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Foreword

While hypertension in children and adolescents has a significant impact on adult cardio-
vascular disease as it transitions into adulthood, it also directly causes target organ damage
and is associated with early atherosclerosis in children. The second edition of Pediatric
Hypertension is an excellent reference textbook for any clinician or clinical researcher inter-
ested in this area as it provides a thorough review of what is known about childhood blood
pressure based on the evidence from clinical studies, trials, and outcome research. The new
edition has been substantially updated from the first edition of the book that was published
in 2004—there are several new chapters and some old chapters have been modified or
replaced. The second edition of Pediatric Hypertension is now a comprehensive textbook
in 32 chapters that remain divided into 4 broad themes: (I) regulation of blood pressure and
pathophysiology of hypertension in children; (II) assessment of blood pressure including
measurement, normative data, and epidemiology; (III) definitions, predictors, risk factors,
and comorbid conditions in childhood hypertension; and (IV) evaluation and treatment of
hypertension in neonates and children.

As in the first edition of the book, the chapters are written by experts in their respective
fields and remain nicely organized and easy to read and understand. The first section has
been enlarged substantially and now includes chapters on vasoactive peptides, ion transport,
and inflammatory mediators of vascular function. An excellent genomics chapter that was
in edition 1 of the book has been moved into this section as well. The second section of the
book now focuses not only on the epidemiology of hypertension in children but on cardio-
vascular diseases in general as well as on important comorbidities of obesity, diabetes, and
metabolic syndromes in children and adolescents. The third section has also been expanded
to encompass more in-depth discussion of perinatal programming, cardiovascular reactiv-
ity, and social environments as well as important clinical subpopulations of chronic and
end-stage renal diseases and obstructive sleep apnea. In this second edition, there are also
discrete new chapters on the impact of exercise on blood pressure and the utility of ambu-
latory blood pressure monitoring in assessing children with elevated blood pressure. The
material in each chapter is presented in a logical manner, with clearly interpreted results
and extensive referencing. Clinical applications are given so that the clinician can better
incorporate this material into their understanding of the pathophysiology of hypertension
in neonates, children, and adolescents.

It is pleasing to see the detail given in the section of the book on the management and
treatment of hypertension in children. These chapters are destined to be very helpful for
trainees in pediatrics and its subspecialties as well as practicing clinicians due to their
pragmatic nature. The updated chapter on pediatric antihypertensive trials (Chapter 33) is
particularly unique as it differentiates the issues of clinical trials for new antihypertensive
medications in children versus adults and provides summary information from the US FDA.

As series editor of Clinical Hypertension and Vascular Diseases, 1 am highly enthusi-
astic about the second edition of Pediatric Hypertension, which I view as an extremely
useful book that provides the most up-to-date and comprehensive review available on this
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vi Foreword

important topic. I expect that pediatricians, family medicine doctors, and all physicians
with an interest in basic and clinical aspects of hypertension and its complications will find
Pediatric Hypertension a valuable addition to their medical library.

William B. White, MD

Professor of Medicine and Chief

Division of Hypertension and Clinical Pharmacology

Pat and Jim Calhoun Cardiology Center

University of Connecticut School of Medicine, Farmington
Series Editor, Clinical Hypertension and Vascular Diseases



Preface to the Second Edition

Interest in pediatric hypertension dates back nearly half a century, when it was first rec-
ognized that a small percentage of children and adolescents had elevated blood pressures—
and in those days, the same normal values for adult blood pressure were utilized in chil-
dren! The many advances since that time have led to a much clearer understanding of how
to identify, evaluate, and treat hypertensive children and adolescents. At the same time,
many questions remain: What causes hypertension in children without underlying systemic
conditions? What are the long-term consequences of high blood pressure in the young?
What is the optimal therapy of childhood hypertension? and Does such treatment benefit
the affected child or adolescent? Can we identify children at risk of developing hypertension
and intervene to prevent its occurrence? Readers conversant with the history of hyperten-
sion in the young will recognize that these questions were being asked decades ago and
may still be unanswered for many years to come.

