportional to the surface 
area of the capillaries, to the number of pores per centimeter squared, and to the 
radius of the pores raised to the fourth power. It is inversely proportional to the 
thickness of the capillary wall and to the viscosity of the fluid being filtered. Not 
only does Kfc differ among the various organs, it may even increase or decrease within 
the same organ because of the closure or opening of more capillaries with similar 
conductance characteristics within a given organ.

Alterations in permeability of fluid or osmotic particles (either Kfc or σd) 
may lead to edema formation without changes in either hydrostatic or osmotic 
pressure.6

The	Starling	Hypothesis
The Starling hypothesis includes the factors previously described to relate direction 
movement across a capillary membrane. It is expressed mathematically as  
follows:

Q k P Pf c i i p= + − +[( ) ( )]π π

where Qf is the fluid movement across the capillary wall, k is the filtration constant 
for the capillary membrane, Pc is the capillary hydrostatic pressure, πI is the inter
stitial fluid oncotic pressure, Pi is the interstitial fluid hydrostatic pressure, and πp 
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is the plasma oncotic pressure. When Qf yields a positive value, it indicates that the 
sum flow of fluid will be out of the capillaries into the vascular space (filtration). A 
negative value for Qf indicates net flow of fluid into the vascular space (absorption). 
During normal tissue hydration, the values of the elements of this relationship result 
in a near zero balance across the capillary wall. Some fluid (≈0.5% of the plasma 
volume) is filtered out of the capillary at the arterial end of the capillary, where the 
average capillary pressure tends to be 15 to 25 mm Hg greater than at the venous 
side. Most of this fluid is subsequently reabsorbed at the venous end of the capil
laries where the capillary pressure is lower.3 Over the entire length of the capillary, 
the small net amount of fluid filtered out and not subsequently reabsorbed is cleared 
by the lymphatic system, through which it makes its way back into the blood 
circulation.

Under physiologic conditions, arterial pressure, venous pressure, postcapillary 
resistance, interstitial fluid hydrostatic and oncotic pressures, and plasma oncotic 
pressure all remain relatively constant. Therefore, the primary variable that deter
mines net fluid movement across a capillary wall under physiologic conditions is 
change in the precapillary resistance, which influences the capillary hydrostatic 
pressure.4

The Role of Aquaporins in Regulating Fluid Balance
The	Importance	of	Aquaporins	in	Maintaining		
Water	Homeostasis
Four pathways appear to be responsible for water transport in mammalian tissues. 
They include (1) passive diffusion of water across the cell membrane lipid bilayer; 
(2) movement of water through cotransporter channels, such as the Na–glutamate 
or the Na–glucose cotransporter; (3) paracellular water transport through tight junc
tions between cells; and (4) water transport via a family of transmembrane proteins 
called the aquaporins (AQPs).7 Predicted to exist in the 1950s, these molecules were 
characterized in the 1990s as facilitators of water movement across the plasma 
membrane down osmotic gradients. More than 10 isoforms of these aquaporins 
(AQPs) have been identified, with specific ones isolated in different organ systems 
(e.g., AQP1 through AQP4, as well as APQ6 and APQ7 are highly expressed in the 
kidneys). Most of these proteins have a common molecular structure, with six trans
membrane domains and intracellular NH2

− and COOHterminal. Although all the 
AQPs facilitate the transport of water, a subclass of AQPs, the aquaglyceroporins, 
transport both water and small nonpolar molecules such as glycerol and urea.8

The AQPs serve to allow water movement to occur much faster than passive 
diffusion across the lipid bilayer, and they are more efficient than cotransporter
associated water transport. Paracellular transport of water plays a minimal role in 
water transport within healthy tissues. Thus, the AQPs appear to be responsible for 
the high water permeability and water transport regulation in various tissues, includ
ing the erythrocytes and the nephron tubules. Conversely, dysfunction or lack of 
expression of AQPs likely plays a role in the pathogenesis in diseases such as neph
rogenic diabetes insipidus, cataracts, Sjögren syndrome, congestive heart failure, 
syndrome of inappropriate antidiuretic hormone secretion (SIADH), and traumatic 
CNS edema.

The	Role	of	Aquaporins	in	the	Kidneys
The majority of water reabsorption that occurs in the nephron is facilitated by the 
AQPs. Most of the fluid that is filtered at the glomerulus is then reabsorbed in the 
proximal tubule and the descending limb of the loop of Henle. AQP1, which is 
expressed in the apical and basolateral segment of the renal tubular epithelial cell 
plasma membrane, is primarily responsible for this water transport.8 Additionally, 
in the outer medullary descending vasa recta, which is rich in AQP1 channels, water 
resorption occurs despite the existence of hydrostatic forces that favor influx. This 
observation suggests that in this portion of the vasa recta, water transport involves 
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the water only AQP1 pathway, facilitated by transtubular sodium and urea concen
tration gradients creating the osmotic driving force for water movement.9

In the distal tubule and collecting duct, other AQPs serve to regulate water 
resorption with a dominant role played by AQP2 and its interaction with arginine 
vasopressin (AVP). Although only 15% of the filtrate reaches the distal nephron, 
regulation of water resorption in this segment allows the kidneys to “fine tune” water 
balance to accommodate the needs of the body. The osmotic driving force for the 
water movement through the collecting duct epithelia is the hypertonic milieu of 
the medullary portion of the kidneys created by active transport of sodium and urea 
from the lumen of the thick ascending loop of Henle into the interstitial space sur
rounding the collecting ducts. AVP secretion by the pituitary gland, in response to 
central volume and osmoreceptors, upregulates AQP2 expression to match the fluid 
needs of the body. This occurs when AVP binds to the V2 receptor in the collecting 
duct of the nephron, increasing intracellular cyclic adenosine monophosphate 
(cAMP) production. The cAMP in turn stimulates protein kinase A–dependent 
phosphorylation of the AQP2 protein. Vesicles carrying the phosphorylated AQP, 
then fuse with the nephron epithelial cells, implanting the AQP in the wall of the 
apical plasma membrane. This results in dramatically increased water permeability 
of the collecting duct epithelial cell. After entering the duct cell from the collecting 
duct lumen through the AQP2 channels, the water exits the cell through the AQP3 
and AQP4 channels located in the cell basolateral membrane, causing the water to 
enter the interstitial space of the nephron. AVP is also responsible for upregulating 
the AQP4 channels, but not the AQP3 channels.8,10

The	Role	of	Aquaporins	in	the	Lungs
Both the presence of AQPs in lung tissue, as well as physiologic studies of lung water 
permeability, indicate a role of these proteins in lung water homeostasis. AQPs 1, 3, 
4, and 5 have been isolated in human lungs. AQP1 is expressed in the plasma 
membrane of the endothelial cells lining the pulmonary capillaries and in some 
pneumocytes. AQP4 has been isolated in the basolateral membrane of the airway 
epithelium of the trachea as well as in the large airways, and AQP5 has been identi
fied in the apical membrane of type I alveolar epithelial cells.1113 The observation 
that different AQPs are concentrated in different regions of lung tissue suggests that 
the different AQPs play different roles within the pulmonary system.8,14

The flow of water through a membrane down its osmotic gradient can be 
quantified as the coefficient of osmotic water permeability (Pf). Studies on whole
lung preparations of sheep and mouse lung tissue have demonstrated a relatively 
high Pf across the alveolar to epithelial barriers. In other words, water freely flows 
across the alveolar epithelium. Such high values for Pf are similar to the Pf values in 
the renal tubular epithelium, suggesting the presence of lung AQPs.14

Studies of knockout mice provide further insight into the role of AQPs in the 
lung. Bai et al11 demonstrated that water permeability of lung epithelium was 
decreased more than 10fold in AQP1 knockout mice. Ma et al12 observed that a 
similar decrement in osmotic water movement occurs in AQP5 null mice, but a 30% 
decrease was present in AQP1/AQP5 double knockout mice. In this study, Ma  
et al12 demonstrated that without the benefit of AQP5, the Pf of the type I alveoli 
epithelia were similar to the water permeability of cells that did not contain water 
channels at all.15 The AQPs are likely also critical in the osmotic flow of water in 
the lung microvasculature because water movement in the pulmonary capillary is 
greatly decreased by AQP1 deletion.11,15

Lung water homeostasis changes dramatically as an infant moves from the 
intrauterine to the extrauterine environment. By term, human fetal lungs are produc
ing approximately 500 mL of fluid each day. At birth, a volume of water approxi
mately 30 mL/Kg body weight must be emptied or resorbed, and the lung epithelium 
must abruptly switch from net secretion to net absorption of lung water. Most of 
the lung fluid is emptied mechanically during delivery and as the baby takes its first 
breath. However, a significant amount of fluid remains to be absorbed during the 
first postnatal days. Understanding the operative factors in the transition in lung 
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water homeostasis at birth is clinically important because premature infants and 
critically ill term infants appear to have an impaired this ability for the lung to 
reabsorb water that is associated with the occurrence of acute respiratory distress 
syndrome (RDS) and chronic bronchopulmonary dysplasia (BPD).

The evidence indicating an important role of AQPs in lung water homeostasis 
during usual conditions makes these proteins a natural object of study for  
understanding the sudden birthassociated changes in lung water. However, although 
the switch from net water secretion to absorption in newborn lungs involves an 
increased expression of the epithelial membrane sodium channels and of the sodium 
pump, current evidence for the role of AQPs is conflicting. Yasui et al16 observed a 
transient increase in AQP4 mRNA in rat lungs that occurs just after birth. This 
increase in AQP4 coincides with the time period when lung water content decreases 
from prenatal to neonatal values. The increased AQP4 mRNA was specific to the 
lung and was not found in other organs that express AQP4. Moreover, it was shown 
by immunocytochemistry that this induction of AQP4 occurred specifically in the 
bronchial epithelium of newborn rats, the area in the lungs identified as the primary 
location of postnatal lung liquid absorption.16 Also, fetal lung AQP4 mRNA was 
induced by maternal administration of βagonists and glucocorticoids. This finding 
is consistent with the observation that both substances have been shown  
to accelerate the clearance of lung water at birth.16 These observations led Yasui 
and colleagues16 to believe that AQP4 contributes to lung fluid transition shortly 
after birth.

In contrast, several investigators studying AQP1, AQP4, and APQ5 knockout 
mice have failed to observe an effect on neonatal alveolar fluid clearance in the 
absence of these AQPs. The apparent benign nature of these knockout conditions 
was present even when fluid production was maximally stimulated with βagonists 
and upregulation of type II alveoli cells. Furthermore these findings were consistent 
whether the alveolar fluid was simply fluid that was not removed postnatally or 
whether it was fluid that was a result of alveolar injury.1113 Conversely, these studies 
did show that alveolar fluid clearance was significantly impaired by the transport 
inhibitors of the membrane Na channels and Na/K pumps (amiloride and ouabain, 
respectively). These studies seem to suggest that alveolar fluid clearance during the 
neonatal transition occurs through an active process driven by osmolar gradients 
that are generated by Na channels and Na/K pumps.11,12

Factors That Combat the Development of Edema
The	Lymphatic	System
The lymphatic system plays an important role in preventing accumulation of fluid 
in the interstitial space. In most organ systems, when the capillary pressure is 
increased enough to increase fluid filtration into the interstitial space, lymph flow 
subsequently increases in a linear fashion. The ability of lymph flow to prevent the 
accumulation of fluid in the interstitial space depends not on the absolute quantity 
of lymph flow, but on the amount of lymph flow relative to the filtration coefficient 
(Kfc) of a given tissue. Tissues that do not have adequate lymphatic flow to drain 
the fluid that naturally filters out of the capillaries are often equipped with secondary 
overflow systems that directly drain this excess fluid. Without a secondary overflow 
system, the inadequate flow of lymph would lead to edema in these tissues. Exam
ples of such overflow systems include the arachnoid granulations in the brain and 
the canal of Schlemm in the eye. In the lung and the liver, capillary filtration overflow 
causes pulmonary edema and ascites. Although these are generally considered patho
logic processes, they protect these vital organs from the harmful effects that fluid 
engorgement would have on the actual parenchyma of these organs.5

The lymphatic system also plays an important role in preventing accumulation 
of proteins that have been filtered out of the capillaries. Removal of these proteins 
prevents an increase in the tissue oncotic pressure that would tend to draw more 
fluid into the interstitial space.5
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Alterations	in	Starling	Forces
The filtration of fluids from the intravascular compartment in response to an eleva
tion of the capillary pressure causes an increase in the surrounding tissue pressure 
in response to this accumulation of fluid. At first, when fluid begins to accumulate, 
there is a large increase in the interstitial pressure for a small increase in fluid volume 
(i.e., low tissue compliance). This increased interstitial pressure further opposes fluid 
filtration. However, as fluid continues to leak into the interstitial space, the tissue 
compliance eventually increases, thereby decreasing the effectiveness of this protec
tive mechanism.

Filtration of fluid into the interstitial space causes a decline in the tissue COP 
by diluting the interstitial proteins. This buffers further fluid filtration by decreasing 
the tissue COP (πt), which increases the second term in the Starling relationship 
(σd(πp − πt)). The ability of these forces to change as needed to protect the tissues 
from further fluid accumulation, as well as the ability of the lymph flow to increase 
in response to increased filtration, provides an “edema safety factor” that is able to 
prevent further translocation of fluids into the interstitial space.5

Various tissues within the body have different methods of compensating for 
changes in interstitial fluid. In the liver, where the sinusoids are extremely porous 
and permeable to plasma proteins, alteration in the oncotic pressure (πp − πt ) is not 
an effective method to prevent increased capillary filtration. Therefore, acceleration 
of lymph flow and ascites formation (the overflow system) along with elevations in 
interstitial pressure provides the forces to counteract the increased capillary filtra
tion. Functionally, when fluid leaks from the circulation into the liver stroma, venting 
fluid from the parenchyma into the peritoneal space is more effective and less 
harmful to the organ function than if excess fluid were to accumulate in the liver 
parenchyma. As fluid accumulates in the peritoneal space, the peritoneal pressure 
increases. This impedes the further accumulation of ascites by reducing the pressure 
gradient driving surface transudation and by increasing the rate of reabsorption by 
the peritoneal capillaries and lymphatics.17

The lung combats increased capillary filtration by increasing lymphatic flow 
and by decreasing the colloid osmotic gradient. Erdmann et al18 demonstrated that 
every increase in left atrial pressure caused an elevation in lung lymph flow to a new 
steady state within 1 to 2 hours. This increase in lymph flow was approximately 
linear in relation to the increase in microvascular hydrostatic pressure. The lym
phatic system of the lungs is extremely efficient in preventing lung water accumula
tion. The microvascular hydrostatic pressure had to increase to 50 cmH20 before 
lung water accumulation rose 25%, with an increase in lung water of 50% to 100% 
being the typical threshold for developing pulmonary edema.5,18

Factors That Promote the Development of Edema
At the most basic level, edema results from any pathologic state that causes an imbal
ance in the Starling forces. The following discussion reviews the most common 
categories of conditions that can cause these Starling force disruptions.

The	Porous	Nature	of	the	Capillary	Wall
The first factor that may promote the development of edema is related to the capil
lary wall itself. With the exception of the capillaries in the brain, which do not 
contain open junctions, the walls of most capillary beds contain many different 
openings through which fluid can move from the lumen into the surrounding 
tissues.5 Capillaries within organs, such as the intestinal tract, the bronchial system, 
and the kidney glomeruli, are fenestrated, with thick diaphragms interspaced 
between the endothelial cells. The capillaries in the liver and spleen contain walls 
that are described as discontinuous, containing very large openings. Thus, in these 
capillary beds, fluid has the ability to cross the capillary walls either through junc
tions between endothelial cells or through larger openings in the microvessel wall.5

In addition to the paracellular route, substances can cross the endothelial 
barrier through caveoli, which are specialized plasmalemmal vesicles containing a 



274 Special Problems

D

protein known as caveolin1. This mode of molecular transport is the method by 
which larger molecules such as proteins cross the capillary wall. The cell surface 
docking protein gp60 binds to plasma proteins greater than 3 nm. After binding to 
the plasma protein, gp60 interacts with caveolin1 as well as various signaling inter
mediaries, including a G protein and an Src family tyrosine kinase. This cascade 
results in the formation and subsequent release of plasma protein containing caveo
lae from the apical side of the cell membrane. These vesicles are transported to the 
basal membrane and release their contents through exocytosis. In addition, caveolae 
like vesiculovacuolar organelles similar to caveolae can interconnect to form sec
ondary structures that function as transmembrane channels for molecular trafficking 
across a cell. Receptors of endogenous permeabilityenhancing agents have been 
indentified on the surface of these channels, leaving open the possibility that they 
play a role in endothelial permeability.19

Loss	of	the	“Edema	Safety	Factor”
Under normal circumstances, when fluid is filtered out of the capillary space into 
the interstitium, there is both an increase in the tissue hydrostatic pressure and a 
simultaneous decline in the tissue COP. These changes, which occur in response to 
fluid accumulation in the tissues, impede further filtration of fluid out of the capil
laries. Lymph flow also has the ability to greatly increase in response to enhanced 
capillary filtration. If fluid continues to accumulate, these protective forces can 
become overwhelmed and will be unable to counteract additional fluid filtration. At 
that point, even small changes in capillary pressure will lead to translocation of large 
amounts of fluid into the interstitial space.

Chen et al20 demonstrated, in a study using the hind paw of a dog, that with 
the protective alterations in tissue Starling forces and increases in lymphatic flow, 
fluid accumulation in the interstitium was prevented with an increases in capillary 
hydrostatic pressure up to 12 mm Hg. Although no visible edema was noted at this 
pressure threshold, there was a 10% increase in interstitial fluid volume. When the 
capillary pressure was elevated further to 37.9 mm Hg, gross edema developed as 
the protective system was overwhelmed.5,20

Any condition that increases the permeability of the capillary endothelial wall 
also impairs the protective efforts of the edema safety factor because proteins leak 
into the interstitial space, raising the tissue COP. The effect of the increased osmotic 
pressure (σd(πp − πt)) that occurs with the increase in the tissue COP is magnified 
by the decrease in σd that occurs as the capillaries become “leakier.” The overall 
result of these changes is to decrease fluid reabsorption (σd(πp − πt)), which leads 
to increased accumulation of fluids in the tissues.5 Drake et al21 were able to define 
the capillary pressure in the dog lung, above which the lung will gain weight because 
of accumulation of filtered fluid. They termed this the critical capillary pressure, 
and it represents the limits of the total edema safety factor of the lung. Predictably, 
when the lung capillaries become leaky to plasma proteins, the critical capillary 
pressure decreases.21

As long as there is an appropriate compensatory increase in the flow rate of the 
lymphatics in response to changes in the Starling forces, edema will not occur. Ini
tially, there is a linear increase in lymph flow in response to increased filtration, but 
eventually, with continued filtration, lymph flow plateaus. If there is lymphatic 
dysfunction, as is often present in critically ill patients,6 edema will develop even at 
normal capillary filtration flow rates. A seemingly paradoxical decrease in lymphatic 
flow occurs in the lung and intestine when edema accumulates. This occurs in these 
two organs because the high fluid states promote translocation of fluid into the 
alveoli or into the peritoneum (the overflow systems), decreasing the filling pressure 
of the lymphatics.5

Factors	That	Increase	Permeability	of	the	Vascular	Endothelium
Under physiologic conditions, the vascular endothelium cells in most blood vessels 
are linked with tight junctions that are relatively impermeable to proteins and larger 
molecules. However, under certain conditions, the permeability of these blood 
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vessels to these larger molecules is increased. The vascular reactivity to the mediators 
of the systemic inflammatory response in sepsis is one model of endothelial dysfunc
tion. In this model, the vascular endothelium response reacts in a highly coordinated 
loss of junctional integrity that allows recoil, or active retraction, of cell borders, 
resulting in an increased width of the endothelial clefts. These changes allow 
increased junctional leakage of solute.22 When this occurs, tissue COP increases, 
promoting fluid accumulation in the extravascular space. The changes in response 
to the vascular mediators is represented mathematically by a smaller σd that lowers 
the absolute value of the forces that promote absorption (σd(πp − πt)).

Paracellular flux of plasma fluid and proteins at endothelial cell–cell junctions 
contributes significantly to endothelial dysfunction in inflammation. Under physi
ologic conditions, adherens junctions maintain the state of vascular integrity in 
nearly all vascular beds. Its molecular structure is based on vascular endothelial (VE) 
cadherin, a transmembrane receptor whose extracellular domain binds to the extra
cellular domain of another VE cadherin molecule from an adjacent cell. The intracel
lular domain of the VE cadherin is anchored to the cell cytoskeleton via a family of 
actinbinding proteins called catenins. The stability of this complex is able to with
stand fluid shear stress and is essential in maintaining endothelial barrier integrity. 
During inflammation, the humoral proinflammatory mediators disrupt this assem
bly, leading to endothelial dysfunction and hyperpermeability19 (Fig. 161).

The loss of endothelial integrity that occurs during inflammatory states typically 
occurs in three stages. In the first stage, inflammatory agents induce transient vas
cular leakage through the formation of minute gaps between endothelial cells. 
During the second stage, activated leukocytes prolong the hyperpermeability. Finally, 
the microvasculature undergoes remodeling under the influence of angiogenic 
factors that affect the integrity of the cell junctions.22

Recently, vascular endothelial growth factor (VEGF) has been identified as a 
major angiogenic factor that induces the hyperpermeable state, particularly in the 
microvasculature of the lungs. Within the lung, the mesenchymal cells, alveolar 
macrophages, and epithelial cells are the primary cells that express VEGF. Therefore, 
although VEGF is constantly present in the fluid lining the lung epithelium, VEGF 
overexpression leads to increased permeability to macromolecules within the pul
monary vasculature and subsequently to pulmonary edema.22,23 It has been demon
strated that patients with acute RDS, as well as patients at risk for developing this 
syndrome, have elevated levels of VEGF compared with control subjects.24 
This finding suggests a significant role for VEGF in the highpermeability model of 
pulmonary edema and in ARDS. The exact mechanism by which VEGF increases 
endothelial permeability is unclear. Current evidence indicates its action results  
in fusion of intracellular vesicles, which then form transcellular pathways  
through vesiculovacuolar organelles, resulting in fenestrations and ultimately trans
cellular gaps.22

The	Role	of	Hypoalbuminemia
Hypoalbuminemia is a common finding in critically ill patients of all ages, and is 
often proportional to the severity of illness. When hypoalbuminemia occurs, it com
monly is the result of an altered distribution of albumin between the intravascular 
and extravascular compartments. This is most often the result of the capillary leak 
associated with cytokine release in combination with decreased lymphatic flow.6 
Direct measurements of albumin permeability have demonstrated a threefold increase 
in TER in patients experiencing sepsis. In the presence of increased TER, infusion 
of exogenous albumin will distribute the protein to both the extravascular as well 
as the intravascular space. Thus, in conditions associated with increased capillary 
permeability, albumin supplementation may lead to increased albumin leakage 
across the capillary membrane and worsening edema without any improvement in 
outcome.6,25

After surgery, it is common for patients to develop hypoalbuminemia. Post
operative hypoalbuminemia is often the result of a redistribution of albumin between 
the intravascular and extravascular spaces after surgical trauma. Studies in this 
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patient population indicate that although albumin supplementation can result in a 
higher serum albumin concentration, morbidity, mortality and glomerular filtration 
rate (used as a marker of intravascular fluid volume) remain unchanged whether or 
not supplemental albumin is given.26,27

In healthy people, albumin is the main determinant of COP. However, in criti
cally ill patients, there is a low correlation between serum albumin concentration 
and COP. Instead, in critically ill patients, there is a stronger relationship between 
COP and total protein concentration. This difference in the relative contribution of 
albumin to COP may be attributable to elevations in acutephase reactant proteins 
or immunoglobulins during states of acute illness. Therefore, in critically ill patients, 
hypoalbuminemia does not necessarily correlate with edema formation6,28 and may 
explain why the use of albumin supplementation is ineffective in changing the course 
of the critically ill state of edema, as well as outcome. Typically, as the acute disease 
process improves and endothelial dysfunction recovers, patients improve with or 
without administration of supplemental albumin.6,29 In fact, in the Cochrane 

Figure	16-1 Schematic diagram of microvascular endothelial barrier structure. The barrier is 
formed by endothelial cells that connect to each other through the junctional adhesive mol-
ecule vascular endothelial (VE)–cadherin, which binds to another VE–cadherin molecule from 
an adjacent cell and connects to the actin cytoskeleton via a family of catenins (a, b, g, and 
p120). This endothelial lining is tethered to the extracellular matrix through focal adhesions 
mediated by transmembrane integrins composed of a and b subunits, focal adhesion kinase 
(FAK), and cytoskeleton-linking proteins including paxillin and vinculin. The integrity of this 
barrier is maintained by VE-cadherin–mediated cell–cell adhesions and focal adhesion–
supported cell matrix attachment. A dynamic interaction among these structural elements 
controls the opening and closing of the paracellular pathways for fluid, proteins, and cells to 
move across the endothelium. In particular, the Ca2þ/calmodulin (CaM)–dependent myosin 
light chain kinase (MLCK) catalyses phosphorylation of myosin light chains (small red circles), 
triggering binding of the myosin heavy chain motor domains to actin and their cross-bridge 
movement. This reaction promotes cytoskeleton contraction and cell retraction. In parallel, 
phosphorylation of VE-cadherin, catenins, or both may cause the junction complex to dissoci-
ate from its cytoskeletal anchor, leading to weakened cell–cell adhesion. The cytoskeletal and 
junctional responses act in concert, causing paracellular hyperpermeability. (Reprinted with 
permission from Kumar P, Shen Q, Pivetti CD, Lee ES, Wu MH, Yuan SY. Molecular mechanisms 
of endothelial hyperpermeability: implications in inflammation. Expert Rev Mol Med. 2009; 
11:1-20.) 
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metaanalysis, the subgroup of critically ill patients who received exogenous albumin 
in states of sepsis, burns, and hypoalbuminemia suggested an increase in mortality 
in these groups of patients with the use of exogenous albumin. The exceptions to 
this finding were in clinical settings in which the low albumin was not attributable 
to redistribution, but occurred after acute blood loss or loss of other proteinrich 
fluid during surgery.29

Unique Features of Water Homeostasis in the  
Neonatal Population
Changes	in	Body	Water	Composition	in	the	Neonate
Neonates must make a transition from the fluidfilled fetal environment to the rela
tively dry extrauterine world. Remarkably, the majority of this transition occurs over 
a few minutes in the immediate postnatal life. As a result, there are several challenges 
to fluid regulation unique to this time of life.

As noted above, a fullterm newborn is 75% TBW with 40% of the TBW con
tained in the extracellular fluid (ECF) compartment. This proportion is significantly 
different than in adults, in whom the TBW concentration is reduced to 60% of total 
body weight and water in the ECF compartment is only 20% of total body weight. 
The difference between a preterm infant and an adult is even more dramatic. In 
babies born between 26 and 31 weeks’ gestational age, the TBW is approximately 
80% to 85% of total body weight, with 65% of body weight from water in the 
extracellular compartment.

Immediately after birth, the body water mass rapidly declines, mainly because 
of a decrease in ECF volume as it changes from its postnatal value of 45% of TBW 
to 30% by 3 months of age. This initial rapid decline in ECF volume is followed by 
a more gradual decline until age 10 years, when the adult ECF value of 20% total 
body weight is achieved.8,30

In healthy babies, there is a fairly rapid loss of extracellular isotonic fluid. This 
fluid loss is mainly from the intestinal compartment, and it is evidenced by the 
expected postnatal weight loss over the first few weeks of life. Infants who do not 
have an early negative fluid balance often demonstrate RDS. Contraction of the 
extracellular compartment is facilitated partly by secretion of atrial natriuretic 
peptide, which is produced by the cells of the myocardium in response to atrial 
stretch.31 This occurs in the immediate postnatal period secondary to the dramatic 
decrease in pulmonary vascular resistance that occurs as the lung is inflated and 
alveolar gas tensions change. The pulmonary vasculature for the first time accepts 
the entire cardiac output, delivering it to and stretching the left atria.

Solute	Balance	in	Healthy	Neonates
Healthy neonates have an intact ability to excrete sodium. This allows them to 
maintain an isotonic loss of fluid with the postnatal contraction of the ECF compart
ment. In addition, neonates have the ability to increase their excretion of sodium in 
response to the administration of a sodium load. When the contraction of the extra
cellular compartment is complete, a state of positive sodium balance is reached. This 
allows neonates to retain the sodium necessary for appropriate growth.30

A relatively low albumin concentration in both term and preterm infants is a 
normal finding in the newborn period, and it does not appear to be associated with 
the formation of edema.6,32 Mean values of albumin concentration at birth increases 
from 1.9 g/dL in infants of gestational ages less than 30 weeks to 3.1 g/dL at term. 
There is a postnatal increase in serum albumin concentration of approximately 15% 
in the first 3 weeks of life regardless of the gestational age of the infant. Greenough 
et al33 administered albumen to premature neonates (24–34 weeks’ gestational age) 
at 7 days of age in an attempt to increase serum albumin concentration and promote 
a diuresis. The investigators’ hypothesis was that this therapy would improve pul
monary function by decreasing lung fluid. They observed that compared with the 
placebo control infants, the albumintreated infants demonstrated higher serum 
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albumin concentrations, a negative water balance, and weight loss. However, no 
differences between groups were noted in the amount of ventilator support required.33 
In another study examining the effect of albumin supplementation of parenteral 
nutrition in preterm infants with RDS, the treatment group demonstrated improved 
weight gain and blood pressure, but failed to show any benefit in the duration of 
mechanical ventilation, time of requirement for supplemental oxygen, or time to full 
enteral feeding. There was also no difference in the incidence of necrotizing entero
colitis or intraventricular hemorrhage between the two groups.34

Resistance	to	the	Effect	of	Arginine	Vasopressin	in	Neonates
Neonatal kidneys demonstrate resistance to the effect of AVP, impairing the ability 
of this patient population to concentrate urine in response to even very high levels 
of exogenous vasopressin.35 The observation of increased urinary excretion of AQP2 
(a marker of AQP activity) during the first 2 to 3 postnatal weeks suggested that a 
deficiency of AQP2 was associated with the impaired ability to concentrate urine 
during the first few weeks of postnatal life. Subsequent studies, however, have dem
onstrated that both dehydration and DDAVP (desmopressin) administration appro
priately stimulate production of AQP2 in infants’ kidneys even during the first 2 to 
3 weeks of life.10

Current evidence indicates that the inability of immature kidneys to maximally 
concentrate urine is attributable to multiple deficiencies in several steps in the AVP 
transduction pathway, including:
• Prostaglandin E2 (PGE2) induced upregulation of a Gi (inhibitory) protein, which 

results in inhibitory feedback decreasing the production of cAMP. Because cAMP 
production is a necessary step for AVPstimulated production of AQP2, enhanced 
PGE2 stimulation of inhibiting G proteins will decrease the responsiveness of the 
kidneys to the effects of the AVP.

