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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 Controversies,” 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 Without current best evidence, practice risks become rapidly out of date to the detriment of patients.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 probiotics 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 characterized 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 clinical 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 eliminated 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 “Hemodynamics 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 incredible assistance in bringing this project to fruition.










Foreword


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


Studies on the key role played by the placenta in maintaining the homeostasis of the fetus, as well as research on the formation and function of the fetal and the postnatal kidney have grown exponentially in the last decades. A bewildering amount of results, sometimes contradictory, has been produced, clarifying many yet unsolved problems, but also raising new questions. The interpretation of 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 sometimes disconcerted the physician in charge of still-unborn or newly-born infants.


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


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




Jean-Pierre Guignard, MD













Preface


A preface is to give the editors the opportunity to review the events since the publication 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 implemented 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 vulnerable 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












Section A


Placenta and Fetal Water Flux










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









• 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 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 (reference range, 3.3–4.9 g/dL). A diagnosis of maternal malnutrition was made. On ultrasound examination, the AFI was 24.5 cm, and the fetal bladder was noted to be significantly enlarged consistent with increased urine output. 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 osmolality, 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 (desmopressin) 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 perturbed 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 bidirectional, resulting in no net accumulation of water. Although the mechanisms regulating the maternal–fetal flux of water are speculative, the permeability of the placenta to water changes with gestation,8 suggesting that placental water permeability may be a factor in regulating the water available to the fetus.


Although fetal water may derive from sources other than transplacental flux, these other sources appear to be of minor importance. Water could, theoretically, pass from the maternal circulation to the AF across the fetal membranes (i.e., transmembrane 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 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 concentration 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 approximately 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’ gestation.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.





[image: image]

Figure 1-1 Normal range of amniotic 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.)












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.





[image: image]

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).








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


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 osmolality and reduce urine flow rates.27,28









Lung Fluid Production


It appears that all mammalian fetuses normally secrete fluid from their lungs. The absolute rate of fluid production by human fetal lungs has not been estimated; the fluid production rate has been extensively studied in the ovine fetus only. During the last third of gestation, the fetal lamb secretes an average of 100 mL/day per kg fetal weight. Under physiological conditions, half of the fluid exiting the lungs enters the AF, and half is swallowed.29 Therefore, an average of approximately 165 mL/day of lung liquid enters the AF near term. Fetal lung fluid production is affected by physiologic and endocrine factors, but nearly all stimuli have been demonstrated to reduce fetal lung liquid production, with no evidence of stimulated production and nominal changes in fluid composition. Increased arginine vasopressin,30 catecholamines,31 and cortisol,32 even acute intravascular volume expansion,33 decrease lung fluid production. Given this lack of evidence of bidirectional regulation, it appears that, unlike the kidneys, the fetal lungs may not play an important role in the maintenance 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. 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 demonstrate that fetal swallowing increases in response to dipsogenic (e.g., central or systemic) hypertonicity38 or central angiotensin II39 or orexigenic (central neuropeptide Y40) stimulation and decreases with acute arterial hypotension41 or hypoxia.29,42 Thus, near-term fetal swallowed volume is subject to periodic increases as mechanisms for “thirst” and “appetite” develop functionality, although decreases in swallowed volume appear to be more reflective of deteriorating fetal condition.









Intramembranous 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 composition has yet to be completely understood, results from in vivo and in vitro studies of ovine membrane permeability suggest that the permeability of the fetal chorioamnion is important for determining AF composition and volume.43-45 This IM flow, recirculating AF water to the fetal compartment, is thought to be driven by the significant osmotic gradient between the hypotonic AF and isotonic fetal plasma.46 In addition, electrolytes (e.g., Na+) may diffuse down a concentration gradient from fetal plasma into the AF, 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 demonstrated 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 polyhydramnios 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. Mathematical 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 gestation 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 membranes. We will discuss the possible mechanisms for the regulation of fetal water flow, beginning with a review of the general principles of membrane water flow.















Mechanisms of Water Flow


Biologic membranes exist, in part, to regulate water flux. Flow may occur through 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 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 predominantly free water. Paracellular flow occurs through relatively wide spaces between cells and consists of both water and solutes in the proportions present in the extracellular space; large molecules may be excluded. Although water molecules can randomly cross the membrane by diffusion without net water flow, net flow occurs only in response to concentration (osmotic) or pressure (hydrostatic) differences.