The first text focusing on pediatric hypertension was published in 1982. The book you
are about to read is a direct descendant of that first effort to summarize what is known
about hypertension in the young. We are fortunate to have been given the first opportunity
to produce a second edition of such a text, which reflects the increased interest in hyperten-
sion in the young that has developed since the publication of the first edition of Pediatric
Hypertension. Many chapters from the first edition have been revised and updated by their
original authors; others have been written by new authors. New chapters on topics of recent
interest in pediatric hypertension such as the metabolic syndrome and sleep disorders have
been added. We hope that the reader will find this new edition of Pediatric Hypertension to
be an up-to-date, clinically useful reference as well as a stimulus to further research in the
field.

It is also our hope that the advances summarized in this text will ultimately lead to
increased efforts toward the prevention of hypertension in the young, which, in turn, should
ameliorate the burden of cardiovascular disease in adults. We thank our many colleagues
who have taken time from their busy schedules to contribute to this text—and we are sure
that you will agree with us that their combined efforts have resulted in a valuable reference
to those interested in hypertension in the young.

Joseph T. Flynn
Seattle, Washington

Julie R. Ingelfinger
Boston, Massachusetts

Ronald J. Portman
Princeton, New Jersey
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1 Neurohumoral Regulation of Blood

Pressure in Early Development
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CONTENTS

INTRODUCTION

OVERVIEW OF AUTONOMIC FUNCTION
ARTERIAL BAROREFLEX
CARDIOPULMONARY REFLEX
PERIPHERAL CHEMOREFLEX
SYMPATHETIC ACTIVITY AT BIRTH
HUMORAL FACTORS

CONCLUSIONS

REFERENCES

INTRODUCTION

Cardiovascular homeostasis is mediated through interacting neural, hormonal, and
metabolic mechanisms that act both locally and systemically. These basic physiological
mechanisms, which have been extensively studied in the adult, are functional in the fetus
and newborn, although differential rates of maturation of these systems influence their abil-
ity to maintain blood pressure and delivery of oxygen and nutrients. This chapter focuses
primarily on autonomic control of the fetal and newborn cardiovascular system and how
hormonal and/or endocrine factors influence these systems.

Baroreceptor and chemoreceptor responses are vital for maintaining circulatory func-
tion. These neural pathways are modulated by a number of endocrine and paracrine factors,
including angiotensin II (ANG II), arginine vasopressin (AVP), and corticosteroids. Under-
standing the neurohumoral mechanisms participating in cardiovascular regulation during
the fetal and postnatal periods, particularly as they relate to the physiological adaptations
occurring with the transition from fetal to newborn life, may ultimately result in new strate-
gies to prevent complications during the perinatal period.

J.L. Segar (D<)

Department of Pediatrics, Division of Neonatology, University of lowa Carver College of Medicine, lowa City,
IA, USA

e-mail: jeffrey-segar @uiowa.edu

From: Clinical Hypertension and Vascular Diseases: Pediatric Hypertension
Edited by: J. T. Flynn et al. DOI 10.1007/978-1-60327-824-9_1
© Springer Science+Business Media, LLC 2011
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4 Part I / Regulation of Blood Pressure in Children

OVERVIEW OF AUTONOMIC FUNCTION

Blood pressure is regulated through interacting neural, hormonal, and metabolic mech-
anisms acting within the brain, the end organs, and the vasculature. The central nervous
system is critical for cardiovascular homeostasis, as cardiac and vasculature autonomic
tone is continuously modulated by an array of peripheral sensors, including arterial barore-
ceptors and chemoreceptors (/). Cardiovascular centers within the brain located between
afferent and efferent pathways of the reflex arc integrate a variety of visceral and behavioral
inputs, permitting a wide range of modulation of autonomic, cardiovascular, and endocrine
responses. Developmentally regulated maturation of these basic systems in the fetus and
newborn modulate the ability to maintain blood pressure and organ blood flow.