• High levels of phosphodiesterase in the cells of the infant collecting duct, which 
lead to rapid degradation of cAMP

• Low concentration of urea and sodium in the infant medullary interstitium limit 
the osmotic gradient available for water reabsorption. This reduced gradient in 
infants is likely a result of low dietary protein, low expression of urea transporters, 
and low rates of sodium absorption from the ascending loop of Henle.10

The limited ability to concentrate urine in the immediate postnatal period may 
serve to benefit neonates in making the transition to extrauterine life because it 
promotes the rapid clearing of the excess extracellular pulmonary fluid.

It is important to note that neonates have intact pituitary production of AVP 
and only a diminished, not absent, renal response to this hormone. Therefore, even 
in the neonatal period, an underfilled intravascular compartment is associated with 
high circulating AVP. This highAVP state may place hospitalized neonates at risk for 
water retention. If these patients receive hypotonic intravenous or hypotonic enteral 
fluids as is typical in this age group, hyponatremia can occur.

True syndrome of inappropriate antidiuretic hormone (SIADH), although pos
sible in the neonatal population, is uncommon. A low serum sodium concentration 
during stress states, as in the postoperative period, is often the result of unrecognized 
int ravascular volume depletion with appropriate AVP water retention and hypotonic 
fluid administration rather than SIADH. These aspects of neonatal water and solute 
management can be challenging to clinicians because it is difficult to recognize 
inadequate intravascular volume in this age group. In investigations of acutely ill 
infants and children, as few as one third of subjects demonstrated overt signs of 
dehydration.30

Increase	in	Vascular	Endothelial	Growth	Factor	Expression
Vascular endothelial growth factor (VEGR) may be associated with the tendency of 
neonates to retain water.32 Newborns and young infants are more likely to retain 
fluid in response to stimuli such as cardiopulmonary bypass compared with older 
children and adults. Similarly, the lungs of neonates are more susceptible to alveolar 
edema in response to infectious and chemical injury. In the first month of life, 
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fullterm neonates have higher plasma levels of VEGF, which gradually decrease to 
the normal values within the first few months after birth.34,36 The increased baseline 
serum level of VEGF has been implicated as part of the cause of the edema in neo
nates after cardiopulmonary bypass.37 Further studies are necessary to delineate the 
role of VEGF in neonatal edema.

Special Circumstances in the Neonatal Population
Preterm	Neonates
Newborn preterm neonates have a limited ability to excrete sodium. Although they 
can increase sodium excretion in response to a sodium load, they still have a ten
dency toward a positive sodium balance. Even with “maintenance” sodium intake 
(1–3 mEq/kg/day), preterm neonates are often in a state of positive sodium balance. 
When water losses exceed intake, their relative inability to excrete sodium will result 
in hypernatremia. If water intake is liberalized, the serum osmolality will be main
tained at the expense of expansion of the ECF compartment. Expansion of the ECF 
compartment superimposed on a preexisting state of impaired diuresis may be the 
reason that in the immediate postnatal period, sodium supplementation of preterm 
neonates is associated with a worse respiratory outcome with an increased incidence 
of BPD.31,38 Early fluid management of these patients should allow isotonic contrac
tion of the extracellular compartment, with a brief period of negative sodium and 
water balance.

Edema	After	Indomethacin	Closure	of	Patent	Ductus	Arteriosus
The use of indomethacin to close patent ductus arteriosus (PDA) has become 
common in the neonatal population. After indomethacin treatment, infants often go 
through a state of fluid retention. The mechanism of this effect relates to AQP2 
metabolism and its regulation by PGE2. As discussed previously, the insertion of 
AQP2 into the apical membrane of the collecting duct within the kidney occurs 
through a cAMP second messenger system. The absorptive effect of the AVP
stimulated increase in AQP2 insertion into the apical membrane of the collecting 
duct is regulated and counterbalanced by the effect of PGE2. PGE2 binding to 
the EP3 receptor activates the inhibitory Gi protein, which decreases cyclic adenosine 
monophosphate (cAMP) generation, thereby decreasing the cAMPdependent inser
tion of AQP2 into the collecting duct. This results in an increase excretion of water 
in the urine. Indomethacin and the other nonsteroidal antiinflammatory drugs 
decrease PGE production and therefore cause a loss of the counterbalancing inhibi
tory effect of the PGE2. This leads to an unopposed upregulation of the AQP2 chan
nels with enhanced fluid reabsorption.8,10

Pulmonary	Edema	in	Neonates
Compromised lung water clearance is a prominent feature of neonatal RDS and BPD. 
The pulmonary edema can lead to respiratory failure by impairing respiratory 
mechanics and causing ventilation–perfusion mismatching.

Similar to all capillary beds, the mechanism of edema formation in the pulmo
nary vasculature is the result of either increased permeability of the pulmonary 
vasculature or an increase in the capillary hydrostatic pressure. Clinicians therefore 
often classify patients based on the primary mechanism associated with the disease. 
Often, however, it is difficult to make a clear assignment to one of these two catego
ries because each primary mechanism has features of the other.

Of the two primary types, highpermeability edema is frequently more difficult 
to manage. A breakdown in capillary endothelial tight junctions and the alveolar 
epithelial barrier leads to the development of proteinrich alveolar edema. High
permeability edema often occurs as the result of an inflammatory insult, and it is 
typically seen in acute lung injury. Inflammation, the most likely cause of the break
down in the endothelial–epithelial barrier, very often causes myocardial dysfunction 
as well.39
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Cardiogenic pulmonary edema is a result of acute or chronic myocardial or 
valvular dysfunction, causing increased left ventricular enddiastolic volume and 
pressure, which then leads to increased pulmonary venous and capillary hydrostatic 
pressures.22 Studies of adults have shown that the respiratory gas exchange abnor
malities present in the setting of cardiogenic pulmonary edema is worse than pre
dicted simply by the perturbations in the Starling capillary fluid relationship. West 
and MathieuCostello40 have demonstrated that in the presence of conditions that 
can increase the pulmonary capillary pressure, the pulmonary capillary walls undergo 
structural changes. These structural changes result in endothelial and alveolar epi
thelial disruption as well as increased capillary permeability known as capillary 
stress fracture. The end result of this process is the development of highpermeability 
pulmonary edema,40 causing the endothelial permeability to increase. Similar capil
lary stress fractures can also occur as a result of pulmonary arterial hypertension 
and in response to elevated alveolar pressures that can sometimes occur during 
mechanical ventilation. VEGF levels are increased in patients with cardiogenic pul
monary edema and may play a role in its production.22,41

Several developmental changes may place neonates at risk for pulmonary 
edema. For example, in fetuses, the pulmonary endothelial intracellular junctions 
are fenestrated. By comparison, in adults, the endothelial cells are more tightly 
joined, creating an intact barrier. The higher endothelial permeability observed in 
fetuses is likely attributable to the combined actions of lower blood oxygen tensions, 
as well as a high level of circulating endothelin1, VEGF, and angiotensin II. Each 
of these factors creates a tendency to increase vascular permeability. Additionally, 
nitric oxide (NO), which has been shown to prevent endothelial leakage in the lung, 
is produced in lower amounts in premature neonates. NO production in the pul
monary vasculature increases as fetuses approach term, subsequently reaching a 
maximum concentration at age 2 to 3 days.42,43 Finally, various scaffolding proteins 
in the pulmonary endothelium, important for endothelial barrier function, change 
at birth, contributing to the perinatal changes in vascular permeability.42

The pulmonary endothelial cells contain microdomains of anionic charge and 
glycoconjugate specificity located on cell organelles that are responsible for the trans
port of water, small solutes, and other macromolecules. Mills and Haworth44 dem
onstrated that alterations within these domains, rather than the intercellular junctions, 
have the biggest impact on the change in pulmonary capillary endothelial permeability 
during the first week of life. Transport of water and small solutes are associated pri
marily with areas of anionic charge. They demonstrated that in newborn pigs, a 
greater proportion of the endothelial plasmalemma and its vesicles had anionic charge, 
suggesting greater transport of fluid into the interstitium. By 1 week of life, the com
position of the pulmonary capillary endothelium had altered and was similar to that 
seen in adults.44 Neonates are susceptible to pulmonary edema until the maturational 
changes in these factors that regulate endothelial permeability are complete.

This tendency for neonates to develop pulmonary edema is even greater in 
preterm neonates. As stated previously, the switch in prenatal ion transport in the 
fetal airway epithelium from Cl− secretion to Na+ absorption plays a significant role 
in the transition from lung liquid secretion to lung liquid reabsorption. The Na+ 
absorption is facilitated primarily from the amiloridesensitive sodium channels 
(ENaCs). This transition is necessary for postnatal adaption to air breathing. Com
pared with neonates born at gestational ages greater than 30 weeks, the stable 
maximal baseline nasal potential difference, a surrogate marker for ENaC activity, 
was lower in infants born at gestational ages less than 30 weeks. Thus, although 
preterm infants do demonstrate the same transition from Cl secretion to Na+ absorp
tion as fullterm infants do, the ENaC activity, which is necessary to facilitate lung 
fluid clearance, is reduced in preterm neonates compared with term neonates.45

Respiratory	Distress	Syndrome	and	Bronchopulmonary	Dysplasia
Inadequate lung water clearance may cause lung edema in both neonatal RDS and 
in BPD. At birth, the pulmonary epithelium, which was secreting water into the 
airway during fetal life, must rapidly begin water absorption. This functional change 
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involves an upregulation of the AQPs, specifically AQP4, and an upregulation of 
epithelial cell membrane sodium–potassium ATPase and sodium channels. The later 
epithelial membrane compounds establish the osmotic gradients needed to drive the 
water movement through the AQPs. In most healthy infants, the majority of the lung 
water present before birth is cleared mechanically in the first minutes of life as the 
baby fills the alveolar sacs with air. The rest of the water remains in the lungs to be 
cleared over the first several postnatal days. Premature infants often seem to lack 
the ability to clear this excess fluid from the lungs, which contributes to the patho
genesis RDS and BPD in this patient population. A longnoted clinical observation 
is that diuresis precedes the improvement in respiratory function from acute RDS, 
and therapeutic diuretics improve outcome in chronic BPD.10,16,30

Several investigators have speculated that impaired clearance of pulmonary fluid 
in premature infants is attributable to a unique feature of the AQP3 water channel. 
AQP3, which has been localized to the type II pneumocyte, is pH sensitive. Acidi
fication of the ECF decreases the water permeability of these channels. Thus, acidosis 
caused by impaired oxygen delivery or poor ventilation in a premature infant with 
RDS leads to an impaired ability to clear the alveolar fluid through AQP3.8,14

In addition to the AQPs, other channels play important roles in the clearance 
of lung fluid in the perinatal period. In fetuses, active secretion of chloride ions (Cl−) 
across the pulmonary epithelium generates the osmotic force that causes water to 
move from the lung microcirculation into the future airspaces of the lungs. Several 
days before birth, the Cl− secretion decreases, and Na+ uptake by the lung epithelium 
increases. Lung fluid follows the sodium, causing the fluid from the lung lumen to 
move into the interstitial space and then into the bloodstream or lymphatic system.46

Because the transition within the lungs from the state of secretion to that of 
absorption takes place a few days before birth, preterm delivery as well as operative 
delivery without labor are both associated with increased fluid in the pulmonary 
airspaces. This hypothesis is supported in a rabbit animal model investigation dem
onstrating that lung water content is 25% greater after preterm delivery compared 
with term delivery. In addition, the term rabbits born after the onset of labor had 
less water in their lungs than did rabbits that were delivered operatively without 
prior onset of labor.46

Recent studies have identified amiloride sensitive sodium channels (ENaCs) on 
the apical surface of the airway epithelium, which appear to be critical in the process 
of lung fluid clearance. In human fetal lungs, these ENaC subunits are present in 
the earliest stages of lung development but at a lower concentrations than observed 
in mature fetuses. In preterm infants, there is a significant decrease in the β subunit 
of the ENaC during the first day of life. The resultant impairment of neonatal lung 
fluid clearance that results from this decrease in the β subunit may contribute to 
respiratory distress often seen in these infants.47 The observation that both term 
neonates with transient tachypnea of the newborn and older infants with BPD have 
decreased levels of amiloridesensitive NPD (nasal potential difference, a correlate 
for ENaC activity) support the relationship between ENaC activity and lung fluid 
clearance.45,48 Additionally, glucocorticoids, which when given antenatally decrease 
the incidence of RDS, cause an upregulation of all three ENaC subunits.

Although surfactant deficiency has been implicated as the primary pathology 
of RDS, it is also likely that the factors that impair fluid clearance from the lung 
outlined above play a prominent role in the pathogenesis of this condition.47,49 Fluid 
management in newborn infants with acute respiratory failure should be undertaken, 
keeping in mind that these infants are at great risk for expansion of the ECW. There
fore, routine sodium supplementation and excessive parenteral fluid administration 
should be carefully managed in infants with respiratory distress until postnatal 
diuresis and naturesis are observed.30

Fluid	Retention	After	Cardiopulmonary	Bypass
Cardiopulmonary bypass in infants and children is associated with a generalized 
disturbance of vascular permeability with significant edema formation as well as 
effusions. This can lead to a state of extravascular fluid accumulation with severe 
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edema, secondary intravascular volume depletion, and significant organ dysfunction. 
The basis of this syndrome is thought to be a systemic inflammatory response caused 
by a mixture of stimuli, including cardiopulmonary bypass circuit–induced comple
ment activation, circulatory shock, and endotoxemia.37,50 Symptoms of multiple
organ dysfunction such as delayed myocardial recovery, a need for respiratory 
support, and renal and hepatic abnormalities, are more pronounced in patients with 
higher degrees of postbypass fluid retention. A longer length of stay postoperatively 
in the intensive care unit is also associated with a higher fluid retention rate.51

In contrast to the generalized edema caused by inflammatory states from other 
etiologies such as sepsis, the microvascular permeability that occurs after cardiopul
monary bypass may begin to resolve within hours after the surgery.51 The rapid 
reversibility of this state suggests that bradykinin, which rapidly and reversibly 
increases vascular permeability by receptormediated endothelial cell contraction 
and intercellular gap formation, is the primary mediator responsible for this state. 
In fact, one study demonstrated approximately three times higher plasma concentra
tions of bradykinin in neonates, infants, and children with higher fluid retention 
rates after cardiopulmonary bypass. In this context, contact activation of Hageman 
factor with subsequent formation of prekallikrein and kallikrein, as well as the direct 
release of bradykinin from kininogens present in mast cells through the activity of 
proteases such as tryptase can be implicated as a major cause of the increased bra
dykinin level. Additionally, bypassing the pulmonary circulation decreases the expo
sure of the blood to angiotensinconverting enzyme located on the pulmonary 
endothelium, which typically inactivates bradykinin. The end result is that cardio
pulmonary bypass is associated with both an increase in bradykinin production and 
a decrease in its degradation.51 In another study, it was found that there was a strong 
correlation between post–cardiopulmonary bypass fluid retention and preoperative 
elevated levels of VEGF. Although an underlying reason for this elevation in VEGF 
in this patient population was not identified, the positive correlation with increased 
fluid retention has been noted.37

Although both these studies implicate different mediators as the underlying 
cause of the increased state of fluid retention, both studies demonstrated a significant 
association between younger age and greater degrees of postbypass fluid retention. 
In both studies, almost all patients operated on in the neonatal period demonstrated 
greater degrees of postbypass fluid retention. Although the underlying cause for this 
difference based on age is unclear, it is important for clinicians treating neonates 
after cardiopulmonary bypass to be aware of this increased incidence of postbypass 
fluid retention and therefore to expect a more complicated postoperative course with 
these patients.

Conclusion
Edema in the neonatal population is similar to edema in older children and adults 
in that it is caused by an imbalance in Starling capillary forces. A number of factors 
make neonates more prone to these perturbations. Importantly, their vasculature is 
more permeable compared with older patients, newborns have very high levels of 
total body fluid, and the high pulmonary vascular resistance renders them vulnerable 
to developing lung edema. The acute and chronic respiratory disease such as RDS 
and BPD may be partly attributable to an inability to adequately rid the prenatally 
acquired fluid. Clinicians treating infants in this population should be aware of these 
factors that render neonates more prone to edema and to adjust fluid management 
carefully.
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CHAPTER 17 

Kidney Injury in the Neonate
Sharon P. Andreoli, MD

d Definition
d Epidemiology and Incidence of Kidney Injury in Neonates
d Etiology of Kidney Injury in Newborns
d Medical Management of Acute Kidney Injury in Neonates
d Therapies to Decrease Injury and Promote Recovery
d Acute and Chronic Renal Replacement Therapy
d Prognosis

Acute kidney injury (AKI; previously known as acute renal failure) and chronic 
kidney disease (CKD; previously known as chronic renal failure) in neonates is a 
very common problem, and there are many different causes of kidney injury in 
newborns (Table 17-1). Although many cases of AKI can resolve with return of 
kidney function to normal, some causes of AKI result in permanent kidney injury 
that is apparent immediately. Others may result in kidney disease years after the 
initial insult. It is well known that kidney diseases such as kidney dysplasia, obstruc-
tive uropathy, and cortical necrosis can lead to CKD. In contrast, it has been thought 
in the past that AKI caused by hypoxic ischemic and nephrotoxic insults was revers-
ible with return of kidney function to normal. However, recent studies have dem-
onstrated 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, AKI in neonates from any cause is a risk factor 
for later development of CKD.1-3

AKI is classified as prerenal, intrinsic kidney disease including vascular insults 
and obstructive uropathy. In newborns, kidney injury may have a prenatal onset in 
congenital diseases such as kidney dysplasia with or without obstructive uropathy 
and in genetic diseases such as autosomal recessive polycystic kidney disease. New-
borns with congenital and genetic kidney diseases that have a prenatal onset  
may have stigmata of Potter syndrome caused by in utero oliguria with resultant 
oligohydramnios. Newborns with Potter syndrome may have life-threatening  
pulmonary insufficiency, a flattened nasal bridge, low-set ears, joint contractures,  
and other orthopedic anomalies caused by fetal constraint as a result of the 
oligohydramnios.

AKI and CKD may also result from the in utero exposure of the developing 
kidneys to agents that may interfere with nephrogenesis such as angiotensin-
converting enzyme (ACE) inhibitors, angiotensin II receptor blockers (ARBs), and 
perhaps cyclooxygenase (COX) inhibitors.4-7 Exposure of a developing fetus to ACE 
inhibitors and ARBs have each been associated with kidney dysfunction that is acute 
and chronic, fetal death, and undermineralization of the calvarial bones.4,5 Exposure 
to ACE inhibitors or ARBs is most detrimental for kidney 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
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AKI in newborns is also commonly acquired in the postnatal period because 
of hypoxic ischemic injury and toxic insults. As in older children, hospital-acquired 
AKI in newborns is frequently multifactorial in origin.3,8-14 Because nephrogenesis 
proceeds through approximately 34 weeks of gestation, ischemic or hypoxic and 
toxic insults in the developing kidney in a premature newborn can result not only 
in AKI, but also in long-term complications associated with potential interrupted 
nephrogenesis. Whether kidney disease is congenital or acquired, it is important to 
appropriately manage the fluid and electrolyte imbalances and other side effects of 
kidney injury in newborns.

Definition
Currently, there is no uniform definition of AKI in pediatric or neonatal patients, 
and AKI is defined in multiple ways, but the majority of definitions of AKI currently 
in use involve a change in the serum creatinine level; in neonates, AKI is frequently 
defined by a change in the serum creatinine according to gestational age. AKI is 
characterized by an increase in the blood concentration of creatinine and nitroge-
nous waste products, a decrease in the glomerular filtration rate (GFR), and the 

Table 17-1 ETIOLOGY OF ACUTE KIDNEY INJURY IN NEONATES

Prerenal injury
• Decreased true intravascular volume

• Dehydration
• Gastrointestinal losses
• Salt-wasting kidney or adrenal disease
• Central or nephrogenic diabetes insipidus
• Third-space losses (sepsis, traumatized tissue)

• Decreased effective intravascular blood volume
• Congestive heart failure
• Pericarditis, cardiac tamponade

Intrinsic kidney disease
• Acute tubular necrosis

• Ischemic/hypoxic insults
• Drug induced: aminoglycosides, intravascular contrast, NSAIDs
• 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 kidney diseases
• Dysplasia or hypoplasia
• Cystic kidney diseases

• Autosomal recessive polycystic kidney disease
• Autosomal dominant polycystic kidney disease
• Cystic dysplasia
• In utero exposure to ACE inhibitors or ARBs

ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blockers, NSAID, nonsteroidal 
antiinflammatory drug.
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inability of the kidney to appropriately regulate fluid and electrolyte homeostasis. 
After birth, the serum creatinine in the newborn is a reflection of maternal kidney 
function and cannot be used as a measure of kidney function in the newborn shortly 
after birth.15,16 In full-term healthy newborns, the GFR rapidly increases, and the 
serum creatinine declines to about 0.4 to 0.6 mg/dL (35.4–53.0 µmol/L) at about 2 
weeks of age; the serum creatinine declines at a slower rate in premature infants.14-16 
Thus, use of serum creatinine as a determinate of kidney insufficiency requires that 
the gestational age at time of birth and the postnatal age, as well as maternal factors, 
be taken into account.

It is clear that a change in the serum creatinine is a rough measure of changes 
in kidney function and that better determinates of real-time kidney renal function 
are needed. Recent exciting studies have investigated the use of early biomarkers of 
AKI so that AKI can be diagnosed before changes in the serum creatinine are 
detected.17-21 Biomarkers under investigation include changes in plasma neutrophil 
gelatinase-associated lipocalin (NGAL) and cystatin C levels and urinary changes in 
NGAL, interleukin-18 (IL-18) and kidney injury molecule-1 (KIM-1).17,18 NGAL has 
shown promise in children undergoing cardiac surgery as an early marker of AKI.17 
Studies in premature and term infants document that urine NGAL is detectable and 
correlates with birth weight and gestational age; however, levels were increased in 
neonates with normal renal function.19-21 Additional studies to determine the utility 
of biomarkers in neonates with AKI are warranted. The development, testing, and 
successful implementation of therapeutic strategies in AKI will require the develop-
ment of sensitive biomarkers so that therapy can be initiated in a timely manner.

The definition of AKI in pediatric patients has been quite variable. A new  
classification system called the RIFLE criteria (risk for renal dysfunction, injury to 
the kidney, failure of kidney function, loss of kidney function, and end-stage kidney 
disease) has been proposed as a standardized classification of AKI in adults22 and 
has been adapted for pediatric patients.23 The pediatric RIFLE (pRIFLE) was found 
to better classify pediatric AKI and to reflect the course of AKI in children admitted 
to intensive care units (ICUs).23 The pRIFLE criteria appear quite promising for 
better characterization of AKI and have been validated in children; additional studies 
need to be done to further validate this classification.23 Further validation and uti-
lization of the pRIFLE criteria would allow for intercenter comparisons of AKI in 
children. In a study of pediatric patients of whom 36% were neonates, AKI as clas-
sified by pRIFLE criteria was shown to correlate with mechanical ventilation, meta-
bolic acidosis, and hypoxia in the neonate.24

Although a decrease in urine output is a common clinical manifestation of AKI, 
many forms of AKI are associated with normal urine output.1,3 Whereas newborns 
with prerenal injury, AKI caused by hypoxic/ischemic insults, or cortical necrosis 
are more likely to have oligo/anuria (urine output <1.0 mL/kg/h), newborns with 
nephrotoxic kidney insults, including aminoglycoside nephrotoxicity and contrast 
nephropathy, are more likely to have AKI with normal urine output. The morbidity 
and mortality of nonoliguric AKI is substantially less than for oliguric AKI.9-14

This chapter reviews the epidemiology of kidney injury in newborns, the 
common causes of AKI and CKD in newborns with a focus on hypoxic ischemic 
and nephrotoxic insults, management of AKI and CKD in newborns, and long-term 
follow-up of neonates who have had AKI.

Epidemiology and Incidence of Kidney injury  
in Neonates
AKI in neonates is fairly common and is a major contributor to morbidity and  
mortality.25 Although the precise incidence and prevalence of kidney disease in 
newborns is unknown, several studies have demonstrated that kidney injury is 
common in neonatal ICUs (NICUs) and pediatric ICUs (PICUs).8-31 The incidence 
of kidney disease ranged from 6% to 24% of newborns in NICUs, and in at least 
one study, AKI was particularly common in neonates who had undergone cardiac  
surgery.9,11,14-16 Neonates with severe asphyxia had a high incidence of AKI; AKI is 
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less common in neonates with moderate asphyxia, and the AKI was nonoliguric, 
oliguric, and anuric in 60%, 25%, and 15%, respectively.12

Other studies have demonstrated that very low birth weight (VLBW; <1500 g), 
a low Apgar score, a patent ductus arteriosus (PDA), and maternal administration 
of antibiotics and nonsteroidal antiinflammatory drugs (NSAIDs) was associated 
with the development of AKI.28 Other studies have also shown that low Apgar score 
and maternal ingestion of NSAIDs is associated with decreased kidney function  
in preterm infants.29,30 A recent study demonstrated that AKI was diagnosed in 56% 
of infants with perinatal asphyxia.31 The incidence of AKI in newborns in a develop-
ing country was 3.9 in 1000 live births and 34.5 in 1000 newborns admitted to  
the NICU.32

Several very interesting studies have demonstrated that some newborns may 
have genetic risk factors for AKI. Polymorphism of the 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 AKI.33 In studies in newborns, polymor-
phisms of tumor necrosis factor α (TNF-α), IL-1b, IL-6, and IL-10 genes were 
investigated in newborns to determine if polymorphisms of these genes would lead 
to a more intense inflammatory response and predispose newborns to AKI.34 The 
allelic frequency of the individual genes did not differ between newborns with AKI 
and those without AKI, but the TNF-α/IL-6 AG/GC haplotypes were present in 26% 
of newborns who developed AKI compared with 6% of newborns who did not. The 
investigators suggested that the combination of these polymorphisms might lead to 
a greater inflammatory response and the development of AKI in neonates with 
infection.34 As described below, future therapies for AKI might involve strategies to 
interrupt the inflammatory response. 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 AKI compared with neonates without AKI, but they may be associ-
ated with PDA and heart failure and indirectly contribute to CKD.33,35 AKI occurred 
more commonly in VLBW neonates carrying the heat shock protein 72 (1267) GG 
genetic variation, which is associated with low inductability of heat shock protein 
72.36 Given the important role of heat shock proteins in ischemic kidney injury, 
these findings suggest that some neonates are more susceptible to ischemic injury.37 
Future studies of the genetic background of children at risk for AKI because of 
medication exposure, toxin exposure, ischemic hypoxic insults, or other insults  
will likely impact the management of children at risk for AKI and the management 
of AKI.

Etiology of Kidney Injury in Newborns
There are many different etiologies of AKI and CKD in neonates (Table 17-1), and 
the most common are related to prerenal mechanisms, including hypotension, 
hypovolemia, hypoxemia, perinatal and postnatal asphyxia, sepsis, and obstructive 
uropathy.38,39

Prerenal Injury
In prerenal injury, kidney function is decreased because of decreased kidney perfu-
sion, but the kidney is intrinsically normal. Restoration of normal kidney perfusion 
results in a return of kidney function to normal; acute tubular necrosis (ATN) implies 
that the kidney has experienced intrinsic damage. However, the evolution of prerenal 
injury to intrinsic kidney injury is not sudden, and a number of compensatory 
mechanisms work together to maintain kidney perfusion when kidney perfusion is 
compromised.40,41 When kidney perfusion is decreased, the afferent arteriole relaxes 
its vascular tone to decrease kidney vascular resistance and maintain kidney blood 
flow. Decreased kidney perfusion results in increased catecholamine secretion, acti-
vation of the renin–angiotensin system, and generation of prostaglandins. During 
kidney hypoperfusion, the intrarenal generation of vasodilatory prostaglandins, 
including prostacyclin, mediates vasodilatation of the kidney microvasculature to 
maintain kidney perfusion.40,41 Administration of aspirin or NSAIDs can inhibit this 
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compensatory mechanism and precipitate acute kidney insufficiency during kidney 
hypoperfusion. As discussed later, administration of indomethacin for closure of the 
PDA in premature newborns is associated with a substantial risk of kidney injury.42-46 
It was originally thought that selective COX-2 inhibitors would be kidney sparing, 
but it has been recognized that the selective COX-2 inhibitors can adversely affect 
kidney hemodynamics similar to the effects of nonselective COX inhibitors.47,48 In 
addition, clinical use of selective COX-2 inhibitors has been associated with AKI in 
adult patients.48 Similarly, when kidney perfusion pressure is low as in renal artery 
stenosis, the intraglomerular pressure necessary to drive filtration is partly mediated 
by increased intrarenal generation of angiotensin II to increase efferent arteriolar 
resistance.40,49,50 Administration of ACE inhibitors in these conditions can eliminate 
the pressure gradient needed to drive filtration and precipitate AKI.49,50 Thus, admin-
istration of medications that can interfere with compensatory mechanisms to main-
tain kidney perfusion can precipitate AKI in certain clinical circumstances.