Osmotic and hydrostatic forces are created when there is a difference in osmotic or hydrostatic pressure on either side of the membrane. Osmotic differences arise when there is a difference in solute concentration across the membrane. 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 membrane 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:
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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 understanding 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 placental water flux because primates and rodents share a hemochorial placental structure. In hemochorial placentas, the maternal blood is contained in sinuses in direct contact with one or more layers of fetal epithelium. In humans, this epithelium is the syncytiotrophoblast, a layer of contiguous cells with few or no intercellular spaces. Beneath the syncytium, there are layers of connective tissue and fetal blood vessel endothelium. (In early pregnancy, human placentas have a layer of cytotrophoblast underlying the syncytium; however, by the third trimester, this layer is not continuous and is therefore not a limiting factor for placental permeability.) 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 cytotrophoblast 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 hypothesis, 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 maternal and fetal circulations are contained within blood vessels with maternal and fetal epithelial layers interposed between them. In general, compared with the hemochorial placenta, the epithelialchorial placenta would be expected to demonstrate decreased water permeability based on the increase in membrane layers. In addition, the forces driving water permeability may differ between the two placental types because the presence of maternal vessels in the sheep placenta increases the likelihood that a hydrostatic pressure difference could be maintained favoring water flux from maternal to fetal circulations.


In all of the rodent placentas, fetal and maternal blood circulate in opposite directions (countercurrent flow), potentially increasing the opportunity for exchange between circulations based on local differences. The direction of maternal blood circulation in human placentas is from the inside to the outside of the 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
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Figure 1-3 Maternal blood flow in the human placenta. Blood flow proceeds from the spiral artery to the center of the placental lobule. Blood then crosses the lobule laterally, exiting through the endometrial vein. This creates a gradient in oxygen content from the inside to the outside of the lobule 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.)





The preceeding is not intended to imply that there are not important differences between human and rodent placentas. The human placenta is organized into cotyledons, 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 transport of solutes such as sodium or by depletion of solute from the local perimembrane environment (caused by the so-called “unstirred layer” effect). The relative direction of maternal and fetal blood flows can be concurrent, countercurrent, crosscurrent, or in part combinations of these flows,64 and differences in the direction of blood flow may be important in establishing either osmotic or hydrostatic gradients within the placenta. It has not been possible to directly study 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. Theoretical considerations have been used, however, to argue that known electrolyte active transport and a modest hydrostatic pressure gradient could maintain maternal-to-fetal water flow against this osmotic gradient.69


Others have argued that the motive force for water flux in the placenta is hydrostatic. In perfused 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 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


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 independent 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 composition 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 characteristics 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 independently 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 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.
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Figure 1-4 Structure of aquaporin (bovine AQP0). Upper left shows the structure from the extracellular side of the membrane. Upper right shows each monomer in a different format. Lower figure shows a side view of an AQP monomer, extracellular side upper. 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.)





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 vasopressin90 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 regulation 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 placental 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 compensatory 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 cytotrophoblast of the chorion. IM flow may therefore also be through AQPs. There is 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 regulation 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, polyhydramnios, 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 circulation 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 hydrostatic 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 treatments for AF volume abnormalities based on the stimulation or suppression of the appropriate water channel.
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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 distribution. Table 2-1 shows the water compartments that can be measured with various indicators used.
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Figure 2-1 Body water distribution in a term newborn infant.




Table 2-1 Indicators Used for Body Water in Humans*






	Body Water Compartment

	Indicator






	Total body water

	Antipyrine stable isotope of water (D2O or H218O)






	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:


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.









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 constitutional obesity without diabetes, and genetic predisposition to enhanced fetal growth.


The data on body water in LGA infants are sparse. The only information published 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.









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 conditions 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 composition 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’ gestation, 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 absorptiometry 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, reflecting 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).




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
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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 accumulation 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 measurements, several lines of evidence indicate that adipose tissue is indeed reduced in SGA term neonates. Reduced abdominal wall fat thickness measured by 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 significance 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 performance 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 affecting 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 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 symptomatic 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 proportional 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.
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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.)





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 improvement 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 detectable 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 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 electrolyte concentrations (particularly sodium) data in adjusting the appropriate amount of intake to achieve theses goals. Failure to do so will result in either dehydration 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 incubator (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, electrolyte, 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.




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
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Figure 2-3 Weight changes during the first 3 weeks of life of a very low birth weight infant.