The contribution of the autonomic nervous system to cardiovascular homeostasis
changes during development. Both a-adrenergic and ganglionic blockade, which inhibit
sympathetic transmission at the ganglia and end organ, respectively, produce greater
decreases in blood pressure in term fetal sheep than in preterm fetal sheep or newborn
lambs, suggesting that fetal sympathetic tone is high late in gestation (2,3). The influence
of the parasympathetic system on resting heart rate also appears to increase with matura-
tion (4). Cholinergic blockade produces no consistent effect of heart rate in premature fetal
sheep, a slight increase in heart rate in term fetuses, and the greatest effect in lambs beyond
the first week of life (3,5,6).

Arterial pressure displays natural oscillations within a physiological range, the degree
of which is similar in fetal and postnatal life (7—/0). In the adult, ganglionic blockade
increases arterial pressure variability (7,11), suggesting that a component of arterial pres-
sure lability is peripheral or humoral in origin and is buffered by autonomic functions. In
contrast, ganglionic blockade in term fetal sheep significantly slows heart rate and attenu-
ates arterial pressure variability (9). Changes in fetal renal sympathetic nerve activity appear
to correlate positively with fluctuations in heart rate and arterial pressure (9). Although
fetal electrocortical and sympathetic activity have not been recorded simultaneously, fetal
heart rate, arterial pressure, and catecholamine levels are highest during periods of high-
voltage, low-frequency electrocortical activity, suggesting that oscillations in sympathetic
tone are related to changes in the behavioral state of the fetus (/2—75). Other physiological
parameters, including organ blood flows, regional vascular resistance, and cerebral oxy-
gen consumption, are also dependent on electrocortical state and likely reflect changes in
autonomic activity (/2,16,17).

ARTERIAL BAROREFLEX

Arterial baroreceptors, major sensing elements of the cardiovascular regulatory system,
are essential in short-term control of blood pressure. Acute changes in vascular stretch
related to alterations in blood pressure modify the discharge of afferent baroreceptor fibers
located in the carotid sinus and aortic arch. This increase in afferent nerve traffic, in turn,
results in alterations in efferent parasympathetic and sympathetic nerve activities that influ-
ence heart rate and peripheral vascular resistance, serving to buffer changes in arterial
pressure (Fig. 1) (18,19). Baroreflex control of heart rate is dominated by changes in car-
diac vagal tone, although integrity of the reflex is dependent upon both sympathetic and
parasympathetic pathways (20). Studies in animals demonstrate that the arterial baroreflex
is functional during fetal and early postnatal life (4,10,21,22). The observation that sinoaor-
tic denervation produces marked fluctuations in fetal arterial pressure and heart rate further
suggests important contributions of the baroreflex to cardiovascular homeostasis (10,22).
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Fig. 1. Schematic representation of the arterial baroreflex, depicting how an increase in blood pressure
modifies the discharge of afferent baroreceptor fibers located in the carotid sinus and aortic arch, which,
in turn, results in alterations in efferent sympathetic and parasympathetic nerve activities that influence
heart rate and peripheral vascular resistance, serving to buffer changes in arterial pressure.

Single-fiber recordings of baroreceptor afferents (23—27) in fetal and newborn animals
demonstrate that carotid sinus nerve activity is phasic and pulse synchronous, and that
activity increases with a rise in arterial or carotid sinus pressure (24-26). Basal discharge
of baroreceptor afferents does not change during fetal and postnatal maturation, despite
a considerable increase in mean arterial pressure during this time, indicating that barore-
ceptors reset during development, continuing to function within the physiological range
for arterial pressure (24,27). The sensitivity of carotid baroreceptors to increases in carotid
sinus pressure is greater in fetal than in newborn and 1-month-old lambs (24) and in new-
born as compared to adult rabbits (27). These findings suggest that any reduced heart rate
responses to changes in arterial pressure during fetal life (as discussed below) are not due to
underdeveloped afferent activity of baroreceptors but rather to differences in central inte-
gration and efferent pathways. The mechanisms regulating the changes in sensitivity of
the baroreceptors early in development have not been investigated, but may be related to
changes in the degree of mechanical deformation of nerve endings and thus may strain sen-
sitivity, ionic mechanisms that operate at the receptor membrane to cause hyperpolarization,
or substances released from the endothelium, including prostacyclin and nitric oxide, that
modulate baroreceptor activity (28-33).