Prerenal injury results from kidney hypoperfusion caused by true volume con-
traction or from a decreased effective blood volume.40 Volume contraction results 
from hemorrhage, dehydration caused by gastrointestinal losses, salt-wasting kidney 
or adrenal diseases, central or nephrogenic diabetes insipidus, increased insensible 
losses, and in disease states associated with third-spaces losses such as sepsis, trau-
matized tissue, and capillary leak syndrome; decreased effective blood volume 
occurs when the true blood volume is normal or increased, but kidney perfusion is 
decreased because of diseases such as congestive heart failure and cardiac tampon-
ade.40 Whether prerenal injury is caused by true volume depletion or decreased 
effective blood volume, correction of the underlying disturbance will return kidney 
function to normal.

The urine osmolality, urine sodium concentration, fractional excretion of 
sodium (FENa), and renal failure index have all been proposed to be used to help 
differentiate prerenal injury from vasomotor nephropathy or ATN. This differentia-
tion is based on the premise that the tubules are working appropriately in prerenal 
injury and are, therefore, able to conserve salt and water appropriately, but in vaso-
motor nephropathy, the tubules have progressed to irreversible injury and are unable 
to appropriately conserve sodium.16 During prerenal injury, the tubules are able to 
respond to decreased kidney perfusion by appropriately conserving sodium and 
water such that the urine osmolality is greater than 400 to 500 mOsm/kg H2O, the 
urine sodium is less than 10 to 20 mEq/L, and the FENa is less than 1% in children. 
Because the renal tubules in newborns and premature infants are relatively immature 
compared with those of older infants and children, the corresponding values sug-
gestive of kidney hypoperfusion are urine osmolality greater than 350 mOsm/kg 
H2O, urine sodium less than 20 to 30 mEq/L, and FENa of less than 2.5%.3,16 When 
the renal tubules have sustained injury as occurs in ATN, they cannot appropriately 
conserve sodium and water such that the urine osmolality is less than 350 mOsm/
kg H2O, the urine sodium is greater than 30 to 40 mEq/L, and the FENa is greater 
than 2.5%. However, the use of these numbers to differentiate prerenal injury from 
ATN requires that the patient has normal tubular function initially. Although this 
may be the case in some pediatric patients, newborns, particularly premature new-
borns whose tubules are immature, may have kidney injury with urinary indices 
suggestive of ATN. Therefore, it is important to consider the state of the function of 
the tubules before the potential onset that might precipitate vasomotor nephropathy 
or ATN.

Acute Ischemic Kidney Injury and Nephrotoxic Kidney Injury
Acute Ischemic Kidney Injury
Ischemic AKI (also known as ATN) can evolve from prerenal injury if the insult 
is severe and sufficient enough to result in vasoconstriction and ATN. Recent 
studies suggest that the vasculature of the kidney may play a role in acute injury 
and chronic injury as well, and the endothelial cell has been identified as a 
target of injury. Peritubular capillary blood flow has been shown to be abnormal 
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during reperfusion, and there is also a loss of normal endothelial cell function 
in association with distorted peritubular pericapillary morphology and function.51,52 
The mechanism of cellular injury in hypoxic/ischemic AKI is not known, but 
alterations in endothelin (ET) or nitric oxide (NO) regulation of vascular tone, 
adenosine triphosphate (ATP) depletion and alterations in the cytoskeleton, changes 
in heat shock proteins, initiation of the inflammatory response, and the genera-
tion of reactive oxygen and nitrogen molecules may each play a role in cell 
injury.51-68

NO is a vasodilator produced from endothelial NO synthase (eNOS), and NO 
helps regulate vascular tone and blood flow in the kidneys.57,58 Recent studies suggest 
that loss of normal eNOS function occurs after ischemic/hypoxic injury, which could 
precipitate vasoconstriction.57 In contrast, inducible NO synthase (iNOS) activity 
increases after hypoxic/ischemic injury, and iNOS can participate in the generation 
of reactive oxygen and nitrogen molecules. Inducible NO synthase with the genera-
tion of toxic NO metabolites, including peroxynitrate, has been shown to mediate 
tubular injury in animal models of AKI.58,59 ET peptides are potent vasoconstrictors 
that have also been shown to play a role in the pathogenesis of AKI in animal 
models.60 In animal models of AKI in rats, circulating levels of ET-1 and tissue 
expression of ET-1protein levels was substantially increased, and ET(A) and ET(B) 
receptor gene expression was also increased after ischemic injury.61 ET receptor 
agonist for the A receptor have been shown to decrease AKI in animal models.62 
Thus, alterations in the balance of vasoconstrictive and vasostimulatory stimuli are 
likely to be involved in the pathogenesis of hypoxic/ischemic AKI.

An initial response to hypoxic/ischemic AKI is ATP depletion, which leads to 
a number of detrimental biochemical and physiologic responses, including disrup-
tion of the normal cytoskeletal organization with loss of the apical brush border and 
loss of polarity with Na+, K+-ATPase localized to the apical as well as the basolateral 
membrane.63 This has been shown in several animal models of AKI and it has also 
been shown in human kidney allografts that loss of polarity with mislocation of Na+, 
K+-ATPase to apical membrane contributes to kidney dysfunction in transplanted 
kidneys.64 Reactive oxygen molecules are also generated during reperfusion and can 
contribute to tissue injury.54 Although tubular cells and endothelial cells are suscep-
tible to injury by reactive oxygen molecules, studies have shown that endothelial 
cells are more sensitive to oxidant injury than tubular epithelial cells.55 Other studies 
have shown an important role for heat shock protein in modifying the kidney 
response to ischemic injury as well as playing a role in promoting recovery of the 
cytoskeleton after AKI.65

In children and neonates with multiorgan failure, the systemic inflammatory 
response is thought to contribute to AKI as well as other organ dysfunction by  
the activation of the inflammatory response, including increased production of 
cytokines and reactive oxygen molecules, activation of polymorphonuclear leuko-
cytes (PMNs), and increased expression of leukocyte adhesion molecules.66 Reactive 
oxygen molecules can be generated by several mechanisms, including activated 
PMNs, which may cause injury by the generation of reactive oxygen molecules, 
including superoxide anion, hydrogen peroxide, hydroxyl radical, hypochlorous 
acid, peroxynitrite or by the release of proteolytic enzymes. Myeloperoxidase from 
activated PMNs converts hydrogen peroxide to hypochlorous acid, which may react 
with amine groups to form chloramines; each of these can oxidize proteins, DNA, 
and lipids, resulting in substantial tissue injury.54,67 Leukocyte endothelial cell adhe-
sion molecules have been shown to be upregulated in ATN, and administration of 
antiadhesion molecules can substantially decrease kidney injury in animal models 
of ATN.56 As described later, several animal models have shown future therapies for 
hypoxic/ischemic AKI may involve manipulation of the inflammatory response. 
Studies in humans with AKI have demonstrated an increased evidence of oxidation 
of proteins, reflecting oxidant stress.68

In established ATN, the urinalysis may be unremarkable or demonstrate low-
grade proteinuria and granular casts, and urine indices of tubular function demon-
strate an inability to conserve sodium and water as described above. The creatinine 
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typically increases by about 0.5 to 1.0 mg/dL (44.2–88.4 µmol/L) per day. Radio-
graphic studies demonstrate kidneys of normal size with loss of corticomedullary 
differentiation, but a radionucleotide kidney scan with technetium−99-MAG3 (mer-
capto acetyl triglycine) or technetium−99-DTPA (diethylene-triamine-penta-acetic 
acid) will demonstrate normal or slightly decreased kidney blood flow with poor 
function and delayed accumulation of the radioisotope in the kidney parenchyma 
without excretion of the isotope in the collecting system (Fig. 17-1B).

In the past, it was thought that the prognosis of ischemic AKI was good except 
in cases in which the insult was 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, AKI before nephro-
genesis is complete may also result in disrupted nephrogenesis and reduced nephron 
number.69-73

The recovery of the neonate and the recovery of kidney function depend on 
the underlying events that precipitated the ischemic/hypoxic insults. Recent studies 
also indicate that AKI contributes directly to the morbidity and mortality of neonates 
and children in the NICUs and PICUs.25,26 In children who recover from ATN, the 
kidney function returns to normal, but the length of time before recovery is quite 
variable. Some children begin to recover kidney function within days of the onset 
of kidney injury, but recovery may not occur for several weeks in other children. 
Return of kidney 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 management to promote recovery 
from ATN and prevent additional kidney injury. As described below, long-term 
follow-up of newborns with AKI is warranted to evaluate for late complications.

Nephrotoxic Acute Kidney Injury
Many different drugs and agents may result in nephrotoxic AKI. Nephrotoxic  
AKI may result from the administration of a number of different medications as  
well as from indigenous compounds such as hemoglobinuria and myoglobinuria. 

Figure 17-1 MAG3 (mercapto acetyl triglycine) renal scan in a newborn with acute tubular 
necrosis B and in a newborn with cortical necrosis (A). Each scan is at 4 hours after injection 
of isotope. B shows delayed uptake of isotope with parenchymal accumulation of isotope with 
little to no excretion of isotope into the collecting system. In contrast, A demonstrates no 
kidney parenchymal uptake of isotope in a neonate with cortical necrosis. 

A B
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Nephrotoxic AKI in newborns is commonly associated with aminoglycoside antibiot-
ics, NSAIDs, intravascular contrast media, and amphotericin B; other medications 
have been implicated less commonly. Aminoglycoside nephrotoxicity usually pres-
ents with nonoliguric AKI 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 kidney function before the 
initiation of aminoglycoside therapy. The etiology of aminoglycoside nephrotoxicity 
is thought to be related to the lysosomal dysfunction of proximal tubules and is 
reversible after the aminoglycoside antibiotics have been discontinued. However, 
after the aminoglycoside is discontinued, the serum creatinine may continue to 
increase for several days because of ongoing tubular injury from continued high 
parenchymal levels of the aminoglycoside. AKI may also occur after administration 
of ACE inhibitors, probably by alteration in intrarenal hemodynamics.49,50

NSAIDs may also precipitate AKI by their effect on intrarenal hemodynamics.40-48 
Indomethacin therapy to promote closure of PDAs in premature neonates is associ-
ated with kidney dysfunction, including a 56% reduction in urinary flow rate, a 
27% reduction in GFR, and a 66% reduction in free water clearance.42,43 Other 
physiologic alterations after administration of indomethacin and ibuprofen include 
a decrease in urinary ET-1 and arginine vasopressin along with a reduction in urinary 
sodium excretion and FENa.44 Alterations in kidney function occur in approximately 
40% of premature newborns who have received indomethacin, and such alterations 
are usually reversible.45 In a large study of more than 2500 premature newborns 
treated with indomethacin to promote closure of the PDA, infants with preexisting 
kidney and electrolyte abnormalities and infants whose mothers had received indo-
methacin tocolysis or who had chorioamnionitis were at significantly increased risk 
for the development of kidney impairment.46

Vascular Injury
Renal artery thrombosis and renal vein thrombosis will result in AKI if bilateral or 
if either occurs in a solitary kidney. Renal artery thrombosis is strongly associated 
with an umbilical artery line and a PDA.74,75 In addition to AKI, children may dem-
onstrate hypertension, gross or microscopic hematuria, thrombocytopenia, and oli-
guria. In renal artery thrombosis, the initial ultrasound scan may appear normal or 
demonstrate minor abnormalities, but a renal scan will demonstrate little to no blood 
flow. In renal vein thrombosis, the ultrasound scan demonstrates an enlarged, 
swollen kidney, but 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 con-
sidered, particularly if the clot is large.74,75

Cortical necrosis is associated with hypoxic/ischemic insults caused by perinatal 
anoxia, placenta abruption, and twin–twin or twin–maternal transfusions with resul-
tant activation of the coagulation cascade.76,77 Interestingly, intrauterine laser treat-
ment in 18 sets of twins with twin–twin transfusion resulted in no long-term kidney 
impairment despite severe alterations of kidney function, including anuria and 
polyuria before the laser treatment.78 Newborns with cortical necrosis usually have 
gross or microscopic hematuria and oliguria and may have hypertension as well. In 
addition to laboratory features of an elevated blood urea nitrogen (BUN) and creati-
nine, thrombocytopenia may also be present because of the microvascular injury. 
Radiographic features include a normal kidney ultrasound scan in the early phase, 
but ultrasound scans 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. 17-1A) in contrast 
to delayed uptake of the radioisotope, which is observed in ATN (see Fig. 17-1B). 
The prognosis of cortical necrosis is worse than that of ATN. Children with cortical 
necrosis may have partial recovery or no recovery at all. Typically, children with 
cortical necrosis need short- or long-term dialysis therapy, but children who do 
recover sufficient renal function are at risk for the late development of CKD as 
described below.
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Obstructive Uropathy
Obstruction of the urinary tract can cause AKI if the obstruction occurs in a solitary 
kidney, if it involves the ureters bilaterally, or if there is urethral obstruction. Obstruc-
tion can result from congenital malformations such as posterior urethral valves, 
bilateral ureteropelvic junction obstruction, or bilateral obstructive ureteroceles. 
Acquired urinary tract obstruction can result from passage of kidney stones or rarely 
tumors. It is important to evaluate for obstruction because the management is to 
promptly relieve the obstruction.

Medical Management of Acute Kidney Injury  
in Neonates
Preventive Measures
It is thought that prerenal injury is the most common cause of AKI in neonates in 
a resource-poor setting, and because dialytic resources are scarce in such settings, 
the mortality rate was high from prerenal failure.79 Thus, on a global scale, the pre-
vention of AKI in neonates with adequate hydration is likely to have a larger impact 
on mortality than other measures.

Intravenous (IV) infusion of theophylline in severely asphyxiated neonates 
given within the first hour after birth was associated with improved fluid balance, 
improved creatinine clearance, and reduced serum creatinine levels with no effects 
on neurologic and respiratory complications.80 Other studies in asphyxiated neo-
nates also demonstrated improved kidney function and decreased excretion of β-2 
microglobulin in the neonates given theophylline within 1 hour of birth.81,82 However, 
the clinical significance of the improved kidney function was not clear, and the 
incidence of persistent pulmonary hypertension was higher in the neonates who had 
received theophylline group. The beneficial effects of theophylline are likely to be 
mediated by its adenosine antagonistic properties.83 Additional studies are needed 
to determine the significance of these findings and the potential side effects of 
theophylline.

Diuretic and Dopamine Receptor Agonist
After intrinsic kidney injury has become established, management of the metabolic 
complications of AKI involves appropriate monitoring 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 
AKI, but the conversion of oliguric to nonoliguric AKI has not been shown to alter 
the course of AKI.84 Diuretic therapy has potential theoretical mechanisms to prevent, 
limit, or improve kidney function. Mannitol (0.5–1.0 g/kg over several minutes) may 
increase intratubular urine flow to limit tubular obstruction and may limit cell 
damage by prevention of swelling or by acting as a scavenger of free radicals or 
reactive oxygen molecules. Furosemide (1–5 mg/kg/dose) also increases urine flow 
rate to decrease intratubular obstruction and inhibit Na+, K+-ATPase, which limits 
oxygen consumption in already damaged tubules with a low oxygen supply. When 
using mannitol in children or neonates with AKI, a lack of response to therapy can 
precipitate congestive heart failure, particularly if the child’s intravascular volume is 
expanded before mannitol infusion; caution should be used when considering man-
nitol therapy. In addition, lack of excretion of mannitol may also result in substantial 
hyperosmolality. Similarly, administration of high doses of furosemide in kidney 
injury has been associated with ototoxicity.84 When using diuretic therapy in chil-
dren with AKI, potential risks and benefits need to be considered. When the neonate 
is unresponsive to therapy, administering continued high doses of diuretics is not 
justified and is 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 (0.5–3-5 µg/kg/min) to improve kidney 
perfusion after an ischemic insult has become common in NICUs and PICUs. 
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Although dopamine increases kidney blood flow by promoting vasodilatation and 
may improve urine output by promoting natriuresis, no definitive studies have 
demonstrated that low-dose dopamine is effective in decreasing the need for dialysis 
or improving survival in patients with AKI.85-90 In fact, a placebo-controlled random-
ized study of low-dose dopamine in adult patients demonstrated that low-dose 
dopamine was not beneficial and did not confer clinically significant protection from 
kidney dysfunction.87 Other studies have demonstrated that renal-dose dopamine is 
not effective in the therapy of AKI, and one study demonstrated that low-dose 
dopamine worsened kidney perfusion and kidney function.90

Fenoldopam is a potent short-acting selective dopamine-1 receptor agonist that 
decreases vascular resistance while increasing kidney blood flow.91 A recent meta-
analysis of 16 trials of fenoldopam in adults concluded that therapy with fenoldopam 
decreased the incidence of AKI, decreased the need for renal replacement therapy, 
decreased length of ICU stay, and decreased death from any cause.92 Fenoldopam 
has been used in a few children with AKI, including two children receiving therapy 
with a ventricular assist device as a bridge to cardiac transplantation; therapy with 
fenoldopam was thought to avoid the need for renal replacement therapy in one 
child.93 Additional studies using fenoldopam need to be performed in children and 
neonates with AKI.

Electrolyte Management
Mild hyponatremia is very common in AKI and may be attributable to hyponatremia 
dehydration, but fluid overload with dilutional hyponatremia is much more common. 
If the serum sodium is greater than 120 mEq/L, fluid restriction or water removal 
by dialytic therapy will correct the serum sodium. However, if the serum sodium is 
less than 120 mEq/L, the neonate is at higher risk for seizures from hyponatremia, 
and correction to a sodium level of approximately 125 mEq/L with hypertonic saline 
should be considered. Because 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 AKI in neonates.94 The 
serum potassium level may be falsely elevated if the technique of the blood drawing 
is traumatic 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 depends on the 
acid–base balance and the other serum electrolytes. Hypocalcemia, which is common 
in kidney injury, exacerbates the adverse effects of the serum potassium on cardiac 
conduction pathways. Tall peaked T waves are the first manifestation of cardiotoxic-
ity, and prolongation of the PR interval, flattening of P waves, and widening of QRS 
complexes are later abnormalities. Severe hyperkalemia will eventually lead to ven-
tricular tachycardia and fibrillation and requires prompt therapy with sodium bicar-
bonate, IV glucose and insulin, IV calcium gluconate, and albuterol.95,96 Albuterol 
infusions of 400 µg given every 2 hours as needed have been shown to rapidly lower 
serum potassium levels.96 All of these therapies are temporizing measures and do 
not remove potassium from the body. Kayexalate Na given orally per nasogastric 
tube, or per rectum will exchange sodium for potassium in the gastrointestinal tract 
and result in potassium removal.94,97 Complications of Kayexalate Na therapy include 
possible hypernatremia, sodium retention, and constipation. In addition, Kayexalate 
therapy has been associated with colonic necrosis.98 Depending on the degree of 
hyperkalemia and the need for correction of other metabolic derangements in AKI, 
hyperkalemia frequently requires the initiation of dialysis or hemofiltration.

Because the kidney excretes net acids generated by diet and intermediary 
metabolism, acidosis is very common in AKI. Severe acidosis can be treated with IV 
or oral sodium bicarbonate, oral sodium citrate solutions, or dialysis therapy. When 
considering treatment of acidosis, it is important to consider the serum ionized 
calcium level. Under normal circumstances, approximately half the total calcium is 
protein bound, and the other half is free and in the ionized form, which is what 
determines the transmembrane potential and electrochemical gradient. Hypocalce-
mia is common in AKI, and acidosis increases the fraction of total calcium to the 
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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 or 
seizures.

Because the kidney excretes a large amount of ingested phosphorus, hyper-
phosphatemia is a very common electrolyte abnormality noted during AKI. Hyper-
phosphatemia 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.99 Because most neonates with AKI have 
hypocalcemia, use of calcium-containing phosphate binders provides a source of 
calcium as well as phosphate-binding capacity.

In many instances, AKI is associated with marked catabolism, and malnutrition 
can develop rapidly, leading to delayed recovery from AKI. Prompt and proper nutri-
tion is essential in the management of newborns with AKI. 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 dialysis should be instituted.

Therapies to Decrease Injury and Promote Recovery
Although there is not a current specific therapy to prevent kidney injury or promote 
recovery in human ATN, several potential therapies are being studied, and future 
management of AKI may also include antioxidant, antiadhesion molecule therapy, 
the administration of vascular mediators, or mesenchymal stem cells (MSCs) to 
prevent injury or promote recovery.100-107 Several different therapies have been shown 
to prevent, decrease, or promote recovery in animal models of AKI. Melanocyte-
stimulating hormone has antiinflammatory activity and has been shown to protect 
renal tubules from injury.100 Scavengers of free radicals and reactive oxygen and 
nitrogen molecules, as well as antiadhesion molecules, have been shown to decrease 
the degree of injury in animal models of AKI.102 Recently, very interesting studies 
have also demonstrated that multipotent MSCs may play a role in promoting recov-
ery from AKI in animal models.103

Despite the promise of animal models of intervention in AKI, clinical studies 
in humans have been largely disappointing, including studies using anaritide (atrial 
natriuretic peptide) and insulin-like growth factor 1.104,105 Because therapy in these 
studies was initiated when kidney injury was well established, it is likely that the 
opportunity to intervene and impact the recovery from AKI had been missed.106,107 
As mentioned previously, the development and testing of interventions for AKI will 
require the development of early biomarkers of injury that are much more sensitive 
than serum creatinine.

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 kidney function returns 
or to maintain the neonate until kidney transplantation is possible. Renal replace-
ment therapy may be provided by peritoneal dialysis, intermittent hemodialysis, 
and hemofiltration with or without a dialysis circuit. Whereas peritoneal dialysis 
and hemodialysis are options for long-term dialysis in infants whose kidney function 
does not improve, hemofiltration is used for AKI. Each mode of renal replacement 
therapy has specific advantages and disadvantages (Table 17-2). For AKI, the pre-
ferential use of hemofiltration by pediatric nephrologists is increasing, and the use 
of peritoneal dialysis is decreasing except for in neonates and small infants.108

No studies in newborns have compared the outcome of AKI or CKD when 
different renal replacement therapies are used in the treatment of AKI or CKD. Many 
factors, including the age and size of the child, the cause of kidney injury, 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.108
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The indications to initiate renal replacement therapy are not absolute and take 
into consideration a number of factors, including the cause of kidney injury, the 
rapidity of the onset of kidney injury, the severity of fluid and electrolyte abnormali-
ties, and the nutritional needs of the neonate. Because neonates and infants have 
less muscle mass than older children, they require initiation of renal replacement 
therapy at lower serum levels of serum creatinine and BUN compared with 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 AKI and CKD in neo-
nates because vascular access is difficult to maintain in neonates. Advantages of 
peritoneal dialysis are that it is relatively easy to perform and does not require hepa-
rinization, and the newborn does not need to be hemodynamically 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 the use of dialysate with  
higher glucose concentrations, will remove more solute and water, respectively.  
Relative contraindications include recent abdominal surgery and massive organo-
megaly or intraabdominal masses as well as ostomies, which may increase the risk 
of peritonitis.

Access to the peritoneal cavity is usually through a Tenckhoff catheter. Alter-
nately, several VLBW neonates were successfully dialyzed by using a 14-gauge vas-
cular catheter to access the peritoneal fluid.109 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 to 20 mL/kg body 
weight; in neonates, it is usually initiated with slightly lower volumes of 5 to 10 mL/
kg body weight. Low-volume peritoneal dialysis has a milder effect on the 

Table 17-2 COMPARISON OF RENAL REPLACEMENT THERAPIES

PD HD CVVH or CVVHD

Solute removal Good Excellent Fair (excellent)

Fluid removal Good Excellent Excellent (excellent)

Toxin removal Fair Excellent Fair (good)

Removal of potassium Fair Excellent Fair (good)

Removal of ammonia Fair Excellent Fair (good)

Need for hemodynamic stability No Yes No (no)

Need for anticoagulation No Yes Variable (variable)

Ease of access Easy Variable Variable (variable)

Continuous Yes No Yes (yes)

Respiratory compromise Occasional No No (no)

Risk for peritonitis Yes No No (no)

Risk for hypotension Low High High (high)

Disequilibrium No Yes No (no)

Reverse osmosis water No Yes No (no)

CVVH, continuous venovenous; CVVHD, continuous venovenous hemodiafiltration; HD, hemodialysis; 
PD, peritoneal dialysis.
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hemodynamic status of neonates and has been shown to effectively control uremia 
and promote ultrafiltration in neonates and older children.110-113 The dialysate 
volume can be increased depending on 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 aggra-
vate the acidosis. Peritoneal dialysis with a bicarbonate-buffered dialysate solution 
should be used in neonates with lactate acidosis.

Substantial fluid and electrolyte imbalances can occur during peritoneal dialy-
sis, especially when using frequent exchanges, and prolonged use of hypertonic 
glucose solutions can result in hyperglycemia, hypernatremia, and hypovolemia. 
Peritonitis (dialysate white blood cell count >100/mm3) 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 to 5 mEq/L of KCl or 2 to 3 mEq/L of potassium phosphate can be added 
to the dialysate. To avoid hypothermia in neonates, the dialysate should be warmed 
to body temperature before infusion into the peritoneal cavity.

Although technically challenging, long-term peritoneal dialysis has been carried 
out in VLBW infants with a weight as low as 930 g,114 and short-term peritoneal 
dialysis has been used in smaller premature newborns.110-113 Peritoneal dialysis has 
been shown to provide adequate clearance in neonates with AKI after cardiopulmo-
nary bypass.111 The majority of infants who have undergone long-term peritoneal 
dialysis were found to have normal developmental milestones or attended regular 
school and had good growth and development.112 Neonates and infants with oliguria 
and with extrarenal abnormalities and a higher mortality rate compared with infants 
with isolated kidney disease and nonoliguric kidney injury.113

Hemodialysis
Hemodialysis has also been used for several years in the treatment of AKI and CKD 
during childhood.115,116 Hemodialysis has the advantage that metabolic abnormalities 
can be corrected rather quickly and hypervolemia can be corrected by rapid ultra-
filtration as well. The disadvantages of hemodialysis 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 
treatment of metabolic disorders associated with hyperammonemia from urea cycle 
defects.116 Relative contraindications include hemodynamic instability and severe 
hemorrhage.

During hemodialysis, rapid ultrafiltration may also result in hypotension, which 
has also been shown to result in additional renal ischemia and potentially prolong 
the episode of AKI. Rapid removal of BUN and other uremic products can result in 
dialysis disequilibrium, particularly if the child begins hemodialysis with a high BUN 
(>120–150 mg/dL [42.8–53.5 mmol/L]). The pathogenesis of this syndrome is 
complex and multifactorial, but may be related to 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.117 This severe complication of hemodialysis can be prevented by slowly lower-
ing the BUN during hemodialysis 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.

Whereas vascular access in newborns can be provided by umbilical vessels, 
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 
jugular 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 
child blood volume. Blood flow rates to achieve clearances of 1.5 to 3.0 mL/kg/min 
are used depending on the indications for dialysis, the initial BUN level and degree 
of azotemia, and the clinical status of the child. Again, depending on the clinical 
status of the child and the degree of azotemia, clearances can be increased to 3 to 
5 mL/kg/min in subsequent dialysis sessions. To maintain adequate control of 
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azotemia and to allow for adequate nutrition during AKI, frequent hemodialysis (as 
often as daily) may be needed in neonates.