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 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 description 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, extrarenal 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 developmental 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, pregnancy pathology, mode of delivery, maternal fluid management during labor, neonatal 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 development, 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 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 investigated, 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 maturation” has not been completed,6 and the immature brain is not capable of controlling 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 membrane itself is also involved in the adaptation of cells to osmotic challenges. Brain-specific water channel membrane protein, aquaporin 4 (AQP4), is widely distributed in cells at the blood–brain and brain–cerebrospinal fluid interfaces, where it facilitates water movement.


AQP4 protein is expressed abundantly in a highly polarized distribution in ependymal cells and astroglial membranes facing capillaries and forming the glia limitans.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 experimental model, came essentially to the same conclusion. Namely, we found that in response to severe systemic hyponatremia, a rapid increase occurred in the immunoreactivity 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 mice subjected to water intoxication had delayed ICW accumulation and prolonged survival.13 These observations indicate that whereas functioning AQP4 favors development 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 progressed 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 sequestered 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 bidirectional 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 gestation, 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 osmolality decreases progressively with advancing gestational age to reach the value of 250 to 260 mOsm/L near term. Sodium concentration in fetal urine decreases accordingly 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 gestation 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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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.)







Table 3-1 SODIUM AND VOLUME METABOLISM IN HUMAN AMNIOTIC FLUID
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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 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 vesicles isolated from human placental villous tissue have shown that whereas ethylisopropylamiloride, 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 placental 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 placental 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 suggestive evidence for the presence and gestational increase of ENaC-α-subunit in the allantoic membrane and trophoblast of porcine placentas.32 Moreover, functional α-ENaC has been detected in the apical membrane of normal human syncytiotrophoblast, but neither mRNA nor protein expression of α-ENaC could be identified in preeclamptic placentas, suggesting the role for placental sodium transport 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 activity in these transporters. Evidence has been provided that these placental transport alterations are the result of specific regulation rather than representing a consequence 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 vascular endothelial growth factor (VEGF) gene expression in the amnion, chorion, and placenta. Based on these findings, it has been suggested that the increased intramembranous 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 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, chloride, 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 compensation 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 mechanisms 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 osmolality 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 significantly 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 corresponds 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 adaptation to extrauterine life rather than dehydration or starvation, in as much as body solids increase and nitrogen balance is positive during the period of weight loss. Longitudinal studies to assess changes in body composition of preterm neonates with and without respiratory distress syndrome (RDS) during the immediate postnatal period support this notion. Providing adequate nutritional support, postnatal weight loss and loss of TBW is accompanied by a steady increase in the accretion of body solids. The rate of increase, however, proved to be greater in healthy preterm infants than in those with RDS.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 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 mechanisms. 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 subcutaneous 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 postnatal 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 regulatory 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 hydration 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 circulating 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 compartmentalization but also the mobility of tissue water is of importance in neonatal body fluid redistribution. Accordingly, motionally distinct water fractions have been established—the free bulky water and the relatively constrained, slow-motion bound water. From this latter fraction, water can be liberated in a regulated manner according to the actual need of volume regulation irrespective of its location in the cellular or extracellular phase.59






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 polarization 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 nanometers to several micrometers. With respect to the electrical polarization and spatial orientation of tissue water, intra- and extracellular macromolecules therefore create microcompartments with different size and stability. The extent of water polarization is assumed to be 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 reduction 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 predominated 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.









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 adaptation 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 macromolecular 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 constrained 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 redistribution 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 challenged by a sodium load.






Renal Sodium Excretion under Basal Conditions


In the first week of life, urinary sodium excretion and fractional sodium excretion, in particular, are high and are inversely proportional to the maturity of the 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 to result from isotonic contraction of expanded ECW present at birth and the disposal of excess extracellular sodium through the kidney. This concept has been supported by the observation that the practice of giving a high fluid and sodium intake to replace water and sodium loss was associated with an increased incidence of patent ductus arteriosus (PDA), cardiac failure, bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), and intracranial hemorrhage (ICH), all conditions known to relate to fluid overload and protracted expansion of ECW.





[image: image]

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.)





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 restriction 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 metaanalysis, 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 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
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From Curran MA, Nijland MJM, Mann SE, Ross MG. Human amniotic fluid mathematical model: determination and effect of
intramembranous sodium flux. Am | Obstet Gynecol. 1996:178:4684-40.
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