Many but not all studies in fetal and newborn animals describe baroreflex sensitivity,
determined by the heart rate response to alterations in blood pressure, as being decreased
early in development (34—38). Using reflex bradycardia in response to increased blood pres-
sure induced by balloon inflation, Shinebourne et al. (36) observed that cardiac baroreflex
activity is present as early as 85 days of gestation (~0.6 of the length of gestation) in fetal
lambs, and that the sensitivity of the reflex increased up to term. Heart rate responses to
changes in blood pressure in the premature sheep fetus also appear to be asymmetric and
are more sensitive to an increase than to a decrease in blood pressure (39). In contrast to
findings in sheep, the sensitivity of the cardiac baroreflex is greater in the horse fetus at 0.6
of the length of gestation than at near term (0.9 of gestation) (40).

Developmental changes in the cardiac baroreflex continue postnatally. Heart rate
responses to pharmacologically induced changes in blood pressure in fetal (135 & 2 days
of gestation (term=145 days)), newborn, and 4—6-week-old sheep demonstrated a trend for
the sensitivity of the baroreflex control of heart rate to decrease with maturation (4/). How-
ever, further studies in sheep (37) and other species (42,43) reported increasing cardiac
baroreflex sensitivity with postnatal age. Reflex bradycardia in response to carotid sinus
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stimulation is absent in the newborn piglet, although vagal efferents exert a tonic action on
the heart at this stage of development (42). Age-related changes in heart rate in response to
phenylephrine are also greater in 2-month-old piglets than in 1-day-old animals (43). Dit-
ferences in species, experimental conditions, and developmental changes in the innervation
and functional contributions of the two arms of the autonomic nervous system (sympathetic
and parasympathetic) likely contribute to these reported differences.

Baroreflex control of central sympathetic outflow, primarily measured as renal sympa-
thetic nerve activity (RSNA), has been assessed as well. Booth et al. demonstrated in the
preterm fetal sheep (at ~100 days or 0.7 of gestation) that baroreflex control of RSNA was
absent although pulse synchronous bursts of RSNA were present (39). Studies of the RSNA
baroreflux function curve in late-gestation fetal (135 +2 days gestation), newborn, and
4-6-week-old sheep indicated greatest sensitivity in the fetus and decreasing sensitivity
during the postnatal period (417). Interestingly, studies in aging animals have shown that
baroreflex control of heart rate and sympathetic nerve activity is impaired with senescence
(44). Thus, the sensitivity of the baroreflex likely assumes an inverted “U” shape, increas-
ing with early maturation, reaching a maximum sensitivity occurring during some devel-
opmental period, then decreasing with advancing age, an effect that may contribute to the
development of hypertension.

Resetting of the Arterial Baroreflex

Resetting of the arterial baroreflex is defined as a change in the relation between arterial
pressure and heart rate or between pressure and sympathetic and parasympathetic nerve
activities (29,30). As already noted, studies indicate that the sensitivity of the baroreflex
changes with maturation. With sustained changes in blood pressure, the operating range of
the baroreceptors also shifts, or resets, in the direction of the prevailing arterial pressure.
This shift in the range of blood pressure over which the baroreflex remains functional occurs
during fetal life, is present immediately after birth, and continues with postnatal maturation,
paralleling the naturally occurring increase in blood pressure (45). The mechanisms regu-
lating developmental changes in baroreflex sensitivity and controlling the resetting of the
baroreflex are poorly understood. Changes in the relationship between arterial pressure and
sympathetic activity or heart rate occur at the level of the baroreceptor itself (peripheral
resetting), from altered coupling within the central nervous system of afferent impulses
from baroreceptors to efferent sympathetic or parasympathetic activity (central resetting)
and at the end organ (29). Locally produced factors, such as nitric oxide, and circulating
hormones and neuropeptides, such as ANG II and AVP, activate additional neural reflex
pathways that may modulate the changes in arterial baroreflex during development (46).