Hemofiltration
Over 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 and continuous venovenous hemodiafiltration (CVVHD), 
has become increasingly popular in the treatment of AKI during childhood.118-121 
Whereas hemofiltration without dialysis (CVVH) follows the principle of removal of 
large quantities of ultrafiltrate from plasma with replacement of an isosmotic elec-
trolyte solution, hemofiltration with dialysis (CVVHD) also results in solute removal 
via the added dialysis circuit. The advantages of hemofiltration (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 continuous, avoiding rapid solute 
and fluid shifts that occur in hemodialysis. The disadvantages include that hemofil-
tration may require constant heparinization, and there is a potential for severe fluid 
and electrolyte abnormalities because of the large volume of fluid removed and 
subsequently replaced. In neonates at risk of bleeding, regional anticoagulation with 
citrate can be performed to minimize the risk of bleeding. Hemofiltration and hemo-
diafiltration were found to allow good control of fluid, electrolyte, and acid–base 
balance and have been used in newborns with inborn errors of metabolism.120 The 
survival rate in children weighing up to 10 kg undergoing CVVH is similar to that 
of older children and adolescents.121 As in hemodialysis, catheterization of a large 
vessel is necessary to obtain blood flows adequate for hemofiltration. Catheters can 
be placed in the internal or external jugular veins or in the femoral vein. CVVH can 
also be performed in neonates and children on extracorporeal membrane oxygen-
ation (ECMO) by adding a filter in the ECMO circuit or by inserting a continuous 
renal replacement therapy machine.122

Prognosis
In neonates, the prognosis and recovery from AKI is highly dependent on the under-
lying etiology of the AKI.9-14 Factors that are associated with mortality include mul-
tiorgan failure, hypotension, a need for pressors, hemodynamic instability, and a 
need for mechanical ventilation and dialysis.9-14 Overall, mortality in newborns with 
AKI ranges from 10% to 61% and is highest in infants with multiorgan failure.9-14 
In infants maintained by peritoneal dialysis for AKI, mortality was 64% in oligo/
anuric infants compared with 20% in infants with adequate urine output.12 Other 
recent studies have shown that AKI in VLBW infants was independently associated 
with mortality.123 Long-term follow-up of children with AKI has shown that death 
and kidney sequelae are common 3 to 5 years after AKI in pediatric patients, sug-
gesting that the detrimental effects of AKI are long lasting.124

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 CKD. In contrast, it has been thought that ischemic 
and nephrotoxic kidney injury is reversible with kidney function returning 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.1-3,69-72 
Thus, AKI from any cause is a risk factor for subsequent kidney disease. AKI in 
full-term neonates is associated with kidney disease later in life.69 In one study of 
six older children with a history of AKI not requiring dialysis in the neonatal period, 
only two were normal, three had CKD, and one was on dialysis.43 Although the 
number of children studied was small, this study raises concern about the long-term 
kidney outcome for such children. An inverse relationship between the development 
of hypertension and proteinuria during adulthood and birth weight has been 
reported.70,73

The long-term effect of AKI in neonates is potentially compounded when the 
insult occurs before the full complement of nephrons has developed in utero. 
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Because nephrogenesis proceeds until 34-35 weeks weeks of gestation, AKI before 
this time may result in a reduced nephron number. Indeed, it has been shown that 
preterm neonates with AKI have a high incidence of a low GFR and increasing 
proteinuria several years later,71 and morphologic studies have shown decreased 
nephron number and glomerulomegaly.72 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. Typi-
cally, the late development of CKD first becomes apparent with the development of 
hypertension, proteinuria, and eventually an elevated BUN and creatinine.

When premature neonates were investigated during childhood (ages 6.1–12.4 
years), defects in tubular reabsorption of phosphorus (TRP) were evident, the TRP 
was significantly lower and the urinary excretion of phosphorus significantly higher 
compared with control children.125 Urinary calcium excretion was also higher in 
children born prematurely compared with control children. Others have found 
nearly identical findings, and the investigators attributed these alterations to amino-
glycoside nephrotoxicity.126,127 Recent studies have also shown that low birth weight 
is a risk factor for focal segmental glomerulosclerosis.128 In addition, extrauterine as 
well as intrauterine growth retardation was associated with impaired renal function 
in children who were born very preterm.129 In view of these alterations in kidney 
function, increasing proteinuria, and tubular dysfunction, neonates with AKI and 
nephrotoxic insults need lifelong monitoring of their kidney function, blood pres-
sure, and urinalysis.1-3,130
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CHAPTER 18 

Hereditary Tubulopathies
Israel Zelikovic, MD

d Proximal Tubule
d Loop of Henle
d Distal Convoluted Tubule
d Collecting Duct
d Conclusion

Hereditary tubular transport disorders comprise a group of diseases that lead to 
profound derangements in the homeostasis of electrolytes, minerals, or organic 
solutes in the body and can be associated with significant morbidity.1-4

For decades, the study of inherited tubular transport disorders has focused on 
the physiologic and metabolic alterations leading to impaired solute handling by the 
tubular epithelial cell. Over the past decade, the breakthrough in molecular biology 
and molecular genetics has provided the tools to investigate hereditary tubulopathies 
at the molecular level. As a result, exciting discoveries have been made, and the 
underlying molecular defects in many of these disorders have been defined.1-4 The 
molecular study of hereditary tubulopathies has been important not only in clarify-
ing the genetic basis of these disorders but also in providing new and important 
insight into the function of specific transport proteins and into the physiology of 
renal tubular reclamation of solutes.

Generally, tubular transport disorders are subdivided into two large groups:  
(1) primary isolated tubulopathies, which are mostly hereditary and involve an 
impairment in a single tubular function, and (2) generalized tubulopathies, which are 
hereditary or acquired and are caused by complex tubular derangements involving 
more than one transport system. A variety of primary inherited tubulopathies alter 
specific renal epithelial transport functions.1,2 In most instances, the change in trans-
port function leads to the loss of an essential substance in the urine and either 
impaired homeostasis of this substance in the body (as in renal tubular acidosis 
[RTA] or Bartter syndrome) or precipitation of the substance in the kidney (as in 
cystinuria or hypercalciuria). In some of these disorders, however, the defect in 
tubular function leads to accumulation of a substance in the body (as in Liddle 
syndrome).

Hereditary tubulopathies can affect children at all ages, but usually, children 
with these disorders present in the neonatal period or in the first year of life. Clinical 
manifestations of hereditary tubulopathies are commonly nonspecific and may 
include failure to thrive, stunted growth, poor feeding, recurrent vomiting, diarrhea, 
constipation, polyuria, polydipsia, or recurrent febrile episodes.1 In some instances, 
however, more specific manifestations such as rickets, urolithiasis, or hypertension 
aid in the diagnosis of a specific tubulopathy. In most of these disorders, the principle 
of therapy is replacement of the substance lost in the urine or prevention of precipi-
tation of the substance in the kidney. Some of the tubulopathies (e.g., isolated gly-
cosuria) are benign and require no therapy. In addition to a detailed history and 
careful examination of the child, simultaneous and accurate assessment of the serum 
and urine concentration of the substance involved in the tubulopathy hold the key 
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Figure 18-1 Transport mechanisms participating in acid–base handling in a proximal tubular cell. H+ and HCO3
− 

are formed in the cell as a result of carbonic anhydrase II (CAII) action. H+ exits the cell via the apical Na+/H+ 
exchanger (NHE3) and H+-ATPase pump. HCO3

− exit occurs via the basolateral Na+/HCO3
− cotransporter (NBC1). 

Hereditary renal tubular acidosis syndromes caused by defects in NBC1 and CAII, respectively, are depicted. 
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to the correct diagnosis.1 Renal ultrasonography and bone radiography are helpful 
studies in most tubulopathies.

This chapter summarizes the general characteristics of hereditary tubular trans-
port disorders, reviews the molecular pathophysiology and genetic aspects of the 
diseases, describes the clinical feature of the tubulopathies, and briefly summarizes 
their therapy. The focus of this chapter is on disorders resulting from primary gene 
defects in transporters or channels operating along the renal tubule. Some tubular 
transport disorders secondary to defects in receptors (e.g., as Ca2+-sensing receptor 
or antidiuretic hormone [ADH] receptor) or enzymes (e.g., with no K [lysine] serine-
threonine protein kinases, WNKs) resulting in isolated tubulopathies are also dis-
cussed. Generalized tubulopathies involving several transport systems (e.g., Fanconi 
syndrome) are not discussed or only briefly mentioned. In Tables 18-1 through 18-4, 
the disorders reviewed are summarized and grouped by the nephron segment 
affected.

Proximal Tubule
Proximal Renal Tubular Acidosis
General Characteristics
Proximal renal tubular acidosis (pRTA) (RTA type 2) is characterized by normal 
anion gap, hyperchloremic metabolic acidosis caused by impaired capacity of the 
proximal tubule to reabsorb HCO3

− (Fig. 18-1).4-6 Thus, at normal plasma HCO3
− 

concentration, large amounts of HCO3
− (>15% of the filtered load) escape proximal 

reabsorption and reach the distal tubule. This load overwhelms the limited capacity 
of the distal tubule to reabsorb HCO3

−, substantial bicarbonaturia occurs, urine pH 
increases, net acid secretion ceases, and metabolic acidosis develops.6,7 This HCO3

− 
wasting is a transient phenomenon, and when the serum HCO3

− level stabilizes in 
the acidemia range, the smaller amounts of HCO3

− lost in the proximal tubule are 
completely reabsorbed by the distal tubule, and urine pH decreases to less than 
5.5.5,6 In pRTA, serum K+ level is usually diminished. Hypokalemia develops because 
increased delivery of Na+ to the distal nephron results in enhanced secretion of K+ 

Text continued on page 313.
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in the principal cell of the cortical collecting duct (CCD), and mild volume depletion 
secondary to Na+ loss results in secondary hyperaldosteronism that increases K+ 
secretion.6,7

pRTA occurs either as a manifestation of a generalized proximal tubular dys-
function (Fanconi syndrome) or as an isolated entity. Inheritance of isolated pRTA 
is autosomal recessive and occurs consistently in association with ocular abnormali-
ties, including glaucoma, band keratopathy, and cataracts (Table 18-1 and Fig. 
18-1).8-10 Additional manifestations include short stature, calcification of the basal 
ganglia, and mental retardation (see later discussion).4,9

Molecular Pathophysiology
Normally, most (80%–90%) of the filtered load of HCO3

− is reabsorbed in the proxi-
mal tubule. Several membrane transport proteins participate in acid–base handling 
in the proximal tubule (Fig. 18-1).5-7 H+ and HCO3

− are formed in the proximal 
tubular cell as a result of the action of intracellular carbonic anhydrase II (CAII). H+ 
efflux from cell to lumen occurs via the epical Na+/H+ exchanger (NHE3) and to a 
small extent via the apical H+-ATPase pump. HCO3

− exit to blood is mediated by 
the basolateral membrane Na+- HCO3

− cotransporter (NBC1).
The Na+/HCO3

− cotransporter NBC1 (Fig. 18-1), encoded by the SLC4A4 gene 
located on chromosome 4q21, has been implicated in autosomal recessive proximal 
RTA.8,9 NBC1 belongs to the HCO3

− transporter superfamily, to which the Cl−/ 
HCO3

− exchanger also belongs.5,11 Igarashi et al8 identified two homozygous mis-
sense mutations in kidney NBC1 in two individuals with autosomal recessive pRTA 
and ocular abnormalities (Table 18-1). Both patients had cataracts, glaucoma, and 
band keratopathy. A number of other mutations have subsequently been described.12 
In addition to reduced functional activity, defects of intracellular trafficking have 
been demonstrated for some of these mutations.12,13 It is possible that defective 
corneal NBC1 function in these patients results in impaired HCO3

− transport, which 
in turn leads to abnormal calcium carbonate deposition in the cornea and band 
keratopathy.9,10

Clinical Features
The most prominent clinical feature of pRTA is failure to thrive. Other manifesta-
tions, which are related to untreated hypokalemia, include polyuria, polydipsia, 
dehydration, vomiting, anorexia, constipation, and muscle weakness (Table 18-1).5,6 
Hypercalciuria, nephrocalcinosis, and nephrolithiasis typically are not observed. 
Metabolic bone disease usually occurs in patients with Fanconi syndrome and is 
attributed to hypophosphatemia and impaired vitamin D metabolism, but may also 
be induced by the bone Ca2+-depleting effect of chronic acidosis in isolated pRTA.4,9

The diagnosis of pRTA is usually straightforward and can be based on several 
simple laboratory data. These include (1) normal anion gap, hyperchloremic meta-
bolic acidosis; (2) hypokalemia; (3) low urine pH during acidemia; and (4) a negative 
urinary anion gap (calculated as [Na+]+[K+]-[Cl−]) indicating substantial urinary 
ammonium concentration, in the absence of extrarenal losses of HCO3

− such as 
gastroenteritis14 (as opposed to the positive urinary anion gap in distal RTA; see 
later discussion). Although usually not necessary, demonstration of increased  
(>15%) fractional excretion of HCO3

− by the HCO3
− titration curve can support 

the diagnosis. Children with pRTA require large doses of alkali (up to 20 mEq/kg/
day). Hypokalemia should be treated by correcting hypovolemia and by using KCl 
supplements.14

Hereditary Aminoacidurias
Only negligible amounts of amino acids are normally present in the final urine, 
reflecting very efficient reabsorption mechanisms for these organic solutes in the 
proximal tubule. Aminoacidurias are a group of disorders in which a single amino 
acid or a group of amino acids are excreted in excess amounts in the urine.15 The 
defective tubular reabsorption is assumed to result from a genetic defect in a specific 
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transport system that directs the reabsorption of these amino acids under normal 
conditions. Some of these disorders also involve a similar transport abnormality in 
the intestine. As opposed to inborn errors of amino acid metabolism, in which 
plasma levels of amino acids are elevated, resulting in overflow aminoaciduria, 
plasma levels of amino acids in hereditary aminoacidurias are largely normal. The 
aminoacidurias are generally categorized into five major groups according to the 
group-specific transport pathway presumed to be affected.15 Discussed in this chapter 
are the cationic aminoacidurias, classic cystinuria and lysinuric protein intolerance 
(LPI), as well as the neutral aminoaciduria, Hartnup disease (Table 18-1 and Fig. 
18-1). The genetic defects in these three membrane transport disorders, which are 
associated with significant morbidity, have been identified.

Classic Cystinuria
General Characteristics
Cystinuria is a disorder of amino acid transport characterized by excessive urinary 
excretion of cystine and the dibasic amino acids lysine, arginine, and ornithine.15 
The pathogenic mechanism of cystinuria is defective transepithelial transport of 
these amino acids in the proximal tubule and the small intestine.15-17 The high-
affinity, low-capacity amino acid transport system shared by cystine and the dibasic 
amino acids (i.e., b0,+) (Fig. 18-2) is defective in classic cystinuria.15,18

The very low solubility of cystine in the urine results in cystine stone formation 
in homozygous patients. Urinary cystine calculi may produce considerable morbid-
ity, including urinary obstruction; colic; infection; and in severe cases, loss of kidney 
function. Cystinuria accounts for 1% to 2% of all urolithiasis and 6% to 8% of 
urolithiasis in children.18

Classic cystinuria is inherited in an autosomal recessive fashion. It is a common 
disorder with an overall prevalence of one in 7000 to one in 15,000 and an estimated 
gene frequency of 0.01.16 A very high prevalence, one in 2500, is observed in Israeli 
Jews of Libyan origin.15,18

Cystinuria has been classified into three phenotypes based on the degree of 
intestinal uptake of cystine by homozygotes and the level of urinary dibasic amino 
acids in heterozygotes.18,19 Type I cystinuria is inherited as an autosomal recessive 
trait, and obligate heterozygotes have normal urinary amino acid profiles. In 

Figure 18-2 Transport pathways for several amino acids at the luminal and basolateral membranes of a proximal 
tubular cell. Large circles represent the heavy subunits and small circles the light subunits of the heteromeric 
dibasic amino acid transporters b0,+ and y+L. Depicted are hereditary aminoacidurias cause by defects in these 
transporters. 
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contrast, obligate heterozygotes for type II and type III cystinuria show various 
degrees of hyperexcretion of cystine and dibasic amino acids in the urine. In addi-
tion, genetic compounds of cystinuria, such as types I/III, can occur.19

Molecular Pathophysiology
Type I cystinuria is caused by mutations in the gene SLCA3A1 localized to chromo-
some 2p21. The gene encodes a protein termed rBAT, which constitutes the heavy 
subunit of the proximal tubular, brush-border membrane-bound, heteromeric 
dibasic amino acid transporter b0,+ (Fig. 18-2).15,20 To date, more than 130 different 
rBAT mutations have been reported in patients with type I cystinuria.18 These muta-
tions include nonsense, missense, splice site, frameshift mutations and large dele-
tions.18,21 Cystinuria types II and III are caused by mutations in the gene SLC7A9, 
which is localized to chromosome 19q13.1 and encodes the b0,+ AT protein that 
constitutes the light subunit of the heteromeric amino acid transporter b0,+ (Fig. 
18-2).5,22 To date, more than 90 different mutations have been identified in non–type 
I cystinuria patients.18

Clinical Features
The simplest diagnostic test in cystinuria is the microscopic examination of the 
urinary sediment of a freshly voided morning urine.16 The presence of typical flat 
hexagonal cystine crystals is diagnostic. The best screening procedure is the cyanide–
nitroprusside test.16 The definite test is a measurement of cystine and the dibasic 
amino acids concentrations by ion exchange chromatography.

Cystine stones are radiopaque because of the density of the sulfur molecule, 
and on radiography, they appear smooth. Cystine also may act as nidus for calcium 
oxalate, so mixed stones may be found.15

The disease usually presents with renal colic. Occasionally, infection, hyper-
tension, or renal failure may be the first manifestation (Table 18-1).16,17 Most 
patients have recurrent stone formation. Cystinuric patients who receive a kidney 
transplant have normal urinary cystine and dibasic amino acid excretion after 
transplantation.15

Treatment
Cystine crystalluria occurs when the cystine content of the urine exceeds 300 mg/L 
at a pH of 4.5 to 7.0. Cystine solubility increases sharply at a urine pH above 
7.0.16 The major therapeutic approaches to cystinuria are designed to increase 
the solubility of cystine, reduce excretion cystine, and convert cystine to more 
soluble compounds.16,18 Therapies used in the management of cystinuria include 
the following:

1. Increased oral fluid intake to increase urine volume and cystine solubility. 
Because patients with cystinuria excrete 0.5 to 1.0 g/day of cystine, intake 
of at least twice normal maintenance fluid volume for age could be required 
to keep the urinary cystine concentration below 300 mg/L.15,16

2. Oral alkali in addition to high fluid intake to further increase cystine solubil-
ity in the urine.15 A urine pH of 7.5 to 8.0 can be maintained by the provision 
of 1 to 2 mEq/kg/day of bicarbonate or citrate in divided doses. Because 
high sodium intake increases cystine excretion, potassium citrate is pre-
ferred.16 Because urine alkalinization may result in formation of mixed 
Ca2+-containing stones, adherence to high fluid intake is crucial.

3. Na+ restriction to reduce cystine excretion. Dietary Na+ restriction is recom-
mended in patients with cystinuria because urinary excretion of cystine and 
dibasic amino acids correlates with urinary Na+ excretion.23

4. Pharmacologic therapy to increase cystine solubility and decrease  
cystine excretion. The sulfhydryl-binding compound d-penicillamine 
(β-dimethylcysteine) leads to the formation of the mixed disulfide 
penicillamine–cysteine after a disulfide exchange reaction. This mixed disul-
fide is far more water soluble than cystine. Unfortunately, penicillamine 
produces serious side effects, including rashes, fever, arthralgia, nephrotic 



314 Special Problems

D

syndrome, pancytopenia, and loss of taste.16,24 Mercaptopropionyl glycine 
(MPG), another agent undergoing a disulfide exchange reaction, is as effec-
tive as d-penicillamine in the treatment of patients with cystinuria. Because 
of the lower toxicity of MPG, this compound is the pharmacologic agent of 
choice in the therapy of cystinuria.18,25 It has been proposed that meso-1,3 
dimercaptosuccinic acid (DMSA), an additional compound forming disulfide 
linkage with cysteine, might also be a useful therapeutic agent in those with 
cystinuria.15

5. Urologic procedures that have been used to treat cysteine stones include 
chemolysis of stones by irrigation through a percutaneous nephrostomy, 
extracorporal shockwave lithotripsy, and lithotomy.18

Lysinuric Protein Intolerance
General Characteristics
Lysinuric protein intolerance (LPI) is a rare autosomal recessive disorder character-
ized by excessive urinary excretion of dibasic amino acids (especially lysine), normal 
cystine excretion, and poor intestinal absorption of dibasic amino acids.15 Plasma 
values of dibasic amino acids are subnormal. The disease is relatively common in 
Finland, where the prevalence of the disease is one 60,000, and in Italy. Homozygous 
patients show massive dibasic aminoaciduria, as well as hyperammonemia after a 
protein overload. The clinical manifestations in homozygotes for LPI are protein 
malnutrition and postprandial hyperammonemia. They include failure to thrive, 
marked protein intolerance, vomiting, diarrhea, hepatosplenomegaly, muscle hypo-
tonia, interstitial lung disease, osteoporosis, seizures, and coma (Table 18-1).15,26

Molecular Pathophysiology
The pathogenic mechanism of LPI appears to be defective, high-affinity, dibasic 
amino acid transport system y+L (Fig. 18-2) at the basolateral membrane of renal 
and intestinal epithelial cells, resulting in impaired efflux of these amino acids from 
cell to interstitium.15,26 Non-epithelial cells such as hepatocytes, granulocytes, and 
cultures akin fibroblasts from patients with LPI also show impaired transport of 
dibasic amino acids. The defective hepatic transport of dibasic amino acids is associ-
ated with disturbances in the urea cycle and consequent hyperammonemia.26

LPI is caused by mutations in the gene SLC7A7 encoding y+LAT-1, a member 
of the family of light subunits that combine with 4F2hc (a heavy subunit) to form 
heteromeric amino acid transporters.5 The 4F2hc / y+LAT-1 transporter has been 
shown to have the activity of amino acid transport system y+L that is responsible for 
the efflux of basic amino acids at the basolateral plasma membrane of epithelial cells 
(Fig. 18-2).27 The SLC7A7 gene is localized to chromosome 14q11-13. To date, more 
than 40 SLC7A7 mutations, spread along the entire gene, have been found in LPI 
patients from different ethnic groups.28,29

Treatment
Therapy of patients with LPI consists of protein restriction to prevent hyperammo-
nemia, as well as oral supplements of arginine, ornithine, and (most important) 
citrulline.30 Administration of the latter amino acid, which corrects the hepatic defi-
ciency in ornithine and arginine, results in clinical improvement and catch-up 
growth.

Hartnup Disease
General Characteristics
Hartnup disease, which may have afflicted Julius Caesar and his family,31 was first 
recognized in two siblings in England in 1956.32 This disease is characterized by 
intestinal malabsorption and massive aminoaciduria of the neutral monoamino 
monocarboxylic amino acids alanine, serine, threonine, valine, leucine, isoleucine, 
phenylalanine, tyrosine, tryptophan, histidine, glutamine, and asparagine (see Table 
18-1).33 Most patients also have increased excretion of indolic compounds that 
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originate in the gut from bacterial degradation of tryptophan.33 Transport of other 
neutral amino acids, including cystine, imino acids, glycine, and β-amino acids, is 
unaffected. The disease is inherited as an autosomal recessive trait and has an esti-
mated incidence of one in 20,000 live births. Heterozygotes have normal urinary 
acid excretion under physiologic conditions. Clinical features in homozygotes may 
include photosensitive rash, cerebellar ataxia, and a variety of psychiatric manife-
stations resembling the features of pellagra (Table 18-1).23 These pellagra-like mani-
festations are primarily caused by intestinal malabsorption and urinary loss of 
tryptophan, an amino acid that is required for niacin synthesis. The diagnosis should 
be suspected in any patient with pellagra who has no history of niacin or nicotin-
amide deficiency and should be made by chromatographic analysis of the urine.33

Molecular Pathophysiology
A defect in the broad-specificity neutral, α-amino acid transport mechanism in the 
renal and intestinal brush-border membrane was presumed to be the pathogenic 
mechanism underlying this disorder.15 The transport characteristics and the epithe-
lial distribution of the Na+-dependent neutral amino acid transport Bo (see Fig. 
18-2) have led to the conclusion that this transporter is the defective one in Hartnup 
disorder. In 2001, the gene responsible for Hartnup disease was localized to chro-
mosome 5p15.34 Subsequently, Bröer’s group35cloned from the syntenic region in 
the mouse the BoAT1 (SLC6A19) gene. This SLC6 gene encodes a Na+-dependent 
neutral amino acid transporter, which is expressed in the brush-border membrane 
of the early proximal tubule and the intestine and corresponds to the Bo transport 
system.36

In 2004, two groups37,38 cloned the human SLCA19 gene from chromosome 
5p15 and have found several mutations in this gene in British, Japanese, and Aus-
tralian patients with Hartnup disease, thereby identifying SLCA19 as the disease-
causing gene. To date, a total of 17 mutations have been identified that cause 
Hartnup disorder.15 Interestingly, it has been demonstrated15 that most of the pro-
bands with Hartnup disease analyzed so far display allelic heterogeneity in that they 
are compound heterozygotes for the SLC6A19 mutation.

Treatment
Patients with Hartnup disease respond well to oral therapy with 40 to 100 mg/day 
of nicotinamide.15 Oral administration of tryptophan ethylester, a lipid-soluble form 
of tryptophan, has been shown to increase serum tryptophan and reverse clinical 
symptoms in patients with Hartnup disease.39

Hereditary Glycosurias
Glycosurias are a group of disorders in which specific defects in glucose transporters 
in the renal tubule result in excretion of significant quantities of glucose in the 
urine.15 This group includes hereditary isolated glycosuria and Fanconi-Bickel syn-
drome (Table 18-1 and Fig. 18-3).

Hereditary Isolated Glycosuria
General Characteristics
Hereditary isolated glycosuria is an abnormality in which variable amounts of 
glucose are excreted in the urine at normal concentrations of blood glucose.15,40 The 
renal defect is specific for glucose, and there is no increase in the urinary excretion 
of other sugars. Renal glycosuria is a benign condition without symptoms or physical 
consequences except during pregnancy or prolonged starvation—when dehydration 
and ketosis may develop.40 The metabolism, storage, and use of carbohydrates, as 
well as insulin secretion are normal. The condition exists from infancy throughout 
adult life, and diagnosis usually is done on routine urine analysis. The distinction 
between renal glycosuria and diabetes mellitus is made with a fasting blood glucose 
level and a glucose tolerance test. The genetic pattern in renal glycosuria is autosomal 
recessive.15,40
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Figure 18-3 Schematic model for the distribution of glucose transporters in renal tubular epithelium. Glucose 
transport from lumen to cell in the proximal convoluted tubule and the proximal straight tubule is mediated by 
the luminal Na+-dependent glucose transporters SGLT2 and SGLT1, respectively. Glucose exit from cells in these 
two nephron segments occurs via the basolateral, facilitative Na+-independent glucose transporters GLUT2 and 
GLUT1, respectively. Depicted are hereditary glycosurias caused by defects in these transporters. (Adapted with 
permission from Zelikovic I. Aminoaciduria and glycosuria. In: Avner ED, Harmon N, Niaudet P, Yoshikawa N, eds. 
Pediatric Nephrology, 6th ed. Heidelberg: Springer-Verlag, 2009, pp. 889-927.)
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Molecular Pathophysiology
Transport of glucose at the brush-border membrane of the convoluted segment of 
the proximal tubule occurs by a low-affinity, high-capacity Na+-glucose cotrans-
porter, SGLT2 (Fig. 18-3), which reabsorbs the bulk (90%) of the filtered glucose.15,41 
The residual glucose reabsorption occurs in the straight segment of the proximal 
tubule by the high-affinity, low-capacity Na+-glucose cotransporter SGLT1.41 Both 
SGLT2 and SGLT1 are members of the SLC5 Na+/glucose cotransport family.41 
Glucose exit from proximal tubular cells is mediated by the facilitative, Na+- 
independent glucose transporters GLUT2 and GLUT1, which belong to the  
SLC2 family of facilitative haxose transporters and are located in the basolateral 
membrane of the proximal convoluted and the proximal straight segments, respec-
tively (Fig. 18-3).15,42

Hereditary isolated glycosuria is caused by mutations in the gene SLC5A2, 
which is located on chromosome 16p11.2 and encodes SGLT2 (Table 18-1 and Fig. 
18-3). To date, more than 30 different SLC5A2 mutations have been identified in 
patients with isolated glycosuria.15,43,44 In some cases, the glycosuria in patients with 
SLC5A2 mutations is accompanied by aminoaciduria, the pathophysiology of which 
is unknown.44
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It is important to consider the relationships between renal glycosuria, a benign 
condition, and intestinal glucose–galactose malabsorption, a potentially lethal 
disease. Glucose–galactose malabsorption, an autosomal recessive disease, is char-
acterized in homozygotes by a neonatal onset of severe watery diarrhea that results 
in death unless glucose and galactose are removed from the diet.40 Glucose–galactose 
malabsorption is caused by mutations in the intestinal brush-border SGLT1 Na+-
glucose cotransporter.45 Patients with glucose–galactose malabsorption who have 
been studied show a mild defect in renal tubular reabsorption of glucose.15,40 In 
contrast, patients with isolated renal glycosuria show no defect in intestinal D-glucose 
absorption. This has indicated that the SGLT1 Na+-glucose cotransporter affected 
in glucose–galactose malabsorption is shared between the intestine and the kidney 
(Fig. 18-3).

Fanconi-Bickel Syndrome
Mutations in the gene for GLUT2 (SLC2A2), the facilitative glucose transporter 
operating in all membranes of various tissues, including the hepatocyte and proximal 
convoluted tubule, are associated with glycosuria in the Fanconi-Bickel syndrome 
(Table 18-1 and Fig. 18-3).15,46 This autosomal recessive disorder is characterized 
by hepatorenal glycogen accumulation, Fanconi syndrome including proximal RTA, 
fasting hypoglycemia, postprandial hyperglycemia, impaired utilization of glucose 
and galactose, rickets, and markedly stunted growth.46,47 The renal loss of glucose 
is attributable to the transport defect for monosaccharides across the renal basolateral 
membrane, which also leads to accumulation of glucose and secondarily glycogen 
within proximal tubular cells, resulting in toxic effects on these cells. To date, more 
than 30 different mutations in SLC2A2 have been detected in patients with Fanconi-
Bickel syndrome.47 Therapy of patients with Fanconi-Bickel syndrome is symptom-
atic and includes stabilization of glucose homeostasis and replacement of renal solute 
losses.

Loop of Henle
Bartter Syndrome
General Characteristics
Bartter syndrome is a group of closely related hereditary tubulopathies. All variants 
of the syndrome share several clinical characteristics, including renal salt wasting, 
hypokalemic metabolic alkalosis, hyperreninemic hyperaldosteronism with normal 
blood pressure, and hyperplasia of the juxtaglomerular apparatus.48-50 All forms of 
the syndrome are transmitted as autosomal recessive traits.

Molecular Pathophysiology
Generally, Bartter syndrome results from defective transepithelial transport of Cl− 
in the thick ascending limb of the loop of Henle (TAL) or the distal convoluted 
tubule (DCT).48,50 Transepithelial Cl− transport in the TAL is a complex process that 
involves coordinated interplay among the luminal, bumetanide-sensitive Na+, K+, 2Cl−

co-transporter (NKCC2); the luminal, K+ channel (renal outer medullary potassium 
channel [ROMK]); the basolateral Cl− channel (CIC-Kb); as well as other cotrans-
porters and channels (Fig. 18-4).48,51-53 Chloride is reabsorbed across the luminal 
membrane of the TAL cell by the activity of NKCC2. This cotransporter is driven 
by the low intracellular Na+ and Cl− concentration generated by Na+, K+-ATPase 
and CIC-Kb, respectively. In addition, ROMK enables functioning of NKCC2 by 
recycling K+ back to the renal tubular lumen. Normally, the lumen-to-cell flux of 
Cl− via the NKCC2 cotransporter in the TAL and the exit of K+ from cell to lumen 
generate lumen-positive electrical potential, which in turn drives paracellular Ca2+ 
and Mg2+ transport from the lumen to the blood (Fig. 18-4). The Ca2+/Mg2+-sensing 
receptor (CaSR), a G protein–coupled receptor expressed in the basolateral  
membrane of the TAL,54-56 also appears to participate in electrolyte and mineral 
handling in this nephron segment. Activation of the CaSR by hypercalcemia or 
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Figure 18-4 Transcellular and paracellular transport pathways in the TAL. Cl− reabsorption across the luminal 
membrane occurs via the Na+, K+, 2Cl− cotransporter (NKCC2). This cotransporter is driven by the low intracellular 
Na+ and Cl− concentrations generated by the basolateral Na+, K+-ATPase and ClC-Kb, respectively. In addition, 
renal outer medullary potassium channel (ROMK) enables function of NKCC2 by recycling K+ back to the lumen. 
The lumen-positive electrical potential, which is generated by Cl entry into the cell and K+ exit from the cell, drives 
paracellular, claudin-16–, and claudin-19–mediated Ca2+ and Mg2+ transport from lumen to blood. Activation of 
the basolateral calcium sensing receptor (CaSR) by high concentrations of extracellular Ca2+ or Mg2+ triggers a 
series of intracellular signaling events, resulting in an inhibition of the luminal ROMK channel and the luminal 
NKCC2 channel. This in turn results in decreased NaCl reabsorption and (secondary to the reduction in the intra-
luminal positive potential) increased urinary Ca2+ and Mg2+ excretion. Hereditary tubulopathies caused by defects 
in these transport mechanisms are depicted. AD, autosomal dominant; BSND, Bartter syndrome with deafness. 
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hypermagnesemia triggers a series of intracellular signaling events. This action 
inhibits NKCC2 and ROMK activity, decreases Cl− reabsorption, reduces lumen 
positive voltage, and hence inhibits Mg2+ and Ca2+ reabsorption in the TAL, which 
results in urinary loss of these divalent cations (see later discussion) (Fig. 18-4).54,55 
Chloride transport in the DCT occurs primarily via the luminal, thiazide-sensitive 
NaCl cotransporter (TSC) (Fig. 18-5).51,52 Cl− exit to blood in the DCT is mediated 
via basolateral Cl− channels.

The genetic variants of Bartter syndrome that have been identified include 
(Table 18-2 and Figs. 18-4 and 18-5):48,49,57-60

1. Bartter syndrome type I is caused by mutations in the NKCC2 gene, SLC12A1. 
This gene belongs to the family of electroneutral chloride-coupled cotrans-
porter genes61 and resides on chromosome 15q15-21. This genetic variant 
leads to antenatal Bartter syndrome, which is the most severe form of the 
disease. It is characterized by polyhydramnios, premature birth, life-
threatening episodes of salt and water loss in the neonatal period, hypoka-
lemic alkalosis and failure to thrive, as well as osteopenia, hypercalciuria, 
and early-onset nephrocalcinosis.48,57,62

2. Bartter syndrome type II is caused by mutations in the ROMK gene (KCNJ1), 
which is located on chromosome 11q24-25.48 ROMK mutations lead to the 
clinical phenotype of antenatal Bartter syndrome.58

3. Bartter syndrome type III is caused by mutations in the ClC-Kb gene, 
CLCNKB.59 This gene, which is located on chromosome 1p36, belongs to 
the family of genes encoding voltage-gated Cl− channels.48,50 Patients with 
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Figure 18-5 Transport mechanisms in the distal convoluted tubule. Na+ and Cl− reabsorption occurs via the 
luminal, thiazide-sensitive NaCl cotransporter (TSC; NCCT), the activity of which is modulated, among other 
factors, by the action of the intracellular serine/threonine protein kinases WNK4 and WNK1. Na+ exits the cell via 
the basolateral Na+, K+-ATPase and Cl− exit to blood is mediated by the basolateral Cl− channel ClC-Kb. Ca2+ 
enters the cell via the luminal Ca2+ channel TRPV5, is transported transcellularly by vitamin D–dependant calbindin-
D28K and exits the cell via the Ca2+-ATPase, PMCA1B, and the Na+/Ca2+ exchange, NCX1. Mg2+ enters the cell 
via the luminal Mg2+ channel, TRPM6, and exits the cell via a putative basolateral Na+/Mg2+ exchanger. TRPM6-
mediated Mg2+ entry into the cell is promoted by the negative intracellular membrane potential, which is main-
tained by the activity of the Na+, K+-ATPase as well as by the action of the luminal K+ channel Kv1.1 and the 
basolateral K+ channel Kir 4.1. The latter channel recycles K+ entering the cell via the Na+, K+-ATPase back into 
the interstitium. The γ subunit of Na+, K+-ATPase, FXYD2, which is transcriptionally regulated by the hepatocyte 
nuclear factor 1b (HNF1b), modulates the activity of Na+, K+-ATPase by affecting its affinity to K+ and Na+. The 
basolateral EGF receptor (EGFR) activates TRPM6 by shuttling it from intracellular compartments to the apical 
membrane. Hereditary tubulopathies caused by defects in these transport mechanisms are depicted. AD, auto-
somal dominant; AR, autosomal recessive. 
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CLCNKB mutation usually have classic Bartter syndrome, which occurs in 
infancy or early childhood. It is characterized by marked salt wasting and 
hypokalemia, leading to polyuria, polydipsia, volume contraction, muscle 
weakness, and growth retardation. Hypercalciuria and nephrocalcinosis may 
occur.48,50

4. Bartter syndrome type IV is caused by mutations in the barttin gene, BSND. 
Barttin serves as a β subunit for ClC-Ka and ClC-Kb chloride channels (see 
Fig. 18-4).63,64 A hereditary defect in barttin leads to antenatal Bartter syn-
drome associated with sensorineural deafness and renal failure. Barttin colo-
calizes with the subunit of the Cl− channel in basolateral membranes of the 
renal tubule and inner ear epithelium.64

5. Bartter syndrome type V is caused by gain-of-function mutations in the gene 
CASR, encoding CaSR (Fig. 18-4). This genetic defect leads to autosomal 
dominant hypocalcemia with Bartter syndrome.65,66 As indicated earlier, 
activation of the basolateral CaSR inhibits the luminal NKCC2 cotransporter 
and the ROMK channel, resulting in decreased NaCl reabsorption and 
increased urinary Ca2+ and Mg2+ excretion.
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6. Gitelman syndrome is caused by mutations in the gene SLC12A3 encoding 
the thiazide-sensitive NaCl cotransporter (NCCT) operating in the DCT (see 
later discussion).

Recent data, however, have suggested that the genotype–phenotype correlation 
is not so clear cut and that phenotypic overlap may occur. It has been shown that 
mutations in CLCNKB can also cause phenotypes that overlap with either antenatal 
or Gitelman syndrome.67,68

The loss-of-function mutations in the genes of TAL cell transporters in Bartter 
syndrome lead to derangements in tubular handling of minerals observed in this 
syndrome.48,51-53 Normally, the NKCC2-mediated entry of Cl− from lumen to the 
TAL cell and the ROMK-mediated K+ exit from cell to lumen generate lumen-
positive electrical potential, which in turn drives paracellular Ca2+ and Mg2+ 
transport from lumen to blood (see earlier) (Fig. 18-4). Impaired function of 
MKCC2 or ROMK in antenatal Bartter syndrome results in reduction of intra-
luminal positive charge, which leads to hypercalciuria and nephrocalcinosis. 
However, normal serum Ca2+ levels are maintained. Possible mechanisms respon-
sible for the maintenance of normocalcemia include a 1.25(OH) vitamin tD 
–induced increase in intestinal Ca2+ absorption and parathyroid hormone (PTH)–
induced retrieval of Ca2+ from bone.51,52 The transport defect in the TAL should 
have resulted in inhibition of Mg2+ reabsorption and hypomagnesemia. The 
absence of hypomagnesemia in patients with antenatal Bartter syndrome has been 
explained by compensatory stimulation of Mg2+ reabsorption in the distal con-
voluted tubule induced by the high level of aldosterone, which is a characteristic 
of the syndrome.48

Therapy
Treatment of patients with all variants of Bartter syndrome involves correction of 
hypovolemia as well as supplementation of lost electrolytes. This therapy includes 
increased oral fluid and salt intake and KCl supplements. Occasionally, Aldactone 
or amiloride (or both) can be added to correct the hypokalemia. Indomethacin 
therapy should be used only in neonatal Bartter syndrome or severe cases of Bartter 
syndrome unresponsive to other therapies. However, attention should be paid to 
potential gastrointestinal or renal toxicity of this drug. Patients with Gitelman syn-
drome should also receive MgSO4 or MgCl2 supplementation.

Familial Hypomagnesemia with Hypercalciuria  
and Nephrocalcinosis
General Characteristics
Familial hypomagnesemia with hypercalciuria and nephrocalcinosis syndrome 
(FHHNC, Michellis-Castrillo syndrome) is a rare autosomal recessive disorder.69,70 
The disease is characterized by marked renal Mg2+ wasting, which leads to severe 
hypomagnesemia.53,70 Patients also have hypercalciuria, resulting in nephrocalcinosis 
and renal failure. In addition, ocular abnormalities, such as myopia and horizontal 
nystagmus, may occur.53

Molecular Pathophysiology
In 1999, Simon et al71 first reported that FHHNC was caused by mutations in the 
gene CLDN16 (also known as PCLN-1). The gene encodes a protein, claudin-16 
(paracellin-1), that is located in the paracellular tight junctions of the TAL (Fig. 18-4) 
and is a member of the claudin family of tight junction proteins.72 Claudin-16, which 
appears to regulate the paracellular transport of Mg2+ in the TAL, is the first reported 
tight junction protein involved in ion resorption. Mutations in the gene CLDN16 
render the claudin-16 protein either nonfunctional71,73 or, when occurring in the 
PDZ domain, cause mislocalization of the protein to lysosomes.74 The disease muta-
tions found in claudin-16 result in an increase in the permeability of the  
tight junction to anions, thereby dissipating the transepithelial voltage gradient  
and selectively impeding Mg2+ (and Ca2+) resorption.75 Despite the concomitant 
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impairment in Ca2+ reabsorption, these patients maintain normal serum Ca2+, most 
likely by using alternative routes of renal and intestinal Ca2+ reclamation.

More recently, FHHNC associated with severe ocular abnormalities has been 
shown to be caused also by mutations in CLDN19, the gene encoding the tight 
junction protein claudin-19 (Fig. 18-4).76 Claudin-19 colocalizes with claudin-16 in 
the TAL, the two proteins interact in conferring a tight junction with cation selectiv-
ity and hence control divalent ion reabsorption.77,78

Autosomal Dominant Hypocalcemic Hypercalciuria
Normally, extracellular Ca2+ regulates PTH activity by interacting with the CaSR 
located on the surface of parathyroid cells.79 Autosomal dominant hypocalcemic 
hypercalciuria (ADHH) is caused by heterozygous activating mutations of the CaSR 
gene, which cause the receptor to be hyperresponsive to extracellular calcium, 
thereby decreasing PTH production.79,80 Patients with ADHH have mild hypocalce-
mia, low PTH levels, and occasionally hypomagnesemia.65,66 In addition, the activa-
tion of renal CaSR inhibits Ca2+ and Mg2+ reabsorption in the TAL, leading to 
hypercalciuria and hypermagnesiuria (Fig. 18-4). In some cases, because of the effect 
of CaSR on TAL transporters, ADHH is associated with Bartter-like syndrome (Bartter 
syndrome type V; see earlier discussion).

Familial Benign Hypocalciuric Hypercalcemia and  
Neonatal Severe Primary Hyperparathyroidism
Patients with familial benign hypocalciuric hypercalcemia (FHH) or severe neonatal 
primary hyperparathyroidism (NSHPT) have inactivating mutations in the CaSR 
gene that are heterozygous and homozygous, respectively.79,81 These mutations shift 
the setpoint of Ca2+ in this condition, blunting the normal ability to reduce PTH 
secretion in response to elevated Ca2+ and Mg2+ levels and directly increasing renal 
Ca2+ and Mg2+ reabsorption (Table 18-2 and Fig. 18-4).79,82 Whereas FHH is a mild 
disease inherited in an autosomal dominant fashion, NSHPT is a severe, life threat-
ening condition caused by homozygous CaSR mutations.81 The genetic defect in 
both diseases “leads” to elevated or “inappropriately normal” PTH levels, hypercal-
cemia, hypermagnesemia, and an inappropriate reduction in urinary Ca2+ and Mg2+ 
excretion. Renal hyperabsorption of divalent cations is partly caused by increased 
circulating PTH levels and partly by reduced functionality of the CaSR in the TAL.83 
The persistence of hypocalciuria even after parathyroidectomy in FHH patients 
confirms the role of CaSR in regulating renal calcium handling.84

Distal Convoluted Tubule
Gitelman Syndrome
General Characteristics
Gitelman syndrome, which is a variant of Bartter syndrome, is characterized by a 
mild clinical presentation in older children and adults.48,49 Patients may be asymp-
tomatic and present with transient muscle weakness, abdominal pain, symptoms of 
neuromuscular irritability, or unexplained hypokalemia. Hypocalciuria and hypo-
magnesemia are typical (Table 18-3).48,49

Molecular Pathophysiology
Gitelman syndrome is usually caused by mutations in the gene SLC12A3 encoding 
the DCT apical membrane thiazide-sensitive NCCT (Fig. 18-5).60 Hence, the Gitel-
man phenotype is mimicked by prolonged treatment with thiazide, a potent NCC 
blocker. However, mutations in the gene CLCNKB encoding the basolateral mem-
brane Cl− channel ClC-Kb have also been reported to result in Gitelman syndrome 
phenotype.67,68

The exact mechanism underlying the hypocalciuria and hypomagnesemia in 
Gitelman syndrome remain to be elucidated. It has been hypothesized that the 
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loss-of-function mutation in NCCT causes hypocalciuria by the same mechanism 
as thiazides (Fig. 18-5).5,85 According to this hypothesis, impaired Na+ reabsorption 
across the luminal membrane of the DCT cell, coupled with continued exit of 
intracellular Cl− through basolateral ClC-Kb channels, causes the cell to hyperpo-
larize. This in turn stimulates entry of Ca2+ into the cell via the luminal voltage-
activated Ca2+ channels, TRPV5.85,86 In addition, the lowering of intracellular Na+ 
concentration facilitates Ca2+ exit via the basolateral Na+/Ca2+ exchanger, NCX1, 
and the Ca2+-ATPase, PMCA1b.86 Other studies have suggested that the hypocal-
ciuria in Gitelman syndrome or in chronic thiazide administration is secondary  
to volume contraction, which increases proximal tubular Na2+ reabsorption and 
hence facilitates hyperabsorption of Ca2+ in the proximal tubule.52,87 The reasons 
for renal Mg2+ wasting and hypomagnesemia typical of Gitelman syndrome are 
unknown.

Pseudohypoaldosteronism Type II
General Characteristics
Pseudohypoaldosteronism type II (PHAII), or Gordon syndrome, is an autosomal 
dominant disorder characterized by hypertension, hyperkalemia, hyperchloremic 
metabolic acidosis (RTA type 4; see later), and low plasma aldosterone levels.88-90 
The underlying pathogenic mechanism is chloride-dependent Na+ retention, and the 
disease is highly responsive to low-dose thiazide treatment.89,90

Molecular Pathophysiology
Pseudohypoaldosteronism type II is caused by mutations in the genes encoding the 
WNKI and WNK4 serine-threonine protein kinases, which are particular subtypes 
of these kinases “lacking” a lysine residue at the active site (WNK means with no K 
[lysine]) (Table 18-3 and Fig. 18-5).91,92 WNK1 and WNK4 serve as both intracel-
lular [Cl−] sensors and ion transport regulators92,93 with an inhibitory activity on the 
thiazide-sensitive NCCT of the DCT (Fig. 18-5). Both genetic types of PHAII increase 
surface expression and activity of the NCCT in the DCT.89,94 Consequent decreased 
Na+ delivery to the CCD results in reduced Na+ reabsorption, which in turn results 
in decreased electrogenic secretion of H+ and K+.

Hypomagnesemia with Secondary Hypocalcemia
Hypomagnesemia with secondary hypocalcemia (HSH) is a rare autosomal recessive 
disorder that is characterized by very low serum Mg2+ and Ca2+ levels and manifests 
in early infancy with seizures, tetany, and muscle spasms (Table 18-3).53,95,96 Affected 
patients have evidence of both defective intestinal absorption and impaired renal 
reabsorption of Mg2+.95,96 The hypocalcemia, which is secondary to Mg2+ deficiency–
induced parathyroid failure, is resistant to Ca2+ or vitamin D therapy.52 The hypo-
magnesemia and the hypocalcemia respond to large doses of oral or parenteral 
Mg2+.96 The disorder is caused by a mutation in the gene TRPM6, which is localized 
on chromosome 9q22, and encodes the transient receptor potential Mg2+ channel, 
TRPM6, that is exclusively expressed in the apical membrane of the DCT (Fig. 18-5) 
and the small intestine.95,96 TRPM6 appears to constitute the apical Mg2+ entry 
channel in transcellular Mg2+ reabsorption in the DCT.53,97 Although the hypomag-
nesemia of HSH appears to be primarily the result of deficient TRPM6-mediated 
intestinal Mg2+ absorption, there is also evidence for renal Mg2+ leak.95,96

Isolated Dominant Hypomagnesemia
Isolated dominant hypomagnesemia (IDH) is a rare disorder characterized by renal 
Mg2+ wasting, mild hypomagnesemic symptoms, and as hypocalciuria (Table 
18-3).53,98 Linkage analysis has mapped the syndrome to chromosome 11q23.53 
Subsequent molecular analysis97 has identified the gene FXYD2 encoding the 
Na+, K+-ATPase γ subunit, also termed FXYD2, as the mutated gene in this disorder 
(Fig. 18-5). The FXYD2 protein is localized on the basolateral membrane of the 
DCT (Fig. 18-5).99 Isolated renal Mg2+ wasting is the first human disease in which 
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a mutation in a gene encoding a Na+, K+-ATPase subunit has been implicated. 
FXYD2 proteins are a family of single transmembrane proteins known to modulate 
Na+, K+-ATPase function.100 The FXYD2 protein changes the Na+, K+-ATPase kinetics 
by reducing the affinity for Na+ while increasing that for K+. In IDH, the dominant 
negative mutant FXYD2 protein binds to wild-type FXYD2 proteins and retains 
them inside the cell.101 It has been hypothesized that this retention results in reduced 
outward basolateral Na+ transport in the polarized DCT cell, which in turn reduces 
intracellular voltage, thereby reducing inward electric driving force for Mg2+ entry 
via TRPM6.52

Recently, mutations in the gene encoding the hepatocyte nuclear factor 1B 
(HNF1B) implicated in maturity-onset diabetes of the young (MODY) type 5 have 
been shown to result in hypomagnesemia and renal Mg2+ wasting as well as hypo-
calciuria (Table 18-3).53,102 The HNF1B gene encodes a transcription factor that regu-
lates the FXYD2 gene (Fig. 18-5).53 Defective transcription of FYXD2 appears to 
promote renal Mg2+ wasting.

Isolated Autosomal Recessive Hypomagnesemia
Isolated autosomal recessive hypomagnesemia (IRH) was first reported in two sib-
lings who showed renal Mg2+ wasting, normal urinary Ca2+ excretion, and epileptic 
seizures and psychomotor deficit (Table 18-3).103 The molecular defect in these 
patients was identified as a mutation in the epidermal growth factor (EGF) gene 
causing a defect in the routing of pro-EGF to the basolateral membrane of the DCT 
cell (Fig. 18-5).104,105 Normally, the binding of EGF protein to the EGF receptor 
located in the basolateral membrane is essential for the function of the apical 
membrane–bound Mg2+ channel, TRPM6.105,106 The EGF mutation results in disrup-
tion of this pathway, dysfunction of TRPM6 and renal Mg2+ wasting. EGF is the first 
reported autocrine and paracrine magnesiotropic hormone.52

Autosomal Dominant Hypomagnesemia
Autosomal dominant hypomagnesemia is a rare disease that was recently reported 
in a large Brazilian family.107 The patients displayed recurrent muscle cramps, tetany, 
tremor, muscle weakness, cerebellar atrophy, and hypomagnesemia (Table 18-3). 
A mutation was found in the gene KCNA1 encoding the voltage-gated K+ channel 
(Kv1.1).107 This channel colocalizes with TRPM6 in the apical membrane of DCT 
cells (Fig. 18-5), drives apical K+ efflux from cells, and generates the inside negative 
voltage essential for TRPM6-meidated Mg2+ entry into cells. A heterozygous Kv1.1 
N255D mutation results in a nonfunctional channel with a dominant negative effect 
on the wild-type Kv1.1 channel, an effect that is in line with the dominant negative 
inheritance pattern of this disorder.53

EAST or SESAME Syndrome
Recently, two groups reported a new syndrome of hereditary hypomagnesemia. EAST 
(epilepsy, ataxia, sensorineural deafness and tubulopathy) or SESAME (seizures, 
sensorineural deafness, ataxia, mental retardation, and electrolyte imbalance) syn-
drome includes the indicated central nervous system and inner ear manifestations 
and a Gitelman syndrome–like tubulopathy with normotensive hypokalemic meta-
bolic alkalosis and hypomagnesemia (Table 18-3).108,109 The syndrome is caused by 
a defect in the gene KCNJ10 encoding the basolateral K+ channel Kir4.1 (Fig. 18-5). 
Kir4.1 malfunction leads to reduced basolateral K+ cycling, which in turn impedes 
electrogenic Na+, K+-ATPase transport.53 This results in depolarization of the DCT 
apical membrane and inhibition of NCCT-driven NaCl reabsorption and TRPM6-
driven Mg2+ reabsorption explaining the Gitelman syndrome–like phenotype.

Mitochondrial Hypomagnesemia
In 2004, a large white family was identified with hypomagnesemia, hypercholester-
olemia, and hypertension.110 A pattern of maternal transmission suggested a mito-
chondrial disease, and indeed, mutation analysis discovered a thymine-to-cytidine 
conversion near the anticodan of the isoleucine tRNA.110 Family members with 
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hypomagnesemia had evidence of renal Mg2+ wasting. The authors have speculated 
on impaired energy metabolism of DCT cells as the consequence of the mitochon-
drial defect, which could impede transcellular Mg2+ transport.111

Collecting Duct
Distal Renal Tubular Acidosis
General Characteristics
Distal renal tubular acidosis (dRTA) (RTA type 1) is characterized by normal anion 
gap, hyperchloremic metabolic acidosis caused by failure of hydrogen ion secretion 
in the distal nephron (Fig. 18-6).4,7,12 Patients fail to appropriately lower pH even 
in the presence of systemic acidosis.4,7 Urine pH usually remains above 6. The defec-
tive H+ secretion results in persistent bicarbonaturia (5%–15% of filtered load in 
infants and children), reduced net acid secretion (see later discussion), and metabolic 
acidosis.7,12 Untreated dRTA is characterized by renal wasting of Na+ and K+. As in 
proximal RTA, the urinary K+ loss in dRTA is caused by extracellular fluid volume 
contraction and secondary hyperaldosteronism.6,7

Distal RTA in children is most commonly a primary entity. Primary dRTA is 
inherited as either an autosomal dominant or autosomal recessive trait (see Table 
18-4).5,12 Whereas patients with the autosomal dominant form usually have a mild 

Figure 18-6 Transport mechanisms involved in electrolyte and acid–base handling in principal cell (A) and 
α-intercalated cell (B) of the cortical collecting duct. A. Aldosterone-mineralocorticoid receptor complex interacts 
with hormone-responsive elements of DNA in the nucleus of the principal cell. This results in production of specific 
proteins, which stimulate epithelial Na+ channel (ENaC)–mediated Na+ entry (and renal outer medullary potassium 
channel [ROMK]–mediated K+ exit) at the luminal membrane and Na+, K+-ATPase at the basolateral membrane. 
B. H+ and HCO3

− are formed in the α-intercalated cell as a result of intracellular carbonic anhydrase (CAII) action. 
H+ is secreted into the lumen via H+-ATPase and H+-K+-ATPase and binds to the major urinary buffers, HPO4

2− and 
NH3 to form titratable acid and ammonium ion, respectively. Depicted are hereditary renal tubular acidosis syn-
dromes caused by defects in these transport mechanisms. AD, autosomal dominant; AR, autosomal recessive. 
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disease, those with autosomal recessive dRTA may be severely affected in infancy 
with growth retardation and early nephrocalcinosis, leading to renal failure.5,12 Auto-
somal recessive dRTA is subdivided into two variants with or without sensorineural 
hearing loss (see later discussion) (Table 18-4).4,12,112,113

Molecular Pathophysiology
Acid–base handling in the distal tubule occurs primarily in the CCD. There are two 
classes of cells in the CCD, which can be distinguished by morphologic and func-
tional criteria: the principal cell and the intercalated cell (Fig. 18-6).112 The principal 
cells are involved in sodium, potassium, and water transport, and the intercalated 
cells, which make up one-third of the cells in the CCD, are responsible for acid–base 
transport (i.e., proton and bicarbonate secretion and reabsorption) in this nephron 
segment.114,115

H+ and HCO3
− are formed in the CCD cell as a result of the action of intracel-

lular carbonic anhydrase (Fig. 18-6). The CCD is capable of secreting H+ or HCO3
− 

depending on the acid–base status of the body.115,116 Two functionally distinct subtypes 
of intercalated cells have been identified in the CCD: α (or type A) and β (or type 
B). α (or type A) intercalated cells secrete protons to the lumen and reabsorb HCO3

− 
to the blood (Fig. 18-6).117 These cells harbor the H+-ATPase (proton pump) and 
the H+/K+- ATPase in the luminal membrane and the kidney splice variant of anion 
exchanger 1 (AE1), a Cl−/ HCO3

− exchanger, in the basolateral membrane. β (or type 
B) intercalated cells (not depicted) operate in the reverse orientation: they reabsorb 
protons to the blood and secrete HCO3

− (in exchange for Cl−) across the apical 
membrane into the lumen.115,117

Secretion of H+ in the α intercalated cells results in (1) reabsorption of 10% to 
20% of the filtered HCO3

− that escaped absorption in the proximal tubule, and (2) 
titration of the major urinary buffers HPO4

2− and NH3 to form H2PO4
− (titratable 

acid) and ammonium ion (NH4), respectively (Fig. 18-6). NH3 is synthesized primar-
ily in the proximal tubule and reaches the distal tubular lumen by a series of special-
ized transport processes.6,116

H+ secretion into the tubular lumen is mediated by two mechanisms: (1) H+-
ATPase located at the luminal membrane of the α intercalated cells and (2) the lumen 
negative electrical potential difference created by electrogenic, epithelial Na+ channel 
(ENaC)–mediated Na+ reabsorption in the principal cells6,116 (Fig. 18-6). These cells 
are also responsible for K+ secretion.