Autonomic Function in the Developing Human

In the human infant, neural control of the circulation has been assessed most often by
analysis of heart rate indices at rest and in response to postural changes. While some inves-
tigators have been unable to demonstrate a consistent response of heart rate to tilting,
and concluded that the heart rate component of the baroreflex is poorly developed dur-
ing the neonatal period, others have demonstrated in healthy preterm and term infants that
unloading arterial baroreceptor by head-up tilting produces a significant heart rate response
(47—49). Using venous occlusion plethysmography, Waldman et al. (49) observed that
healthy preterm and term infants subjected to 45° head-up tilting did not develop significant
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tachycardia, although, on average, a 25% decrease in limb blood flow occurred, suggestive
of an increase in peripheral vascular resistance. In contrast, Myers et al. reported that 1-2-
day-old healthy, term newborns display changes in heart rate with head-up and head-down
tilt similar to those observed in the adults (50). However, at 2—4 months of age the increase
in heart rate to unloading of baroreceptors (head-up tilt) is lost (50,51). One may spec-
ulate that this change may represent a vulnerable period of autonomic dysfunction and
contribute to the risk for sudden infant death syndrome. Using noninvasive measurement of
blood pressure sequences of spontaneous changes in blood pressure and heart rate in both
premature and term infants (24 weeks gestational age to term), Gournay et al. reported that
baroreflex sensitivity increased with gestational age and noted that sensitivity increased in
premature infants (<32 weeks gestation), with postnatal age (52).

Small, spontaneous beat-by-beat variations in heart rate may be analyzed as linear heart
rate variability in both time and frequency domains and have been used in both infants
(53-55) and fetuses (56—58) to evaluate the contribution of the autonomic nervous system in
maintaining cardiovascular homeostasis. While the interpretation is considered somewhat
subjective, analysis of fetal electrocardiogram tracings suggests differential development
of the sympathetic and parasympathetic branches and progressive maturation of sympatho-
vagal balance (56—58). An increase in sympathetic tone appears around 32 weeks (0.8 of
gestation), followed by moderation of sympathetic outflow related to the establishment of
fetal behavioral states (56).

Power spectral analysis is a technique used to characterize sympathetic and parasym-
pathetic components of the heart rate, reported as a ratio of low-frequency (LF) to high-
frequency (HF) components. In human infants, there is a progressive decline in the ratio
of the low-frequency (LF) to high-frequency (HF) components with increasing postnatal
and gestational age, indicating an increase in parasympathetic contribution to control of
resting HR with maturation. In a small study of 24 sleeping infants, aged 31-41 weeks
of conceptional age in which the babies were analyzed as 31-36-week, 37-38-week, and
39-41-week groups, Clairambault et al. (55) observed that changes in the HF component
of the spectrum were greatest at 37-38 weeks, suggesting a steep increase in vagal tone at
this age. Power spectral analysis has also been used to characterize developmental changes
in sympathovagal balance in response to arterial baroreceptor unloading in preterm infants
beginning at 28-30 weeks postconceptional age (59). Longitudinal spectral analysis (59)
indicated that the LF/HF ratio did not change with head-up postural change in infants at
28-30 weeks, whereas with increasing postnatal age the LF component of the spectrum
increased with head-up tilt. In an elegant cross-sectional study of 1-week-old infants with
postmenstrual ages ranging from 28 to 42 weeks, Andriessen observed increases in R-R
interval, low- and high-frequency spectral powers, and baroreflex sensitivity with post-
menstrual age (53). Taken together, these observations suggest that neural regulation of
cardiac function, particularly parasympathetic modulation, undergoes maturational change
and becomes more functional with postnatal development.