Autosomal Dominant Distal Renal Tubular Acidosis
The AE1 gene, SLC4A1, located on chromosome 17q21-22 and a member of the anion 
exchanger SLC4 gene family, has been implicated in autosomal dominant dRTA (Table 
18-4).4,12,118 The AE1 gene product, also termed band 3, consists of 12 to 14 trans-
membrane domains and functions as an anion exchanger in erythroid cells and in the 
basolateral membrane of α-intercalated cells (Fig. 18-6). Erythrocyte AE1 (eAE1) is 
65 amino acids longer at its NH2 terminus than the kidney isoform (kAE1).118 Several 
mutations in this N-terminal region of band 3 have been identified as the cause of 
hereditary spherocytosis and Southeast Asian ovalocytosis and normal acid–base 
handling.4,119 However, various missense and deletion mutations of AE1 have been 
found in the COOH terminus and other regions of AE1 in several families with auto-
somal dominant dRTA (Fig. 18-6).120,121 It has been demonstrated that AE1 mutations 
associated with autosomal dominant dRTA have normal function, but cause abnor-
malities in trafficking and targeting of AE1 to the renal basolateral membrane.4,121 It 
is noteworthy that AE1 mutations causing autosomal recessive dRTA in association 
with hemolytic anemia have been demonstrated in Southeast Asian kindreds.4,12

Autosomal Recessive Distal Renal Tubular Acidosis
The ATP6V1B1 gene, localized on chromosome 12q13 and encoding the B1-subunit 
of the apical proton pump expressed in α-intercalated cells, has been implicated 
in autosomal recessive dRTA with early-onset sensorineural deafness (Table 18-4 
and Fig. 18-6).122-124 The B1-containing H+-ATPase is a member of the vacuolar 
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(V)-ATPase family that has a complex structure of at least 10 subunits.124,125 An 
intracellular domain of H+-ATPase, which, among other subunits, contains three B 
subunits, catalyzes ATP hydrolysis, providing energy for active H+ transport across 
the membrane-spanning Vo domain.4,125 Various mutations causing autosomal reces-
sive dRTA with sensorineural deafness have been identified within the ATP6V1B1 
gene.4,12,123 Consistent with the finding of hearing loss, expression of ATP6V1B1 in 
the cochlea and endolymphatic sac has been demonstrated.4,122 This suggests that 
mutations in inner ear H+-ATPase likely affect auditory function by altering the 
normally acidic endolymphatic pH.4,122

Several homozygous mutations in the ATP6VOA4 gene, located on chromosome 
7q33-34 and encoding the a4 accessory subunit of H+-ATPase, were found to cause 
dRTA without or with later onset deafness (Table 18-4).126,127

Clinical Features
Prominent clinical manifestations of dRTA include failure to thrive, polyuria, poly-
dipsia, constipation, vomiting, dehydration, muscle weakness, nephrocalcinosis, and 
nephrolithiasis.6,14 The factors promoting the nephrocalcinosis and stone formation 
in dRTA are hypercalciuria, hypocitraturia, and alkaline urine. The hypercalciuria is 
probably related to chronic accumulation of acid that is buffered by Ca2+ release 
from bone as well as inhibition of distal tubular Ca2+ reabsorption by chronic meta-
bolic acidosis.4 The hypocitraturia is secondary to intracellular acidosis that pro-
motes citrate uptake from the tubular lumen.128

The diagnosis of primary, classical dRTA can be based on (1) normal anion gap, 
hyperchloremic metabolic acidosis; (2) hypokalemia (as opposed to the hyperkale-
mia observed in voltage-dependent defect); (3) urine pH greater than 5.5 during 
spontaneous acidosis; and (4) a positive urinary anion gap (see proximal RTA) indi-
cating low urinary ammonium concentration.6,14 Although usually not necessary, the 
diagnosis of dRTA can be substantiated by the demonstration of an inability to 
maximally acidify the urine after NH4Cl loading or by the finding of urine–blood 
PCO2 (U-BPCO2 <20 mm Hg after alkali loading).14 The evaluation of dRTA should 
include examination of urinary Ca2+ and citrate levels as well as renal ultrasonogra-
phy to investigate for the presence of nephrocalcinosis.

Treatment
The goals of dRTA therapy are to improve growth, prevent nephrocalcinosis and 
nephrolithiasis, and prevent progressive renal insufficiency. Infants and young chil-
dren with dRTA may require up to 5 mEq/kg/day of alkali to correct acidemia, depend-
ing on the magnitude of renal HCO3

− wasting.6 As renal HCO3
− wasting decreases with 

age, alkali requirements decrease. Hypokalemia, which can be significant, should be 
corrected. Provision of HCO3

− by using citrate salts provides the additional advantage 
of exogenous citrate to prevent nephrocalcinosis and nephrolithiasis.14

Mixed Proximal and Distal Renal Tubular Acidosis (Type 3)
This variant of RTA shares the features of both proximal (reduced HCO3

− reabsorp-
tion) and distal (impaired urine acidification) RTA (Table 18-4) (Figs. 18-1 and 
18-6). It is caused by autosomal recessive mutations of the CAII gene located on 
chromosome 8q22 and expressed in kidney, bone, and brain.6,129,130 Because CAII is 
present in the cytosol of both proximal and distal tubules, these mutations lead to 
this mixed syndrome. Because the expression of CAII is affected also in bone and 
brain, additional manifestations include osteopetrosis, cerebral calcifications, and 
mental retardation.129,130 The osteopetrosis, which is secondary to osteoclast dysfunc-
tion, is a condition of increased bone density but also increased bone fragility leading 
to increased fracture risk.4 Excess bone growth leads to conductive deafness and can 
also cause blindness through compression of the optic nerve.

Hyperkalemic Renal Tubular Acidosis (Type 4)
Hyperkalemic RTA is characterized by a normal ability to acidify the urine during 
acidosis, but reduced urinary concentration of ammonium and hence of net acid.4,6,7 
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The primary pathogenic mechanism in type 4 RTA is aldosterone deficiency or 
resistance that results in impairment of H+ and K+ secretion in the principal cells 
of the collecting tubule (Fig. 18-6). The ensuing hyperkalemia leads to an impair-
ment of ammonium production. Decreased ENaC-mediated Na+ reabsorption by 
principal cells also contributes to impaired electrogenic secretion of H+ by interca-
lated cells.

Two hereditary aldosterone resistance states, PHAI and PHAII (discussed earlier; 
see Distal Convoluted Tubule) lead to type 4 RTA (Table 18-4).

Pseudohypoaldosteronism Type I
General Characteristics and Clinical Features
Pseudohypoaldosteronism type I (PHAI) is a rare inherited disorder characterized 
by renal salt wasting and end-organ unresponsiveness to mineralocorticoids.5,6,131 
The manifestations of the disease include hyponatremia, hyperkalemia, hyperchlo-
remic metabolic acidosis, and elevated plasma aldosterone and plasma renin activity. 
The disorder is divided into two forms of inheritance with distinct pathophysiologic 
and clinical features. The autosomal dominant form is a relatively mild disease that 
remits with age, is restricted to the kidney, and is caused by heterozygous loss-of-
function mutations in the mineralocorticoid receptor gene (Fig. 18-6).132 The auto-
somal recessive form presents with severe Na+ transport defects in all aldosterone 
target tissues, including the kidney, colon, and salivary and sweat glands, as well as 
in the lungs.5,133,134 Autosomal recessive PHAI is characterized by neonatal salt 
wasting with dehydration, hypotension, life-threatening hyperkalemia, type 4 RTA, 
and failure to thrive.131,133,134 The sweat test result is usually positive. The manifesta-
tions of the disease do not respond to mineralocorticoids, but do improve with salt 
supplementation. Neonatal respiratory distress syndrome and respiratory tract infec-
tions in affected children are common.135

Molecular Pathophysiology
The amiloride-sensitive ENaC, located at the apical membrane of Na+ transporting 
epithelia such as the kidney, colon, lung, and ducts of the exocrine glands, plays an 
essential role in Na+ and fluid reabsorption. In the kidneys, ENaC, which is com-
posed of a combination of three similar subunits, α, β, and γ, is found primarily in 
the principal cells of the collecting duct, where it mediates the entry of Na+ across 
the luminal membrane, a process driven by the basolateral Na+, K+-ATPase (Fig. 
18-6).133,134 Hence, ENaC has a central role in controlling extracellular fluid homeo-
stasis and blood pressure. The activity of ENaC is under the tight control of hor-
mones, such as aldosterone (Fig. 18-6) and vasopressin. Autosomal recessive PHAI 
is caused by homozygous or compound heterozygous loss-of-function mutations, 
which have been described in each of the three subunits α, β, and γ of ENaC 
(Fig. 18-6).5,133,136,137

Nephrogenic Diabetes Insipidus
General Characteristics and Clinical Features
Congenital nephrogenic diabetes insipidus (NDI) is characterized by an inability  
of the kidney to concentrate urine in response to the ADH arginine vasopressin 
(AVP).138,139 Polydipsia and polyuria, hyposthenuria, dehydration, constipation, and 
hypernatremia are the hallmarks of NDI in infants and children.139,140 Failure to 
thrive is common, and recurrent episodes of dehydration may cause severe neuro-
logic sequelae. Older children can present with poor growth, nocturia and enuresis, 
and learning and behavior difficulties.139,140

Clinical diagnosis of NDI can be established by a water deprivation test dem-
onstrating inappropriate urinary concentration unresponsive to DDAVP (desmopres-
sin) administration. The evaluation of an infant or a child with NDI should include 
renal ultrasonography to evaluate for NDI secondary to disorders that result in 
impaired ability to concentrate the urine. These include conditions such as dysplastic 
and polycystic kidneys, renal scars, and nephrocalcinosis.140
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Molecular Pathophysiology
The movement of water across the renal tubular epithelial membrane is of central 
importance in maintaining water and electrolyte balance. Reabsorption of water in 
the renal tubule occurs mainly through aquaporin (AQP) water channels, the activity 
of which is controlled by the vasopressin type 2 receptor (V2R) (see below).  
AQPs are members of a large family of pore-forming intrinsic membrane proteins.141 
There are now 13 well-characterized mammalian AQPs, AQP 0-12, of which eight 
(AQPs 1, 2, 3, 4, 6, 7, 8, and 11) are expressed in the kidney.138,141 Ultrastructural 
studies have shown that AQPs have a barrel-like structure and are assembled in 
tetramers.141,142

Aquaporin 2 is the vasopressin-responsive AQP in the principal cells of the 
renal collecting duct, where 10% of the filtered volume is reabsorbed (Fig. 18-7). 
AQP2 is localized to the apical side of the principal cell (whereas AQP3 and AQP4 
are expressed at the basolateral membrane).139 Binding of the antidiuretic hormone 
AVP to the vasopressin type 2 receptor (V2R) at the basolateral side of the principal 
cell activates G protein (Gs) and increases intracellular cyclic adenosine monophos-
phate (cAMP) levels, resulting in phosphorylation of AQP2 by cAMP-dependent 
protein kinase (Fig. 18-7). This in turn triggers intracellular vesicles containing 
AQP2 to fuse with the apical membrane, rendering the cell water permeable. Upon 
dissociation of AVP from its receptor, AQP2 is internalized by endocytosis, and the 
cell returns to its water-impermeable state.141

X-Linked Nephrogenic Diabetes Insipidus
X-linked ND1 is caused by mutations in the V2 receptor gene, AVPR2, which resides 
on the long arm of chromosome X (Xq28).143,144 Most (>90%) of the patients with 
congenital NDI have mutations in the AVPR2 gene. To date, more than 190 different 
putative disease causing mutations in the AVPR2 gene have been reported.139,144 
When studied in vitro, most AVPR2 mutations lead to receptors that are trapped in 
the endoplasmic reticulum and are unable to reach the plasma membrane.144

Figure 18-7 Regulation of aquaporin 2 (AQP2) recycling in a principal cell of the collecting duct. Binding of 
arginine vasopressin (AVP) to vasopressin type 2 receptor (V2R) at the basolateral membrane triggers a signaling 
cascade, which results in protein kinase A-induced phosphorylation of AQP2 in intracellular vesicles. After phos-
phorylation, AQP2-containing vesicles translocate to the apical membrane (a process that involves the microtubular 
machinery), thereby increasing the water permeability of the membrane. Upon dissociation of AVP from its recep-
tor, AQP2 is retrieved endocytically from the apical membrane, and the cell returns to its water-impermeable 
state. Hereditary tubulopathies caused by defects in these pathways are depicted. (Modified with permission from 
Zelikovic I. Renal tubular disorders. In: Hogg RJ, ed. Kidney Disorders in Children and Adolescents. 1st ed. London: 
Taylor & Francis, 2006: 165-180.)
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Autosomal Recessive and Autosomal Dominant Nephrogenic 
Diabetes Insipidus
Nephrogenic diabetes insipidus can be transmitted as an autosomal recessive or 
autosomal dominant trait. In these cases, the disease is caused by mutations in the 
AQP2 gene, located on chromosome 12q13.145,146 To date, 40 different putative 
disease-causing mutations in the AQP2 gene have been reported in autosomal reces-
sive NDI.139,141 Most of these are missense mutations. Similar to AVPR2 mutants, 
mutations in the AQP2 gene lead to an impaired routing of channel proteins to 
the plasma membrane caused by misfolding and retention in the endoplasmic 
reticulum.

At present, eight NDI families with autosomal dominant inheritance have been 
identified.141 This form of NDI is caused by various mutations in the AQP2 gene that 
change the transport signal of the AQP2 protein with consequent misrouting to the 
Golgi compartment or to late endosomes.139,141

Therapy
The hallmarks of therapy of NDI include139,140 (1) replacement of urinary water losses 
by adequate supply of fluid (if necessary, via nasogastric or gastric tube); (2) reduc-
tion of dietary solute load by restricting Na+ intake and by providing protein intake 
not higher than the recommended daily allowance; and (3) pharmacologic therapy, 
including thiazide, amiloride, and (if indicated) indomethacin. Finally, of great inter-
est are recent studies investigating the yield of pharmacologic chaperones in rescuing 
misfolded V2R and AQP2 proteins trapped in the endoplasmic reticulum.147,148 The 
findings of these studies may provide a basis for future design of therapeutic strate-
gies for some forms of NDI.

Nephrogenic Syndrome of Inappropriate Diuresis
General Characteristics
The nephrogenic syndrome of inappropriate diuresis (NSIAD) is a rare, recently 
described genetic disorder of water balance affecting male infants.149,150 The clinical 
and laboratory features of NSIAD resemble those of the syndrome of inappropriate 
secretion of antidiuretic hormone (SIADH) and include hyponatremia, seizures, and 
inappropriately hypertonic urine.151,152 However, in contrast to the markedly ele-
vated plasma AVP levels in SIADH, NSIAD is characterized by undetectable or very 
low AVP levels in plasma.149,152

Molecular Pathophysiology
The NSIAD is caused by a gain of function mutation in the V2R receptor gene, 
AVPR2, located on chromosome xq28, which leads to constitutive activation of 
the receptor (see Table 18-4 and Fig. 18-7).149 The two unrelated male infants 
included in the first report on this syndrome,149 as well as the few cases subse-
quently reported,152 display missense mutations, resulting in the substitution of 
arginine to cysteine or leucine in codon 137. The mechanism whereby these muta-
tions cause constitutive activation of the receptor is unclear. Interestingly, the 
manifestations of the disease mostly occur after the age of a few months. It has 
been suggested that limited concentrating capacity of the renal tubule in neonates 
combined with high insensible water loss might have a protective role and post-
pone the appearance of the disease.152

Therapy
The simplest therapy of NSIAD is fluid restriction that, however, is not feasible 
during early life because of its consequence of caloric deficiency.150,152 Administration 
of urea to induce osmotic diuresis or furosemide with salt supplementation, both 
therapies used in SIAPH,151 153 are potential therapies in NSIAD that have not been 
tested in this syndrome and can lead to serious side effects. Of a great interest is a 
recent functional study in renal cells demonstrating AVP-induced internalization of 
the mutant V2R.153 The findings of the study raise the possibility that administration 
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of vasopressin could have a therapeutic value for NSIAD by reducing steady-state 
surface receptor levels, thus lowering basal cAMP production and accumulation that 
most likely underlies NSIAD.

Conclusion
In the past decade, remarkable progress has been made in our understanding of the 
molecular pathogenesis of hereditary tubulopathies. Molecular genetics and molecu-
lar biology studies have led to the identification of numerous tubular disease-causing 
mutations, have provided important insight into the defective molecular mecha-
nisms underlying various tubulopathies, and have greatly increased our understand-
ing of the physiology of renal tubular transport. Nevertheless, numerous issues 
remain unsettled and warrant additional research. Future studies will shed more 
light on the molecular mechanisms and functional defects underlying the impaired 
transport in various tubulopathies. These studies may significantly improve our 
understanding of the mechanisms underlying renal salt homeostasis, urinary mineral 
excretion, and blood pressure regulation in health and disease. The identification of 
the molecular defects in inherited tubulopathies may provide a basis for future 
design of targeted therapeutic interventions and, possibly, strategies for gene therapy 
of these complex disorders.
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Obstructive uropathy comprises the greatest identifiable cause of renal insufficiency 
and renal failure in infants and children.1 This group of disorders creates significant 
diagnostic and therapeutic challenges for obstetricians, perinatologists, neonatolo-
gists, pediatric nephrologists, and pediatric urologists. The hallmark of obstructive 
uropathy is hydronephrosis, which is most often first detected by fetal ultrasonog-
raphy. The etiology of the lesions responsible for congenital urinary tract obstruction 
remains undetermined in most cases, although mutations in certain genes have been 
implicated in a variety of urinary tract malformations2,3 and malformation syn-
dromes.4 The natural history of obstructive uropathy remains poorly defined, and 
an improved understanding of pathophysiology will be necessary to advance diag-
nosis and management.

Although the focus of this review is the assessment of renal function in fetuses, 
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 (e.g. obstruction of the urinary tract). A physician caring 
for a 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. 19-1). The consequences of urinary tract maldevelopment include not only 
the challenges of dialysis and transplantation, but also those of recurrent urinary 
tract infections (UTIs) and urinary incontinence. Any fetal intervention must, there-
fore, 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 fetuses 
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 of urine flow remains unclear. Studies in animals 
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Figure 19-1 Schematic showing the 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 also the long-term implications of perinatal 
management. 
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have shown that experimentally-induced fetal ureteral or urethral obstruction can 
result in dysplastic renal changes (generally after obstruction early in gestation) or 
hydronephrosis with varying degrees of impairment of renal growth and function 
(after obstruction later in gestation).5,6 The consequences of obstruction to urine 
flow during renal development are highly complex, involving tubular dilatation and 
altered epithelial–mesenchymal interaction, apoptosis, and cyst formation.7 If initi-
ated early in fetal life, urinary tract obstruction alters branching morphogenesis, 
leading to altered induction of glomeruli, podocyte apoptosis, and glomerular cysts 
(Fig. 19-2). 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.8

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.”9 Although 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 a fetus or infant. In a fetus 
or infant with hydronephrosis, urinary tract obstruction must be distinguished from 
vesicoureteral reflux (VUR) and from physiologic renal pelvic dilatation.8 Additional 
nonobstructive causes of hydronephrosis include congenital extrarenal pelvis and 
nonrefluxing nonobstructed megaureter (Table 19-1).10

Ureteropelvic junction obstruction (UPJO) is the most common lesion resulting 
in congenital obstructive uropathy. Although it is most often unilateral, the contra-
lateral kidney may be subject to other abnormalities, such as VUR.11 The major 
controversy surrounding the evaluation of UPJO is the selection of patients for surgi-
cal pyeloplasty (as well as the timing of the procedure), with the objective of maxi-
mizing long-term renal function. Ureterovesical obstruction and ureterocele with 
ectopic ureter are additional sites for a congenital obstructive lesion and must also 
be distinguished from uncomplicated VUR. Less commonly encountered, retrocaval 
ureter, primary obstructive megaureter, or midureteral stricture can also result in 
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Figure 19-2 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 glomerular development. Second, there are podocyte 
apoptosis, tubular apoptosis and epithelial–mesenchymal transformation, and interstitial cell transformation to 
myofibroblasts, which contribute to ongoing nephron loss. (From Woolf AS, Thiruchelvam N. Congenital obstructive 
uropathy: its origin and contribution to end-stage renal disease in children [review]. Adv Ren Replace Ther 8:157, 
2001, with permission.)
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Table 19-1 CAUSES OF ANTENATAL HYDRONEPHROSIS

Anomalous UPJ or UPJO
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
MMIHS
Hydrocolpos
Pelvic tumor
Cloacal abnormality

MMIHS, megacystis–microcolon–intestinal hypoperistalsis syndrome; UPJ, ureteropelvic junction; 
UPJO, ureteropelvic junction obstruction
Adapted from Elder JS. Antenatal hydronephrosis: fetal and neonatal management. Pediatr Clin North 
Am. 44:1299, 1997.
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fetal hydronephrosis (Table 19-1). 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, 
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 
(PUVs), prune belly syndrome, and urethral atresia (Table 19-1). Dilatation of the 
fetal bladder and renal pelves but with normal amniotic fluid volume suggests 
megacystis–microcolon-–intestinal hypoperistalsis syndrome, a rare and lethal con-
dition that, unlike most obstructive nephropathy, is far more common in girls.13 The 
major controversy in the management of these lower tract lesions also relates to 
patient selection and the timing of surgical intervention, including fetal urinary 
diversion (discussed later).14 Finally, hydrocolpos, neoplasms (e.g., sacrococcygeal 
tumors), or cloacal abnormalities may rarely account for congenital urinary tract 
obstruction (Table 19-1).

Fetal Renal Development and Physiology
To understand the assessment of renal function in a fetus with potential obstructive 
uropathy, it is first necessary to review normal fetal renal physiology. Because  
function follows morphology, it is useful to examine human fetal renal development 
(Fig. 19-3).15 After 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. 19-3). Nephrogenesis undergoes most rapid growth 

Figure 19-3 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 exponential 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.)
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during the second trimester, with completion by 34 weeks’ gestation; renal mass 
increases exponentially throughout the second and third trimesters (Fig. 19-3). Fetal 
urine production normally increases dramatically in the third trimester, reaching 
rates of approximately 50 mL/hr at term (Fig. 19-4).16 For a 2.5-kg infant, this 
amounts to a urine flow rate of 20 mL/kg/hr that would translate to a high rate of 
diuresis in the neonate. As described later, the high fetal urine flow rate contributes 
significantly to amniotic fluid volume (Fig. 19-5),17 which becomes compromised 
in severe bilateral fetal obstructive uropathy.

Fetal renal blood flow increases linearly throughout the second half of preg-
nancy, from less than 20 mL/min at 20 weeks to 40 to 100 mL/min at 40 weeks 
(Fig. 19-6).18 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.19,20 Estimated fetal creatinine clearance increases from 
less than 1 mL/min below 25 weeks to greater than 4 mL/min at term (Fig. 19-7A).21 
Urine concentrating capacity is reduced in fetuses because of anatomic immaturity 
of the renal medulla, decreased medullary concentration of sodium chloride and 
urea, and diminished responsiveness of collecting ducts to vasopressin.22 Recent 
studies show that this is partly attributable to reduced density of aquaporins (AQPs) 
in fetuses.23,24 Fractional excretion of sodium (FENa) decreases progressively 
throughout the second half of gestation, but remains at 5% to 20% of the filtered 
load (Fig. 19-7B).21 This is partly attributable to progressive maturation of sodium 
channels in the collecting duct.25 These changes lead to a progressive decrease in 
fetal urine sodium concentration from 16 to 36 weeks’ gestation (Fig. 19-8).26 Renal 

Figure 19-4 Values of hourly urine production (mL) by normal fetuses plotted with mean and 95% confidence 
limits of the slope. (From Mitra SC. Effect of cocaine on fetal kidney and bladder function. J Maternal-Fetal Med. 
8:262, 1999, with permission.)
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adaptation to parturition is revealed by a marked reduction in FENa in neonates 
compared with fetuses of similar gestational age (Fig. 19-7B).27

Because postnatal bladder dysfunction is a major cause of morbidity in infants 
with bladder outlet obstruction, increasing attention is being paid to fetal bladder 
physiology. Ultrasound studies have revealed a progressive increase in duration of 
fetal bladder cycles from approximately 25 minutes at 20 weeks gestation to 60 
minutes at 40 weeks.16

Evaluation of the Fetal Urinary Tract
The assessment of a fetus with hydronephrosis should first involve a detailed evalu-
ation of the sonogram of the kidneys and urinary tract. The severity of fetal renal 

Figure 19-5 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.)
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Figure 19-6 Renal blood flow in human fetuses in the second 
half of gestation measured by color-pulsed Doppler evalua-
tion of the renal artery (individual data points [n = 22 fetuses, 
each studied three times], with lines showing mean and 95% 
confidence intervals). (From Veille JC, Hanson RA, Tatum K, 
et al. Quantitative assessment of human fetal renal blood flow. 
Am J Obstet Gynecol. 169:1399, 1993, with permission.)
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Figure 19-7 Renal function in human fetuses 
(pink circles) and neonates (red 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,19,20,123 and postnatal values were previously 
reported by Al-Dahhan et al.27 (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.)
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Figure 19-8 Fetal urinary sodium concentration based on 
data from 26 human fetuses 16 to 36 weeks’ gestation with 
normal urinary tracts (mean and 95% confidence intervals). 
(From Nicolini U, Fisk NM, Rodeck CH, et al. Fetal urine 
biochemistry: an index of renal maturation and dysfunction. 
Br J Obstet Gynaecol. 99:46, 1992, with permission.)
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pelvic dilatation does not always correlate well with renal functional outcome,28 but 
an anteroposterior renal pelvic diameter exceeding 7 mm in the third trimester 
appears to be predictive of obstructive uropathy, with a 69% to 92% positive predic-
tive value.29,30 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-hour study period.31 A meta-analysis of antenatal renal ultrasound results 
revealed that oligohydramnios and renal cortical appearance provide the best predic-
tive value for postnatal renal function (sensitivity, 0.6; specificity. 0.8) (Table 19-2).32 
Comparison of renal pelvic diameters measured by antenatal ultrasonography 
grouped by ultimate outcome shows a broad range for each gestational age, but 
discrimination clearly improves with gestational and postnatal age.33 Increased renal 
echogenicity or effacement of the corticomedullary junction on the fetal ultrasound 
have been associated with dysplastic changes in the kidney and, therefore, an unfa-
vorable prognosis.34 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 
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very poor.35 There is evidence that fetal renal artery Doppler examination can dis-
tinguish nonfunctioning cystic kidneys from normal,36 but studies documenting a 
reliable estimate of renal blood flow in fetal obstructive uropathy are lacking. Even 
postnatal measurement of the intrarenal resistive index has not proved reliable for 
the evaluation of obstructive uropathy.37

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. 
Ultrasound measurement of fetal bladder sagittal diameter is also helpful in predict-
ing postnatal outcome. The fetal bladder can be measured in the first trimester; a 
diameter exceeding 15 mm is associated with a poor prognosis.38 There is a tight 
relationship between bladder diameter and gestational age, with measurements 
exceeding the 95% confidence interval defined as “dilated” and those larger than 
10 mm defined as “megacystis” (Fig. 19-9). When coupled with renal pelvic changes 
(pyelectasis vs. hydronephrosis), the combination of megacystis and hydronephrosis 
carries the worst prognosis.39 Whereas the association of bladder diameter greater 
than 40 mm with hydronephrosis before 28 weeks is predictive of PUV, the  
absence of hydronephrosis and bladder diameter less than 40 mm is predictive of 
urethral atresia or stenosis.40 The prognosis is more dependent on the obstructive 

Figure 19-9 Exact exponential and approximate linear regression models of normal fetal bladder sagittal length 
(FBSL) reveal that the exact exponential regression (curved line) relationship of FBSL and gestational age can be 
approximated by a linear regression model (solid line). Outliers (open circles) often showed megaureter in new-
borns. Regions defining enlarged bladder as dilated bladder or megacystis are shown above 95% confidence 
intervals. Filled circles indicate normal values. (From Maizels M, Alpert SA, Houston JTB, et al. Fetal bladder sagittal 
length: a simple monitor to assess normal and enlarged fetal bladder size, and forecast clinical outcome. J Urol. 
172:1995, 2004, with permission.)
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Table 19-2 SUBGROUP META-ANALYSIS (RANDOM EFFECTS MODEL) OF 
ANTENATAL ULTRASOUND DIAGNOSTIC MEASURES TO PREDICT POOR 
POSTNATAL RENAL FUNCTION IN SURVIVORS WITH CONGENITAL LOWER 
URINARY TRACT OBSTRUCTION

Diagnostic Measure Sensitivity (95% CI) Specificity (95% CI) P AUC

Oligohydramnios 0.63 (0.51–0.74) 0.76 (0.65–0.85) 19.67, (0.02) 0.74

Renal cortical appearance 0.57 (0.37–0.76) 0.84 (0.71–0.94) 10.29, (0.04) 0.78

Gestation at diagnosis <24 
weeks

0.48 (0.26–0.70) 0.82 (0.66–0.92) 3.88, (0.14) 0.68

AUC, area under receiver operating characteristic curve; CI, confidence intervals.
With permission from Morris RK, Malin GL, Khan KS, et al. Antenatal ultrasound to predict postnatal renal function in 

congenital lower urinary tract obstruction: systematic review of test accuracy [review]. BJOG 116:1290, 2009.
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lesion than on renal ultrasound or biochemical profiles; urethral atresia is less favor-
able than PUV.40 Examination of the bladder after emptying by vesicocentesis is also 
helpful. Fetuses with urethral atresia or completely obstructed PUV demonstrate 
symmetrically round and thick-walled bladders.41 In addition, ultrasonography pro-
vides an estimation of amniotic fluid volume, which is decreased in the second and 
third trimester in any condition associated with decreased fetal urine production. 
This includes bilateral renal agenesis, renal hypoplasia, dysplasia, polycystic kidney 
disease, or obstructive uropathy. Severe oligohydramnios is associated with pulmo-
nary hypoplasia, which becomes a major cause of neonatal mortality in fetal obstruc-
tive uropathy.42 This is important because the prevention of pulmonary hypoplasia 
(rather than the prevention of renal insufficiency, as described later) constitutes the 
major justification for the clinical measurement of renal function in human fetuses.

Fetal urinary tract ultrasonography may be limited by severe oligohydramnios, 
fetal complex malformation syndromes, or maternal obesity. In such cases, measure-
ment of the water apparent diffusion coefficient by magnetic resonance imaging 
(MRI) can be helpful, but must be factored for gestational age.43 This technique can 
be used to complement sonography and to clarify the diagnosis, sometimes modify-
ing the decision to continue or terminate the pregnancy.44

After the condition has been detected by maternal ultrasonography, the mother 
of a fetus with urinary tract anomalies and oligohydramnios should receive consulta-
tion by appropriate specialists, including a perinatologist, genetic counselor, pedi-
atric urologist, and pediatric nephrologist. Delivery of these infants should optimally 
be planned for a tertiary care center with the necessary experience and multidisci-
plinary 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,16 and amniotic fluid volume provides an estimate of 
fetal urine production in the second and third trimester.17 Fetal urine sampling 
provides information regarding fetal renal function (Table 19-3). As stated previ-
ously, 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

Table 19-3 CONCENTRATIONS OF BIOMARKERS OF FETAL RENAL 
FUNCTION ASSOCIATED WITH A FAVORABLE RENAL 
PROGNOSIS

Fetal serum markers

β2-microglobulin (mg/L)46-48 <5.6

Fetal urine markers

Sodium (mmol/L)46 <100

Chloride (mmol/L)51 <90

Calcium (mmol/L)26 <1.2

Osmolality (mOsm/L)51 <200

β2-microglobulin (mg/L)49 <2

Total protein (mg/dL)51 <20

N-acetyl-β-D-glucosaminidase (nmol/mL/hr)50 <100

Cystatin-C (mg/L)55 <1

Amniotic fluid markers

Cystatin-C (mg/L)56 <1
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Fetal serum β2-microglobulin, normally less than 5.6 mg/l (Table 19-3), 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 fetuses with obstruc-
tive uropathy (Fig. 19-10).47 Although sampling of fetal serum β2-microglobulin is 
more difficult than urine, sensitivity and specificity are 80% and 99%, respectively,48 
and it allows serial tracking of fetal renal function before and after surgical interven-
tion. In contrast, fetal urinary β2-microglobulin is increased as a consequence of 
tubular dysfunction, with values exceeding 2 mg/L suggesting a poor renal outcome 
(Table 19-3).49 Similarly, fetal urinary N-acetyl-β-D-glucosaminidase (NAG) concen-
tration is elevated in severe obstructive uropathy (>100 nmol/mL/hr) (Table 19-3), 
although neither β2-microglobulin nor NAG can be used independently to discrimi-
nate 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 19-3).26 After the beginning of meta-
nephric function at the end of the first trimester (Fig. 19-3), tubular function 
matures throughout gestation, and urine becomes progressively hypotonic, with 
decreasing urinary sodium concentration from 16 to 30 weeks’ gestation (Fig. 
19-8).26 It should be noted that in the early second trimester, fetal urine sodium 
concentration is normally similar to plasma, so the effects of obstructive uropathy 
would not be detectable at 16 weeks (Fig. 19-8). 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 
19-3).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 19-3).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 19-3), with superior sensitivity and specificity to urine 
β2-microglobulin or sodium concentration.51

Although 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 analyti-
cal equipment, proton nuclear magnetic resonance spectroscopy can provide supe-
rior 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, 

Figure 19-10 Fetal serum β2-microglobulin 
concentration. A. Control participants (n = 
67). B. Bilateral renal agenesis (n = 18). C. 
Termination of pregnancy because of bilat-
eral renal dysplasia (n = 26). D. Infants with 
postnatal serum creatinine greater than 50 
µmol/L (n = 6). E. Infants with postnatal serum 
creatinine less than 50 µmol/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.)
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Figure 19-11 Urine samples from human fetuses 
with bilateral urinary tract obstruction examined 
by proton nuclear magnetic resonance. Group 1 
(n = 21, squares) consisted of survivors for longer 
than 1 year with serum creatinine below 50 
µmol/L. Group 2 (n = 17, triangles) consisted of 
survivors with serum creatinine above 50 µmol/L. 
Group 3 (n = 18, crosses) consisted of those 
with histologic dysplasia associated with fetal  
(termination of pregnancy) or neonatal death.  
A. Relationship between fetal urinary concentra-
tion of β2-microglobulin and sodium concentra-
tion. B. Relationship 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 mag-
netic resonance spectroscopy. Am J Obstet 
Gynecol. 170:595, 1994, with permission.)
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or severe renal dysplasia associated with fetal or neonatal death.53 High-resolution 
magnetic resonance spectroscopy has also been used to measure amino acids, 
glucose, and creatinine in second- and third-trimester amniotic fluid.54 Although 
amino acids and glucose decrease with gestational age, creatinine increases: combi-
nations of these may prove useful as biomarkers of fetal renal maturation.54 Two-
dimensional representation of fetal urine β2-microglobulin and sodium concentration 
discriminates between those with normal and decreased GFR (but survival) with 
76% sensitivity, 81% specificity, and 81% negative predictive value (Fig. 19-11A).53 
Fetal urine valine-threonine concentration discriminates with 88% sensitivity, 86% 
specificity, and 90% negative predictive value (Fig. 19-11B).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.55 Fetal urine cystatin C has a 
similar sensitivity and specificity to urinary sodium and β2-microglobulin in distin-
guishing severe renal dysfunction, but has the advantage of not varying with gesta-
tional age (Fig. 19-12A).55 In contrast, studies have shown that amniotic fluid cystatin 
C concentration normally decreases with gestational age from 22 to 36 weeks (Fig. 
19-12B), 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 19-3).56 Similar conclusions were reached in a recent report com-
paring fetal urine and amniotic fluid cystatin C concentrations.57

An enhancement of sensitivity in discrimination by urinary biomarkers has 
been achieved by sequential sampling of three fetal bladder aspirations, each 48 
hours apart.58 The rationale for this is as follows: the first urine sample represents 
“bladder” urine, the second represents urine that was flushed into the bladder from 
the dilated upper urinary tracts, and the third represents newly produced urine that 
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Figure 19-12 Fetal urine and amniotic fluid cystatin C concentration. A. Fetal urine cystatin C and sodium con-
centration expressed as multiples of the median (MoM) on a logarithmic scale. Group 1 (n = 19) consisted of 
termination of pregnancy or neonatal death because of bilateral renal dysplasia. Group 2 (n = 19) consisted of 
infants with postnatal serum creatinine above 50 µmol/L. Group 3 (n = 33) consisted of infants with postnatal 
creatinine below 50 µmol/L. B. Amniotic fluid cystatin C in the second and third trimesters for normal fetuses 
(n = 96). Values for 22- to 36-week fetuses with obstructive 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 postnatal renal function in bilateral uropa-
thies. Clin Chem. 45:2292, 1999; and 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 Gynaecol. 109:778, 2002, with 
permission.)
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drained into the bladder after temporary relief of obstruction by the bladder aspira-
tions.51,58 It should be recalled that with bladder outlet obstruction, renal function 
is often impaired asymmetrically. Thus, bladder urine indices 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

Fetal renal maturation can also be inferred from biochemical profiles of amni-
otic fluid, which is more easily obtained than fetal urine or blood. Amniotic fluid 
α1-microglobulin, β2-microglobulin, glucose, and uric acid concentration provided 
good correlation with fetal renal maturation, but their utility in distinguishing post-
natal prognosis has not been confirmed.59,60

Three variables have been identified as independent predictors of adverse 
outcome in fetal hydronephrosis: oligohydramnios, postnatal GFR below 20 mL/
min, and prematurity.61 The nadir plasma creatinine concentration is a useful marker 
of prognosis: whereas fetuses with a nadir of greater than 1.0 mg/dL all progressed 
to renal failure, 75% of those with a nadir serum creatinine of less than 0.8 mg/dL 
maintained normal GFR for more than 4 years.45 Although oligohydramnios and 
reduced GFR are directly linked to functioning renal mass, the role of prematurity 
is less obvious. Fetuses with significant bladder outlet obstruction are more likely 
to be born before term.62 Of greater concern is the recent discovery that nephrogen-
esis may not progress postnatally in very low birth weight infants, such that the 
ultimate number of nephrons may remain permanently decreased.63,64 Because severe 
congenital bladder outlet obstruction can itself significantly reduce the number of 
nephrons in the human fetus,65 the added complication of prematurity becomes an 
important variable.

A recent meta-analysis of fetal urine analytes to predict renal outcome included 
23 articles (total of 572 women) that met selection criteria.66 The two most accurate 
tests were urine calcium and sodium concentration, with β2-microglobulin being 
less accurate (Fig. 19-13).66 It is important to use gestation-specific thresholds.

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. 19-14).67 A minimum of three serial fetal 
urine samples may then be obtained at 48- to 72-hour intervals as described previ-
ously, and fetuses are characterized as having a good prognosis (Table 19-3), bor-
derline prognosis (maximum of 2 abnormal values), or poor prognosis (maximum 
of 3 abnormal values). Parents are then offered the option of prenatal intervention 
if the karyotype is normal male with isolated lower urinary tract obstruction and 
good or borderline urine markers.67 Vesicoamniotic shunting is a temporary percu-
taneous intervention that provides diversion of fetal urine to the amniotic space and 
has been described in detail.14 As discussed later, the ultimate outcome of patients 
undergoing fetal intervention for obstructive uropathy is variable, with survival 
largely depending on the specific underlying diagnosis and the criteria for patient 
selection.67-69 Meta-analysis of the benefits of prenatal bladder drainage on the 
outcome of fetal lower urinary tract obstruction suggests improved survival of those 
with poor predicted prognosis (Fig. 19-15), although when considering the effect 
on long-term survival with normal postnatal renal function, the results suggest a 
trend favoring no treatment.70 A sobering conclusion was reached by a European 
group reviewing the outcome of feto-amniotic shunting in a 9-year study (1993–
2001) compared with a prior 4-year study (1988–1992): “The indications, complica-
tions and management of feto-amniotic shunting did not change profoundly.”71 
Systematic reviews of fetal medicine have suffered from methodologic flaws such as 
assessing validity of included studies.72 In the absence of a large prospective study, 
the impact of vesicoamniotic shunting on even pulmonary maturation remains to 
be established conclusively. Recruitment for the Percutaneous shunting in Lower 
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Figure 19-13 Individual results for index tests likely to be at least moderately useful (either positive likelihood 
ratio >5 or negative likelihood ratio <0.2) in prediction of poor postnatal renal function in fetuses with obstructive 
uropathy. CI, confidence interval; IGF, insulin-like growth factor; LR, likelihood ratio; NMR, nuclear magnetic reso-
nance. (From Morris RK, Quinlan-Jones E, Kilby MD, et al. Systematic review of accuracy of fetal urine analysis to 
predict poor postnatal renal function in cases of congenital urinary tract obstruction. [Review]. Prenat Diagn. 27:900, 
2007, with permission.) *References in table refer to those in original paper.

Test and author∗
Sodium
Bunduki et al 1998

Threshold

Sodium �100 mEq/L

Negative LR (95% Cl)

0.54 (0.22–1.32)

Positive LR (95% Cl)

7.00 (0.42–116.40)
Bussieres et al 1995 Sodium �50 mmol/L 0.19 (0.04–0.84) 3.26 (1.43–7.45)
Grannum  et al 1989 Sodium �100 mmol/L 0.06 (0.00–0.93) 9.44 (0.68–131.60)
Johnson et al 1995 Sodium �100 mg/dLa 0.06 (0.00–0.89) 4.24 (1.86–9.67)
Muller et al 1999 Sodium �75 mmol/Lb 0.03 (0.00–0.40) 34.45 (7.10–167.10)
Muller et al 1999 Sodium �75 mmol/Lc 0.53 (0.35–0.81) 32.30 (1.98–525.70)
Nicolaides et al 1992 Sodium �95th

                  centile for gestation
0.30 (0.18–0.50) 10.07 (2.13–47.64)

Nicolini et al 1992 Sodium �95th
                  centile for gestation

0.20 (0.06–0.66) 3.71 (1.22–11.26)

Miguelez et al 2006 Sodium �2 sd 0.58 (0.32–1.02) 9.90 (0.61–161.74)

β2-Microglobulin
Bussieres et al 1995 Beta 2 �2.5 mg/L 0.23 (0.08–0.70) 26.27 (1.68–410.77)
Daikha-Dahmane

et al 1997
Beta 2 �10 mg/L 0.36 (0.18–0.70) 5.48 (0.40–74.20)

Freedman et al 1996 Beta 2 �2 mg/L 0.08 (0.00–1.50) 1.31 (0.96–1.78)

Calcium
Johnson et al 1994 Calcium �8 mg/dL 0.14 (0.01–2.23) 1.34 (1.01–1.77)
Nicolaides et al 1992 Calcium �95th

                   centile for gestation
0.26 (0.14–0.46) 27.00 (1.74–418.12)

Nicolini et al 1992 Calcium �95th
                   centile for gestation

0.05 (0.00–0.85) 2.37 (0.16–4.84)

Chloride
Bunduki et al 1998 Chloride �90 mEq/L 0.54 (0.22–1.32) 7.00 (0.42–116.40)
Grannum et al 1989 Chloride �90 mmol/L 0.06 (0.00–0.93) 9.44 (0.68–131.60)

Combined urinary analytes
Qureshi et al 1996 Sodium, chloride, osmolality, 0.14 (0.01–1.84) 10.50 (0.72–153.07)

b Severe renal disease.

a Second urine. 0.01 1 1

Negative LR Positive LR

100.0

c Mild renal disease.

Calcium, �2-microglobulin, total protein

Johnson et al 1995 Chloride �90 mg/dL
                   (second urine)

0.04 (0.00–0.68) 3.35 (1.65–6.81)

Osmolality
Grannum et al 1989 Osmolality �210 mOsm/L 0.07 (0.00–1.07) 7.50 (0.56–100.87)
Johnson et al 1995 Osmolality �200 mOsm/L

(last urine)
0.06 (0.00–0.83) 5.45 (2.09–14.25)

Reuss et al 1987 Osmolality �210 mOsm/kg 0.17 (0.01–2.98) 1.83 (0.58–5.83)

Total protein
Johnson et al 1994 Total protein �20 mg/dL 0.39 (0.18–0.83) 6.02 (1.75–20.69)

Freedman et al 1996 Beta 2 �6 mg/L 0.63 (0.45–0.88) 11.08 (0.70–176.24)
Johnson et al 1995 Beta 2 �4 mg/L (first urine) 0.67 (0.42–1.07) 11.20 (0.64–194.77)
Johnson et al 1995 Beta 2 �4 mg/L (second urine) 0.77 (0.54–1.12) 8.00 (0.43–150.09)
Mandelbrot et al 1993 Beta 2 �2 mg/L 0.48 (0.27–0.85) 15.00 (0.94–238.24)
Muller et al 1999 Beta 2 �5 mg/Lb 0.03 (0.00–0.47) 5.44 (3.04–9.72)
Muller et al 1999 Beta 2 �5 mg/Lc 0.51 (0.32–0.82) 7.14 (2.02–25.27)

Other urinary analytes
Bussieres et al 1995 IGF-1 �50 pg/L 0.16 (0.04–0.72) 5.87 (1.83–18.90)
Bussieres et al 1995 IGFBP-3 �30 ng/L 0.27 (0.09–0.81) 5.25 (1.60–17.25)
Eugene et al 1994 Valine/threonine ratio NMR 0.17 (0.05–0.53) 5.41 (2.03–14.40)
Nicolaides et al 1992 Creatinine �5th

centile for gestation
0.20 (0.10–0.41) 9.77 (2.09–45.59)

Muller et al 1999 Cystatin C �1 mg/Lb 0.21 (0.08–0.54) 5.14 (2.69–9.84)
Muller et al 1999 Cystatin C �1 mg/Lc 0.65 (0.46–0.93) 8.50 (1.61–44.87)

Urinary Tract Obstruction (PLUTO) study will continue until 2013 and may provide 
answers regarding 5-year impact of intervention.73

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 (Fig. 19-2).74 Examination of kidneys from human fetuses with severe bladder 
outlet obstruction or multicystic dysplasia with ureteral atresia showed expansion 
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Figure 19-14 Algorithm for the prenatal evaluation and 
management of fetuses with suspected lower urinary tract 
obstruction. (From Biard JM, Johnson MP, Carr MC, et al. 
Long-term outcomes in children treated by prenatal vesi-
coamniotic shunting for lower urinary tract obstruction. 
Obstet Gynecol. 106:503, 2005, with permission.)
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of glomerular and tubular cysts with retention of the macula densa and primitive 
loop structure, suggesting that the abnormalities developed after initial nephron 
differentiation.75 In another study of human fetuses of 14 to 37 weeks’ gestation with 
severe bilateral hydronephrosis, histologic findings revealed a range of dysplastic 
changes, including cessation of nephrogenesis, disappearance or myofibroblastic 
differentiation of metanephric blastema, and increased expression of α-smooth 
muscle actin by mesenchymal cells.76 These changes are clearly irreversible and cor-
relate with oligohydramnios, ultrasound evidence of renal dysplasia (loss of corti-
comedullary differentiation, renal hyperechogenicity, and presence of renal cortical 
cysts), and abnormal fetal urine sodium or β2-microglobulin concentration.76

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 five of 10 biopsies 
performed in fetuses with bilateral obstructive uropathy.77 Normal fetal renal histol-
ogy was found in four of these cases, with renal dysplasia being found in the remain-
ing patient, who went on to develop renal failure despite a fetal urine sodium 
concentration of 60 mEq/L.77 The authors conclude that although the technique 
is feasible and safe, it is limited by the difficulties in obtaining an adequate sample 
and the concern that needle biopsy does not provide representative samples of the 
entire kidney.77
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Postnatal Follow-up
Bilateral Hydronephrosis
Infants with antenatal diagnosis of bilateral hydronephrosis should have prompt 
postnatal abdominal ultrasonography, voiding cystourethrography (VCUG), and 
nuclide renography to determine whether there is evidence for bilateral upper tract 
obstruction or VUR or bladder outlet obstruction. In such patients, continuous 
bladder drainage through an indwelling catheter is necessary to determine the renal 
functional potential before deciding on definitive surgical intervention.11 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.78 This is caused by the altered expression of renal 
sodium transporters and AQPs in bilateral obstructive uropathy79,80 and mediated 
by upregulation of cyclooxygenase-2 in the renal medulla.81

Unilateral Hydronephrosis
Ultrasonography of the kidneys and urinary tract should be performed after birth 
in all infants with suspected antenatal hydronephrosis (Fig. 19-16). In the immediate 
postnatal period, infants with renal pelvic diameters less than 15 mm were found 

Figure 19-15 Effect of antenatal intervention on perinatal survival compared with no treatment (including vol-
untary termination of pregnancies) stratified by predicted prognosis. CI, confidence interval. (From Morris RK, 
Malin GL, Khan KS, et al. Systematic Review of the effectiveness of antenatal intervention for the treatment of con-
genital lower urinary tract obstruction. [Review]. BJOG. 117:382, 2010, with permission.*References in table refer to 
those in original paper.)  

Author and year∗

Anumba et al 2005

Favors no treatment Favors treatment Peto odds ratio and
95% CI

2.37 (0.29, 19.39)

Crombleholme et al 1990 3.99 (1.14, 13.95)

Freedman et al 1996 5.62 (1.93, 16.37)

Hutton et al 1997 0.21 (0.01, 6.08)

Lipitz et al 1993 1.91 (0.38, 9.60)

Good prognosis based on fetal urinalysis

Crombleholme et al 1990 2.93 (0.25, 33.94)

Freedman et al 1996 2.06 (0.49, 8.70)

Quintero et al 1995 10.31 (0.20, 541.25)

Pooled peto odds ratio (n � 3) 2.58 (0.79, 8.45)

Cochrane Q � 0.57 P � .75, I2 � 0%, Z � 1.57 P � .12

Poor prognosis based on fetal urinalysis

Crombleholme et al 1990 13.85 (1.25, 153.03)

Freedman et al 1996 57.55 (3.98, 832.00)

Pooled peto odds ratio (n � 2) 26.19 (4.39, 156.25)

Cochrane Q � 0.60 P � 0.44, I2 � 0%, Z � 3.58 P � .0003

McFadyen et al 1984 0.54 (0.02, 11.82)

McLorie et al 2001 11.52 (0.94, 140.68)

Nicolini et al 1991 9.65 (0.55, 169.75)

Quintero et al 1995 8.52 (0.62, 116.98)

Szaflick et al 1998 20.09 (0.31, 1283.97)

Wilkins et al 1987 28.03 (1.07, 735.05)

Wisser et al 1997 0.14 (0.01, 6.82)

Pooled peto odds ratio (n � 12) 3.82 (2.14, 6.84)

Cochrane Q � 12.15 P � .35, I2 � 0%, Z � 4.52 P �.0001
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Figure 19-16 Algorithm for the postnatal evalu-
ation and management of infants with unilateral 
hydronephrosis determined by antenatal ultraso-
nography. Ultrasound grading of hydronephrosis 
is that of the Society for Fetal Urology.85 T1/2, 
nuclide clearance half-time; VCUG, voiding cysto-
urethrogram. (From Hafez AT, Mclorie G, Bägli 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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not to have significant renal abnormalities, but of those with greater pelvic dilatation, 
79% had urinary tract obstruction or VUR.82 Although there is concern that physi-
ologic volume contraction in the early postnatal period could underestimate hydro-
nephrosis if neonatal ultrasonography is performed within the first 2 days of life, 
there is no significant difference in ultimate outcome gained by waiting until 7 to 
10 days of life.83 However, to enhance the reliability of the neonatal study, most 
practitioners suggest a delay.83 Follow-up of fetuses with persistent postnatal hydro-
nephrosis should include VCUG to rule out VUR, and diuretic renography to deter-
mine the severity of functional obstruction (Fig. 19-16).84 A progressive increase in 
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the severity of hydronephrosis by ultrasonography may be a more reliable index of 
severity of obstruction than the pattern of diuretic renography.84,85 Calyceal dilatation 
on ultrasound examination may be a better index of progression than the measured 
pelvic diameter, although all infants with pelvic diameter exceeding 50 mm should 
have pyeloplasty regardless of calyceal dilatation.86

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 renography87 can avert surgical 
intervention in all but approximately 25% of patients with unilateral UPJO88 and 
35% of bilateral UPJO.87-89 There are several concerns with this “conservative” 
approach, which has been termed aggressive observation by DiSandro and Kogan.90 
Substantial experimental and clinical evidence indicate that the severity of renal 
injury from UPJO can be related to the duration of obstruction.11,90 Retrospective 
studies of patients with UPJO detected prenatally had better outcomes than those 
diagnosed postnatally,91-93 and in one study, pyeloplasty resulted in improved func-
tion only in the group diagnosed prenatally.93 Therefore, waiting for measurable 
functional deterioration may lead to irreversible nephron loss. Of particular concern 
is the failure of patients' families 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.94

Long-term Implications of Congenital  
Obstructive Uropathy
The management of obstructive uropathy in fetuses and neonates should be gov-
erned by the expected long-term outcomes for these patients. Although 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 contra-
lateral kidney that may not be detected initially.11 Children with antenatally diag-
nosed hydronephrosis have smaller maximum bladder volume, larger residual 
volume, and larger bladder wall thickness than normal, suggesting that immaturity 
of the ureteropelvic junction may be associated with bladder dysfunction in these 
infants.95 Even after pyeloplasty, patients with either unilateral or bilateral hydrone-
phrosis may manifest ongoing tubular dysfunction, such as renal tubular acidosis or 
a renal concentrating defect.96 In patients with PUV and normal renal function, distal 
renal tubular acidosis can persist long after ablation of the valves.97

Although 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.98 Thus, relentless progression of renal insufficiency 
characterizes many cases of PUV, with the onset of renal failure by the second decade 
of life.98 In a recent report, the long-term outcome among patients with antenatal 
diagnosis of PUV was not different from those detected postnatally.99 Although pre-
natal surgical intervention for fetal obstructive uropathy was developed 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.68 The investigators 
concluded that favorable urinary electrolytes and surgical intervention may not 
change the outcome.68 The experience for prenatal intervention 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 developing chronic renal insufficiency 
or renal failure.69 Disturbingly, height was below the fifth percentile in 50%, although 
“acceptable continence” was achieved in 50%.69 A long-term additional complication 
of survivors includes chronic respiratory disorders.45 In the most recent report from 
Children’s Hospital of Philadelphia (a third major center for fetal intervention in 
obstructive uropathy), the 1-year survival rate was 91%, with 18 surviving candi-
dates yielding fetal urinary prognostic indices that were good in 13 cases and 
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borderline or poor in five cases.67 Six of the 18 children developed renal failure, 
eight had persistent respiratory problems, nine had musculoskeletal problems, and 
nine had frequent UTIs.67 There is increasing awareness of the importance of manag-
ing bladder function: patients with increased nadir creatinine or severe bladder 
dysfunction have significantly greater probability of developing renal failure.100,101 
For this reason, fetoscopic transuterine release of PUV may allow for fetal bladder 
cycling and better long-term bladder function. Neurologic development was normal 
in all but three patients, and the patients and their families reported that their lives 
were worthwhile, with “quality of life” scores not different from those of the healthy 
population.67 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 fetuses throughout the second half of gestation. Unfortu-
nately, for severe forms of obstructive uropathy, much of the damage sustained by 
the kidneys as a result of obstruction occurs between 8 and 16 weeks of gestation. 
Analysis of amniotic fluid creatinine, γ-glutamyltransferase, and β2-microglobulin 
concentration during this interval shows an abrupt increase after 10 weeks’ gesta-
tion102 that likely reflects the onset of glomerular filtration by the newly formed 
metanephros (Fig. 19-3). Unfortunately, fetal kidneys are difficult to visualize during 
the first trimester, and because of nephron immaturity, fetal urine or amniotic fluid 
indices cannot reflect significant renal maldevelopment at this point (Figs. 19-3, 
19-5, and 19-8).

Many factors converge to impact the delicate process of renal morphogenesis 
in fetuses. In addition to the genome of fetuses, which may contain mutations in 
genes expressed by the developing metanephros, maternal and uterine environmen-
tal factors can alter gene activity (Fig. 19-17).103 Considerable experimental data 
support a major role for fetal urinary flow impairment as another factor that signifi-
cantly alters gene activity (Fig. 19-17).

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 

Figure 19-17 Influences on gene expression during development of the urinary tract: mutations, teratogens, 
alterations in the maternal diet, and obstruction to urine flow in fetuses. (From Woolf AS. A Molecular and genetic 
view of human renal and urinary tract malformations. Kidney Int. 58:500, 2000, with permission.)
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congenital urinary tract obstruction. Three-dimensional ultrasonography can provide 
improved resolution of fetal gross anatomy104 and may enhance prenatal evaluation 
of obstructive uropathy. There is also increasing appreciation of the complex altera-
tions in renal gene expression and cellular responses to congenital urinary tract 
obstruction.11 Microarray analysis of renal gene expression in mice or rats with 
experimental or spontaneous ureteral obstruction has revealed significant upregula-
tion or downregulation of many molecules.105-107 Preliminary microarray analysis of 
human fetal and infant kidneys with congenital urinary tract obstruction is consis-
tent with patterns found in the animal models.108 Further study of such changes can 
lead to the development of new biomarkers of obstructive uropathy.109

Candidate markers that are upregulated in the kidneys of experimental animals 
with ureteral obstruction include transforming growth factor-β1, tumor necrosis 
factor-α, and monocyte chemoattractant protein-1; epidermal growth factor is down-
regulated.110,111 The urinary excretion of these molecules is altered in children with 
unilateral UPJO and may, therefore, prove useful also in fetal urine assays.112-114 Using 
combined capillary electrophoresis and mass spectrometry, a matrix of polypeptides 
was identified in urine that enabled prediction (with 94% precision) of renal dete-
rioration in infants with UPJO.115 Another European group using this approach 
reported similar success in predicting renal deterioration in urine of infants with 
UPJO younger than 1 year of age (sensitivity, 83%; specificity, 92%), but in older 
patients, sensitivity decreased to 20% and specificity to 66%.116 These results suggest 
that the normal pattern of urinary biomarkers changes with renal development and 
maturation, and standards will need to be established for changing fetal and post-
natal ages. Over the past 5 years, the renal expression of dozens of molecules has 
been shown to be altered by urinary tract obstruction105-107 and experimental manip-
ulation of some pathways can attenuate the renal lesions.117 Some of the salutary 
effects in experimental models have been achieved by gene therapy.117 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.118 Moreover, fetuses have larger populations of less differentiated cells (e.g., 
stem cells) that may be more responsive to such an approach and are immuno-
logically naïve and, therefore, susceptible to induction of tolerance.118

Finally, certain human gene polymorphisms of the renin–angiotensin system 
predict the development and progression of congenital uropathies. Mutations in the 
angiotensin type 2 receptor gene are associated with an increased incidence of con-
genital anomalies of the kidney and urinary tract in several populations.119,120 Italian 
children with congenital uropathies and renal parenchymal lesions have a higher 
prevalence of the D/D genotype of angiotensin-converting enzyme than patients 
without parenchymal lesions.120 European children with chronic renal failure caused 
by 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. 19-18).121 Similarly, Indian children with 

Figure 19-18 Renal “survival” analysis in chil-
dren with chronic renal failure caused by renal 
malformations (n = 59). During 2 years of 
follow-up, loss of glomerular filtration rate above 
10 mL/min/1.73 m2 was observed in 39% of 
patients with angiotensin-converting enzyme 
D/D genotype compared with only 11% in those 
with I/D or I/I genotypes. (From Hohenfellner K, 
Wingen A-M, Nauroth O, et al. Impact Of ACE I/D 
gene polymorphism on congenital renal malfor-
mations. Pediatr Nephrol. 16:356, 2001, with 
permission.)
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congenital uropathies (including PUV) and D allele also have an adverse prognosis.122 
Fetal testing for such polymorphisms may lead to improved long-term management 
of patients with congenital obstructive uropathy.