CARDIOPULMONARY REFLEX

Cardiopulmonary receptors are sensory nerve endings located in the four cardiac cham-
bers, in the great veins, and in the lungs (60). In the adult, volume sensors mediating reflex
changes in cardiovascular and renal function are believed to be primarily those residing
in the atria (61,62) and the ventricles (60). The ventricular receptors appear to be partic-
ularly important during decreases in cardiopulmonary pressures (60,63,64). The majority
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of ventricular receptor vagal afferents are chemosensitive and mechanosensitive (activated
by changes in pressure or strength) unmyelinated C-fibers (65,66). These receptors have
a low basal discharge rate that exerts a tonic inhibitory influence on sympathetic outflow
and vascular resistance (60) and regulates plasma AVP concentration (67). Interruption of
the basal activity of the vagal afferent receptors increases heart rate, blood pressure, and
sympathetic nerve activity, whereas activation of cardiopulmonary receptors causes reflex
bradycardia, vasodilation, and sympathoinhibition (60).

Characterization of the cardiopulmonary reflex during the perinatal and neonatal peri-
ods was initially performed by stimulation of chemosensitive cardiopulmonary receptors
(43,68,69). Those studies demonstrated that the heart rate, blood pressure, and regional
blood flow responses to stimulation of chemosensitive cardiac receptors were smaller early
during development than later in life, and absent in premature fetal lambs (68) and in piglets
under 1 week old (69). Stimulation of cardiopulmonary receptors by volume expansion
had no effect on basal renal nerve activity in the fetus, but significantly reduced RSNA
in newborn and 8-week-old sheep (70,71). However, the decrease in RSNA in response
to volume expansion was totally abolished in sinoaortic-denervated (SAD) newborn lambs
but was not affected by SAD in 6-8-week-old sheep (72). These results indicate that car-
diopulmonary reflexes are not fully mature early in life and that stimulation of sinoaortic
baroreceptors plays a greater role than cardiopulmonary mechanoreceptors in regulating
changes in sympathetic activity in response to expansion of vascular volume early during
development.

Cardiopulmonary mechanoreceptors also respond to reductions in blood volume by elic-
iting reflexes that influence systemic hemodynamics. Gomez et al. observed that hemor-
rhage produced a significant decrease in arterial blood pressure without accompanying
changes in heart rate in fetal sheep less than 120 days gestation, whereas blood pres-
sure remained stable and heart rate increased in near-term fetuses (73). However, other
investigators (74,75) reported that the hemodynamic response to hemorrhage was simi-
lar in immature and near-term fetuses, with reductions in both heart rate and blood pres-
sure. Inhibition of vagal afferents during slow, nonhypotensive hemorrhage blocked the
normal rise in plasma AVP but did not alter the rise in plasma renin activity in near-term
fetal sheep (74). When input from cardiopulmonary receptors is removed by sectioning
the cervical vagosympathetic trunks, the decrease in fetal blood pressure in response to
hemorrhage is similar to that in intact fetuses (76), whereas vagotomy with SAD enhances
the decrease in blood pressure (74). Therefore, it is likely that activation of fibers from
the carotid sinus (arterial baroreceptors and chemoreceptors) but not vagal afferents (car-
diopulmonary baroreceptors and chemoreceptors) is involved in the maintenance of blood
pressure homeostasis during fetal hemorrhage. Cardiopulmonary receptors also appear to
have a diminished role in early postnatal life as reflex changes in RSNA in newborn lamb
during nonhypotensive and hypotensive hemorrhage are dependent upon the integrity of
arterial baroreceptors but not cardiopulmonary receptors (77). In addition, the cardiovascu-
lar responses in newborn lambs to hemorrhage are dependent upon intact renal nerves that,
in turn, modulate release of AVP (78).