Summary and Conclusions
Assessment of renal function in fetuses with obstructive uropathy is a complex and 
multidisciplinary process that requires an understanding of fetal renal development 
and physiology, as well as of the causes and consequences of maldevelopment of the 
urinary tract. This review addresses a number of major questions relating to the 
evaluation and management of congenital obstructive uropathy and provides argu-
ments 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 deter-
minants of the renal functional outcome. A better understanding of muta-
tions accounting for altered renal morphogenesis as well as polymorphisms 
modulating the progression of secondary renal injury will lead to better 
preventive 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 developing 
kidney.”9 This definition emphasizes the importance of long-term outcome 
in any evaluation or intervention of affected fetuses.

4. What is the correlation of fetal renal pelvic dilatation with functional 
outcome? Unfortunately, with the exception of extreme hydronephrosis, the 
lack of precision in the measurement of fetal renal pelvic dilatation results 
in a poor correlation between this parameter and renal functional outcome. 
Improved imaging techniques (e.g., MRI) and 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 UPJO 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 UPJO, and what should 
be the criteria? Fetuses with unilateral hydronephrosis and normal amniotic 
fluid volume should not undergo measurement of renal function or interven-
tion before birth. Infants with high-grade progressive hydronephrosis should 
undergo early postnatal pyeloplasty regardless of relative renal function.

7. Which patients should undergo fetal intervention for obstructive 
nephropathy, and what should be the criteria? Selected fetuses with bilat-
eral hydronephrosis, distended bladder, and oligohydramnios may undergo 
karyotyping, serial ultrasonography, and urine sampling. Those with favor-
able sonographic and urine biomarker profiles should be considered for 
placement 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, and a rigorous prospective controlled 
study (i.e., PLUTO) is currently underway.73
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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 1 year. Optimization of renal 
function is difficult to document, and 30% to 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 identifica-
tion 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 fetuses than postnatally.
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specific disorders
hypercalcemia, 94–97
hypocalcemia, 92–94

Calcium wave, on tubuloglomerular feedback, 
169

Canrenoate potassium, 246–247. See also 
Potassium-sparing diuretics

Capillary filtration, on lymph flow, 274
Capillary hydrostatic pressure, 268, 274
Capillary stress fracture, 280
Capillary wall porosity, in edema prevention, 

273–274
Captopril, for hypertension, 260–262, 261t
Carbonic acid, 105
Carbonic anhydrase inhibitors, 239–240

action of, 235
adverse effects of, 235, 236t–237t
clinical use of, in neonates, 236t
on electrolyte excretion, 235, 236t

Cardiopulmonary bypass, fluid retention after, 
281–282

Cardiovascular disease
fetal environment and altered kidney gene 

expression in, 147–149
altered genes in, 147–148
genomic imprinting in

fetal nutrient supply and, 148–149
programming and, 148

vitamin A deficiency in, 147–148
uric acid in, 75–76

Catabolism, in acute kidney injury, 295
Catch-up growth, accelerated postnatal,  

141
Catecholamines, in fetal lung clearance at birth, 

227t, 228
Catenins, 275, 276f
Cell volume regulation, 32–33
Central nervous system disorders. See also 

specific disorders
diuretics for, 234

Central pontine myelinolysis, 51
Chloride

concentration of
fetal urinary, 343t, 344
gestation stage on, 38–39

in lung clearance at birth, 281
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transport of, in fetal lung liquid, 222–223, 
223f

Chlorothiazide, 244. See also Thiazide diuretics
Chlorthalidone, 235, 244–246
Chronic kidney disease (CKD). See also Kidney 

injury
etiology of, 285, 286t, 288–293
low birth weight in, 139–140
postnatal factors in, 146, 147f

Chronic lung disease (CLD), in preterm infants
loop diuretics for, 242
thiazide diuretics for, 245

Clearance, 120
creatinine

estimation of, from plasma concentration 
without urine collection, 126–127

as marker of glomerular filtration rate, 
121–122

urinary
of creatinine, 124–125, 124t, 125f,  

126t
of inulin, 124

Collecting duct disorders, 310t
autosomal dominant distal renal tubular 

acidosis, 310t, 324f, 325
autosomal dominant nephrogenic diabetes 

insipidus, 328–329
autosomal recessive distal renal tubular 

acidosis, 310t, 324f, 325–326
autosomal recessive nephrogenic diabetes 

insipidus, 328–329
distal renal tubular acidosis, 310t, 324–325, 

324f
hyperkalemic tubular acidosis (type 4), 310t, 

324f, 326–327
mixed proximal and distal renal tubular 

acidosis (type 3), 310t, 324f, 326
nephrogenic diabetes insipidus, 310t, 

327–328, 328f
nephrogenic syndrome of inappropriate 

diuresis, 328–330, 328f
pseudohypoaldosteronism type I, 310t,  

324f, 327
X-linked nephrogenic diabetes insipidus, 

310t, 328
Colloid osmotic pressure (COP), 268–269

albumin on, 276–277
in critically ill, total protein concentration 

and, 276–277
Compartments

body water, 19, 31–36, 267–268. See also 
Water compartments, body, renal aspects 
of

fetal water, 3–5
physical water, 37–39. See also Physical water 

compartments, neonatal
Congenital diaphragmatic hernia (CDH), 

respiratory distress at birth in, 226–227
Congenital heart disease, atrial natriuretic 

peptide in, 191–192
Congenital tubulopathies, diuretics for 

differential diagnosis of, 235
Congestive heart failure (CHF)

atrial natriuretic peptide in, 191–192
loop diuretics for, 241

Constant infusion technique, without urine 
collection, 125–126

Constitutive nitric oxide synthase, 111
Continuous venovenous hemodiafiltration 

(CVVHD), 298

Chloride (Continued) Continuous venovenous hemofiltration (CVVH), 
298

Corin, 186
Coronary heart disease, low birth weight and, 

139–140
Cortical necrosis, 291f, 292
Corticosteroids, for pulmonary edema in 

prematurity, 213–214
COX-2 inhibitors, selective, on kidneys, 

288–289
Creatinine

as glomerular marker, 121–122, 121t, 
122f–124f

mean serum, gestational and postnatal age on, 
78t

plasma concentration of, in glomerular 
filtration rate assessment, 123–124, 
123f–125f, 124t

Creatinine clearance
estimation of, from plasma concentration 

without urine collection, 126–127
fetal, 339–340, 341f
as glomerular filtration rate marker, 121–122
urinary, 124–125, 124t, 125f, 126t

Critical capillary pressure, 274
C-type natriuretic peptide (CNP) expression,  

186
Cyclooxygenase 1 (COX-1) maturation, 120
Cyclooxygenase 2 (COX-2) maturation, 120
Cystatin C

as glomerular filtration rate marker
in children, 127
in neonates, 124t, 127–128, 128f

structure and production of, 127
Cystic fibrosis (CF), 226–227
Cystine crystalluria, 313–314
Cystine stones, 313
Cystinuria, classic, 312–314

classification of, 312–313
clinical features of, 313
general characteristics of, 312–313, 312f
molecular pathophysiology of, 312f, 313
treatment of, 313–314

D
Dehydration

maternal
on fetal water flow, 3
in oligohydramnios, 3

transcutaneous
pathogenesis of, 202–203, 202f–203f
prevention of, salt restriction for, 203–204, 

204f–206f
Developmental origins, of health and disease, 

139–143
adult cardiovascular and renal diseases in

birth weight in, 140
postnatal growth and development in, 

141–143, 142f
biologic mechanism of programming of adult 

disease in, 143
paradigm of, 139–140

Dexamethasone
on fetal lung clearance at birth, 228
for pulmonary edema in prematurity, 

213–214
Diabetes insipidus

arginine vasopressin in, 185
nephrogenic. See Nephrogenic diabetes 

insipidus (NDI)
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Dialysis, peritoneal, 296–297
Diastolic blood pressure

from birth to 12 months of age, 252–253, 
261t

by birth weight and gestational age, 251, 256t
first month of life increase in, in preterm  

vs. term infants, 251–252, 257t
high. See Hypertension
by postconceptual age, 251–252, 259t

Dimercaptosuccinic acid (DMSA), for cystinuria, 
313–314

Distal convoluted tubule disorders, 309t, 
321–324

autosomal dominant hypomagnesemia, 309t, 
319f, 323

EAST or SESAME syndrome, 309t, 319f,  
323

Gitelman syndrome, 309t, 319f, 321–322
hypomagnesemia with secondary 

hypocalcemia, 309t, 319f, 322
isolated autosomal recessive hypomagnesemia, 

309t, 319f, 323
isolated (autosomal) dominant 

hypomagnesemia, 309t, 319f, 322–323
mitochondrial hypomagnesemia, 323–324
pseudohypoaldosteronism type II, 309t, 319f, 

322–323
Distal renal tubular acidosis (DRTA), 310t, 

324–325, 324f
autosomal dominant, 310t, 324f, 325
autosomal recessive, 310t, 324f, 325–326
with mixed proximal renal tubular acidosis 

(type 3), 310t, 324f, 326
Distal tubule

acidification of, loop diuretics for assessment 
of, 243

renal excretion of acid in, 108
Diuretics, 233–250. See also specific agents and 

types
for acute kidney injury, 293
adverse effects of

electrolyte disturbances in, 235, 237t
on electrolyte excretion, 235, 236t
hypochloremic metabolic alkalosis in, 111
non–electrolyte, 235, 237t

body fluid homeostasis and, 233–234
classification of

by action on electrolyte excretion, 235, 
236t

by site and mode of action, 235, 235f, 236t
clinical use of, 234–248, 236t

in arterial hypertension, 235
in central nervous system disorders, 234
in congenital tubulopathies diagnosis, 235
in electrolyte disorders, 234
in nephrogenic diabetes insipidus, 234
in oliguric states, 234
for pulmonary edema in prematurity, 213
with questionable benefits, 235, 237t–238t
in respiratory disorders, 234
in sodium-retaining states, 234

dosages of, 235, 238t
new developments in

adenosine A1 receptor antagonists in, 247
arginine vasopressin antagonists in, 248
natriuretic peptides in, 247

types of
carbonic anhydrase inhibitors, 235, 236t, 

239–240
action of, 235
adverse effects of, 235, 236t–237t

clinical use of, in neonates, 236t
filtration, 235–236, 236t

action of, 235
clinical use of, in neonates, 236t

loop, 235, 236t, 240–244. See also Loop 
diuretics

osmotic, 235, 236t, 239
action of, 235
clinical use of, in neonates, 236t

potassium-sparing, 235
action of, 235
adverse effects of, 235, 236t–237t
clinical use of, in neonates, 236t
dosages of, 238t

thiazide. See Thiazide diuretics
thiazide-like, 235

DNA methylation, 148
Dopamine

for acute kidney injury, 293–294
in oliguric neonates, 131

Dopexamine, in oliguric neonates, 131
99m-DTPA, as glomerular marker, 121t, 123
Dystrophin-associated protein (DAP) complex, 

aquaporin 4 and, 32–33

E
EAST syndrome, 309t, 319f, 323
Edema, 267–284

after indomethacin closure of patent ductus 
arteriosus, 279

aquaporins in. See also Aquaporin (AQPs)
on fluid balance, 270–272
water homeostasis ad, 270

body water compartments and, 267–268
factors preventing development of

lymphatic system in, 272
Starling force alterations in, 273

factors promoting development of
capillary wall porous nature in, 273–274
“edema safety factor” loss in, 274
factors increasing vascular endothelium 

permeability in, 274–275, 276f
hypoalbuminemia in, 275–277

fluid retention after cardiopulmonary bypass 
in, 281–282

loop diuretics for, 241
lung, in respiratory distress syndrome and 

bronchopulmonary dysplasia, 280–281
neonatal features of water homeostasis and, 

unique, 277–279
arginine vasopressin resistance in, 278
body water composition changes in, 277
solute balance in, 277–278
vascular endothelial growth factor 

expression in, 278–279
in preterm neonates, 279
pulmonary, in neonates, 279–280

cardiogenic, 280
high-permeability, 279

pulmonary, in prematurity, 199, 210–214,  
211f

corticosteroid therapy for, 213–214
diuretic therapy for, 213
iatrogenic fluid overload prevention in, 

211–213, 211t, 212f
Starling forces in, 268–270

filtration coefficient in, 269
hydrostatic forces in, 268
osmotic forces in, 268–269

Diuretics (Continued)
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osmotic reflection coefficient in, 269
Starling hypothesis in, 269–270

“Edema safety factor,” loss of, 274
51Cr-EDTA, as glomerular marker, 121t, 123
Effective arterial circulating volume, 233
Electrochemical gradients, in solute passive 

equilibrium, 179
Electrolyte

diuretics on excretion of, 235, 236t
management of, with acute kidney injury, 

294–295
renin–angiotensin–aldosterone system in 

homeostasis of, 162
Electrolyte disorders

from diuretics, 235, 237t
diuretics for, 234
neurodevelopment and, in prematurity, 199, 

214–215
hypernatremia in, 215
hyponatremia in, 214–215, 214t

Emollients, for transcutaneous evaporation 
control, 209

Enalaprilat, for hypertension, 261t, 262
Endothelial barrier structure, microvascular, 

275, 276f
Endothelin, in acute ischemic kidney injury, 

289–290
End-stage renal disease (ESRD), low birth 

weight in, 139–140
Epidermal barrier

in extremely low birth weight infants, 
200–201, 200f–201f

in prematurity, 199, 208–210. See also 
Evaporation control, transcutaneous, in 
prematurity

Epigenetics, 148
Epithelial sodium channel (ENaC)

amiloride-sensitive, subunits of, 43
in distal tubular sodium reabsorption, 43–44
in fetal lung clearance, 281

mechanisms of, 224–225, 224t, 225f
pathology in, 225–227, 226t

in placental sodium transport, 35
structure of, 225

Estrogen, on arginine vasopressin, 182
Ethacrynic acid, 240–244. See also Loop 

diuretics
Evaporation control, transcutaneous, in 

prematurity, 208–210
environmental humidification in, 208–209
plastic shields, bags, and blankets in, 210, 

210t
skin emollients in, 209

Extracellular fluid (ECF), 277
in body fluid homeostasis, 233
calcium in

at birth, 86, 86f
in cord, 86
homeostasis of, 85–86
in preterm infants, 86
total body, 85

in fetal and neonatal development, 200–201, 
200f

isotonic, neonatal rapid loss of, 277
phosphorus in, 86–87

Extracellular water (ECW), 19, 20f
control of, 32
gestation stage on, 31, 267–268
indicators for, 19, 20t
transitional changes after birth in, 24f, 23–24

Extremely low birth weight (ELBW) infants. See 
also Premature birth, acute problems of

definition of, 199
epidermal barrier function in, immature, 

200–201, 200f–201f
nonoliguric hyperkalemia in, 205–208, 207f
transcutaneous water loss in, 201–202, 

201f–202f
transitional changes in body water after birth 

in, 24f, 23–24
vigilant fluid balance therapy in, 216–218, 

216f
water loss and pathogenesis of transcutaneous 

dehydration in, 202–203, 202f–203f

F
Familial benign hypercalciuric hypercalcemia, 

308t, 318f, 321
Familial hypomagnesemia–hypercalcemia–

nephrocalcinosis syndrome, 308t, 318f, 
320–321

Fanconi syndrome, proximal renal tubular 
acidosis in, 311

Fanconi-Bickel syndrome, 307t, 316f, 317
Feedback control, of plasma [K+], 67–68, 67f
Feedforward control, of plasma [K+], 67–68, 67f
Fenoldopam, for acute kidney injury, 294
Fetal growth aberration, body water in, 20–23

in intrauterine growth restriction (small for 
gestational age), 21–23, 24f, 25t

in large for gestational age, 20, 25t
Feto-amniotic shunting, 347–348, 350f
Fibroblast growth factor 23, in perinatal 

phosphorus regulation, 90, 90f
Fibromuscular dysplasia, hypertension from,  

257
Filtration coefficient, 269
Filtration diuretics, 236

action of, 235
clinical use of, in neonates, 236t

Fixed acids, 105
Fluid compartments, 19, 200–201, 200f
Fluid homeostasis, 233–234

extracellular fluid volume in, 233
fundamentals of, 233–234
plasma osmolality in, 233–234
renin–angiotensin–aldosterone system in,  

162
Fluid overload, in prematurity

pathogenesis of, 210–211, 211f
prevention of, 211–213, 211t, 212f

Fluid retention, after cardiopulmonary bypass, 
281–282

Fluid therapy, in preterm and low birth weight 
neonates, 24–26, 25t, 26f

Folate, in developing fetus, 148
Fractional excretion of sodium (FENa), fetal, 

339–340, 341f
Fructose intake, high, renal disease with, 76–77
Furosemide, 240–244. See also Loop diuretics

for acute kidney injury, 293
in oliguric neonates, 131

G
Gene targeting

of angiotensin receptors, 160
of angiotensin synthesis, 158–160

Generalized tubulopathies, 305. See also 
Tubulopathies, hereditary

Edema (Continued)
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Genes, in cardiovascular disease
altered kidney expression of, 147–148
imprinted, 148

Genomic imprinting
in cardiovascular disease, 148–149
evolution of, 149
fetal nutrient supply and, 148–149

Gitelman syndrome, 309t, 319f, 321–322
Glomerular filtration

development of, 117–120
reduced, low nephron number in, 145–146, 

145f
Glomerular filtration rate (GFR), fetal, 339–340
Glomerular filtration rate (GFR), neonatal, 

117–135
assessment of, 120–129

clearance in, 120
cystatin C in, 124t, 127–128, 128f
glomerular markers in, 120–123, 121t

creatinine, 121–122, 121t, 122f–124f
99m-DTPA, 121t, 123
51Cr-EDTA, 121t, 123
inulin, 121, 121t, 122f
iohexol, 121t, 122
iothalamate sodium, 121t, 122–123

method and purpose in
clinical, 129
in developmental investigative studies, 

128–129
techniques for, 123–127

constant infusion technique without 
urine collection, 125–126

creatinine clearance estimation from 
plasma concentration without urine 
collection, 126–127

plasma creatinine concentration, 
123–124, 123f–125f, 124t

single-injection (plasma disappearance 
curve), 126

urinary clearance of creatinine, 124–125, 
124t, 125f, 126t

urinary clearance of inulin, 124
conditions impairing, 129–131

angiotensin converting enzyme inhibitors 
in, 130–131

angiotensin II receptor antagonists in, 
130–131

asphyxia in, perinatal, 129
nonsteroidal antiinflammatory agents in, 

129–130, 130f
in gestation, 117, 118f
gestational and postnatal age on, 78–80, 78t
low, prevention of oliguric states caused by

dopaminergic agents for, 131
furosemide for, 131
theophylline for, 131–132, 132f

on neonatal acid–base regulation, 108
postnatal, 117, 118f
uric acid and, 78–79, 78t
vasoactive factors in, 118–120

actions and overview of, 118, 119f, 119t
angiotensin II in, 118–119, 119f
prostaglandin maturation in, 120
prostaglandins in, 119, 119f
renin–angiotensin system maturation in, 

119–120
Glomerular markers, 120–123, 121t

creatinine, 121–122, 121t, 122f–124f
99m-DTPA, 121t, 123
51Cr-EDTA, 121t, 123
inulin, 121, 121t, 122f

Glomerular markers (Continued)
iohexol, 121t, 122
iothalamate sodium, 121t, 122–123

Glomerulogenesis, in preterm infants, 144
Glomerulotubular balance (GTB), 162,  

164–165
Glucocorticoids, on fetal lung clearance at birth, 

228
Glycosurias, hereditary, 315–317

Fanconi-Bickel syndrome, 307t, 316f, 317
hereditary isolated glycosuria, 307t, 315–317, 

316f
overview of, 307t, 315, 316f

Gordon syndrome, 309t, 319f, 322–323
Gout, uric acid in, 76–77
Growth

acid-base balance and, 110–111
conditions negatively affecting, 110
hypochloremic metabolic alkalosis on, 111
of normal fetus, 110
postnatal, in long-term vascular and renal 

disease, 146, 147f
of premature infants, 110

Growth aberration, fetal, body water in, 20–23
in intrauterine growth restriction, 21–23, 24f, 

25t
in large for gestational age, 20, 25t

H
Hartnup disease, 307t, 312f, 314–315
Health and disease, developmental origins of, 

139–143
adult cardiovascular and renal diseases in

birth weight in, 140
postnatal growth and development in, 

141–143, 142f
biologic mechanism of programming of adult 

disease in, 143
paradigm of, 139–140

Heart disease
congenital, atrial natriuretic peptide in, 

191–192
coronary

low birth weight and, 139–140
Heart failure, congestive

atrial natriuretic peptide in, 191–192
loop diuretics for, 241

Heat shock proteins, in acute ischemic kidney 
injury, 288, 290

Hemodialysis, 297–298
Hemofiltration, 298
Hereditary aminoacidurias, 306f, 307t, 311–312
Hereditary glycosurias, 315–317

hereditary isolated glycosuria in, 307t, 
315–317, 316f

overview of, 307t, 315, 316f
Hereditary tubulopathies. See Tubulopathies, 

hereditary
Hernia, congenital diaphragmatic, respiratory 

distress at birth in, 226–227
Homeostasis

acid–base, 105–114. See also Acid–base 
homeostasis, in fetus and newborn

body fluid, 233–234
extracellular fluid volume in, 233
plasma osmolality in, 233–234

electrolyte, renin–angiotensin–aldosterone 
system in, 162

fluid
fundamentals of, 233–234
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renin–angiotensin–aldosterone system in, 
162

lung water
aquaporins in, 271–272
at birth, 271–272

phosphate, 90f, 91–92
phosphorus, after birth, 90f, 91–92
sodium. See Sodium homeostasis
volume, fetal reactions in, 35–36
water, aquaporins in, 270

Humidification, for transcutaneous evaporation 
control, 208–209

Hyaluronan
in perinatal lung and brain water metabolism, 

39
in renal concentration, neonatal, 39

Hydralazine, for hypertension, 260, 261t, 262
Hydrochlorothiazide, 244. See also Thiazide 

diuretics
Hydrogen ion

regulation of concentration of, 105
urinary excretion of, 108–109

Hydronephrosis, fetal, 336–338, 337t
Hydrostatic forces

in edema, 268
in placenta, 9–11
principles of, 268
in water flow, 8

Hydrostatic pressure, 268
capillary, 268
in intravascular space, 268

Hydroxyapatite, bone
calcium in, 85
phosphorus in, 86–87

25-Hydroxyvitamin D (25OHD)
placenta and cord crossing of, 88–89
in preterm vs. term infants, 89

Hypercalcemia
familial benign hypercalciuric, 308t, 318f, 

321. See also Bartter syndrome
neonatal, 94–97

clinical presentation of, 95–96
definition of, 94
diagnosis of, 96
diuretics for, 234
etiology and pathophysiology of, 94–95
loop diuretics for, 243
therapeutic approaches to, 96–97

Hypercalciuria
autosomal dominant hypocalcemic, 318f,  

321
diuretics for, 234
from loop diuretics, 243
thiazide diuretics for, 245

Hypercalciuric hypercalcemia, familial benign, 
308t, 318f, 321

Hyperkalemia, 70–71
in acute kidney injury, 294
diuretics for, 234
nonoliguric

in extremely low birth weight infants, 
205–208, 207f

in normal fetal and neonatal development, 
70–71

spurious, 70
Hyperkalemic tubular acidosis (type 4), 310t, 

324f, 326–327
Hypernatremia

early-onset, 51
neurodevelopment and, in prematurity, 215

Homeostasis (Continued) Hyperparathyroidism, neonatal severe primary, 
308t, 318f, 321

Hyperphosphatemia
in acute kidney injury, 295
neonatal, 99–100

Hypertension, adult
early postnatal overfeeding in, 141–143, 142f
low nephron number in, 143, 145–146, 145f
postnatal factors in, 146, 147f
programming for, 149–150

Hypertension, neonatal, 251–265
causes of, 255–258, 257t
definition of, by postconceptual age, 254f, 

255
diagnostic evaluation of, 258–260, 259t

accurate measurement in, 258
imaging in, 259–260
oscillometric blood pressure monitors in, 

258–259
physical examination in, 259

diuretics for, 235
incidence and differential diagnosis of, 

255–258
outcome in, 262–263
in preterm infants, 255, 256t
treatment of, 260–262

antihypertensives in
ACE inhibitors, 260–262, 261t
indications for, 260
IV agents, continuously administered, 

261t, 262
IV agents, intermittently administered, 

261t, 262
oral, 260, 261t

surgery in, 260
uric acid in, 75–76

Hyperuricemia. See Urate metabolism, renal
Hyperventilation, physiologic, in pregnancy,  

109
Hypocalcemia

in acute kidney injury, 294–295
neonatal, 92–94

clinical presentation of, 93
definition of, 92
diagnosis of, 93
etiology and pathophysiology of, 92–93
therapeutic approaches to, 93–94

secondary, hypomagnesemia with, 309t, 319f, 
322

Hypochloremic metabolic alkalosis
from diuretics, 111
from loop diuretics, 243

Hypokalemia, 71–72
Hypomagnesemia

autosomal dominant, 309t, 319f, 323
isolated autosomal dominant, 309t, 319f, 

322–323
isolated autosomal recessive, 309t, 319f, 323
mitochondrial, 323–324
with secondary hypocalcemia, 309t, 319f, 

322
Hypomagnesemia–hypercalcemia–

nephrocalcinosis syndrome, familial, 308t, 
318f, 320–321

Hyponatremia
in acute kidney injury, 294
early-onset, 48
late-onset, 48–51, 49f–50f
neurodevelopment and, in prematurity, 

214–215, 214t
severe, loop diuretics for, 243



	 Index	 369

Hypophosphatemia, neonatal, 97–99
clinical presentation of, 98
definition of, 97
etiology and pathophysiology of, 97–98
therapeutic approaches to, 99

I
Ibuprofen

edema after, 292
on newborn kidneys, 130

Imprinted genes, in cardiovascular disease,  
148

Indomethacin, for patent ductus arteriosus 
closure

edema after, 279
on kidneys, 130, 288–289
nephrotoxic acute kidney injury from,  

292
Indomethacin-induced oliguria, loop diuretics 

for, 242–243
Inflammation

endothelial integrity loss in, 275
uric acid in, 76–77

Insensible water loss
in prematurity, 201–202, 201f–202f
transcutaneous dehydration pathogenesis in, 

202–203, 202f–203f
Interstitial water (ISW), gestation stage on,  

31
Intestinal potassium excretion, 66–67
Intestinal sodium transport, 47–48
Intracellular water (ICW), 19, 20f

control of, 32
during fetal and neonatal development, 

200–201, 200f
gestation stage on, 31, 267
indicators for, 19, 20t

Intramembranous (IM) flow
aquaporins in, 13–14
controversies in, 11–12
membrane anatomy in, 11
pathway for, 7

Intrauterine growth restriction (IUGR)
acid–base shift in, fetal, 110
body composition in, 19
body solids in, 21–23, 22t
body water in, 21–23, 22t, 25t
body weight changes in, postnatal, 25f
epidemiology of, 21
fluid therapy for, 24–26
on nephron number, 144
nephron number reduction in, in vascular 

and renal disease, 145–146, 145f
solids in, 21–23, 22t
transitional changes in body water after birth 

in, 24
Inulin

as glomerular marker, 121, 121t, 122f
urinary clearance of, in glomerular filtration 

rate assessment, 124
Iohexol, as glomerular marker, 121t, 122
Iothalamate sodium, as glomerular marker, 121t, 

122–123
Ischemia, acute kidney injury from, 289–291, 

291f
Isolated autosomal recessive hypomagnesemia, 

309t, 319f, 323
Isolated (autosomal) dominant hypomagnesemia, 

309t, 319f, 322–323
Isradipine, for hypertension, 260, 261t

J
Juxtaglomerular apparatus, 155, 156f

K
Kidney, fetal, in acid–base balance, 107
Kidney development, 143–146, 338–340, 

338f–341f. See also Nephrogenesis
in long-term vascular and renal disease

low nephron number in, 145–146, 145f
low nephron number in hypertension and 

renal disease in, 143
nephrogenesis and environment in, 144
postnatal factors in, 145–146, 145f

RAAS and development of structure of, 
162–164

human studies of, 162–163
postnatal RAAS structure and function 

changes in, 163
in rodents, 163
sodium homeostasis in, 163–164

renin-angiotensin-aldosterone system in salt 
retention by, 179

Kidney disease, chronic
etiology of, 285, 286t
low birth weight in, 139–140
postnatal factors in, 146, 147f

Kidney injury, 285–304
acute. See Acute kidney injury (AKI)
epidemiology and incidence of, 287–288

Kidney physiology, fetal, 338–340, 338f–341f

L
Labetalol, for hypertension, 261t, 262
Lactic acid, metabolic acidosis from, in neonates, 

107
Large for gestational age (LGA)

body composition in, 19
body water in, 20, 25t

Lithium, on arginine vasopressin, 182
Long-acting natriuretic peptide (LANP), 186
Loop diuretics

action of, 235
adverse effects of, 235, 236t–237t, 243–244
chemistry of, 240
clinical use of, in neonates, 236t
continuous IV infusion of, 241
dosages of, 238t
drug interactions of, 244
efficacy and therapeutic uses of, 241–243
hypokalemia from, 71–72, 71f
indications for

general, 241
with questionable benefits, 237t–238t, 

241–243
mechanisms and sites of action of, 240
ototoxicity of, 243
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