The RSNA responses to vagal afferent nerve stimulation are similar in sinoaortic-
denervated fetal and postnatal lambs (79), suggesting that delayed maturation of the car-
diopulmonary reflex is not secondary to incomplete central integration of vagal afferent
input. On the other hand, the decreased sensitivity of the cardiopulmonary reflex early
in development in the face of a sensitive arterial baroreflex response (as outlined above)
is intriguing. One may suggest that there is an occlusive interaction between these two
reflexes during development. In support of this hypothesis, studies in adults (80,81) have
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shown that activation of arterial baroreceptors may impair the reflex responses to activation
of cardiopulmonary receptors.

PERIPHERAL CHEMOREFLEX

Peripheral chemoreceptors located in the aortic arch and carotid bodies are functional
during fetal and early postnatal life and participate in cardiovascular regulation (82—84).
Acute hypoxemia evokes integrated cardiovascular, metabolic, and endocrine responses in
the fetus that result in transient bradycardia, increased arterial blood pressure and peripheral
vascular resistance, and a redistribution of blood flow (83,85). Oxygen sensing in the carotid
body is transduced by glomus cells, which are specialized sensory neurons that respond to
hypoxia at higher PaO, levels than other cell types. It is believed that in states of low O»,
oxygen-sensitive K* currents are inhibited, resulting in depolarization, an influx of Ca**
and the release of neurotransmitters and neuromodulators that generate an action potential
in the carotid sinus nerve (86). The bradycardia associated with hypoxemia is mediated
by parasympathetic efferents, while the initial vasoconstriction results from increased sym-
pathetic tone (84,87). The release of circulating factors such as AVP and catecholamines
serves to maintain peripheral vasoconstriction, while heart rate returns toward basal levels.

The ontogeny of fetal chemoreflex-mediated cardiovascular responses to acute hypox-
emia has primarily been assessed by studies in sheep via either umbilical cord occlusion
or administration of subambient oxygen to the ewe (84,88-91). Responses to moderate
hypoxemia appear attenuated in preterm fetuses, possibly related to lower aerobic require-
ments. However, responses to prolonged asphyxia, induced by umbilical cord occlusion, are
comparable in preterm, mid-term, and near-term fetuses, although the rapidity and inten-
sity of peripheral vasoconstriction were attenuated in the younger animals (9/). The car-
diovascular response to acute fetal hypoxemia depends upon the intrauterine milieu (85,
92-94). For example, in fetal sheep, mild, acute acidemia (pH 7.29 £ 0.01), which often
accompanies fetal hypoxemia, has no effects on basal cardiovascular function but markedly
enhances peripheral vasoconstriction and endocrine responses to acute hypoxemia (94).
Such strong responses likely resulted from acidemia-mediated sensitization of the carotid
body, increased sympathetic outflow and stimulation, catecholamine secretion. To exam-
ine the effects of prevailing hypoxemia on responses to acute hypoxemia, Gardner et al.
(85) studied chronically instrumented fetal sheep, which were grouped according to PaO».
Functional chemoreflex analysis during early hypoxemia, performed by plotting the change
in PaO; against the change in heart rate and femoral vascular resistance, demonstrated that
the slopes of the cardiac and vasoconstrictor chemoreflex curves were enhanced in hypoxic
fetuses relative to control fetuses. Additional evidence suggests that exposure to hypoxia
for a limited periods of time (hours to days) has a sensitizing effect on the chemoreflex,
whereas more sustained hypoxia (days to weeks) may have a desensitizing effect (93). The
mechanisms regulating this alteration in response are unclear. In the chick embryo, hypoxia
increases sympathetic nerve fiber density and neuronal capacity for norepinephrine synthe-
sis (95). Thus, augmented efferent pathways may contribute to the enhanced responses.
On the other hand, recordings from carotid chemoreceptors in chronically hypoxic kittens
demonstrate blunted responses to acute decreases in PaO, relative to control animals (96).
It is therefore possible that with prolonged hypoxia, blunting of the chemoreflex responses
may be related to afferent mechanisms.

Although chemoreceptors are active and responsive in the fetus and newborn, studies
in sheep and human infants suggest that chemoreceptor sensitivity and activity is reduced
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immediately after birth (97,98). This decreased sensitivity persists for several days until
the chemoreceptors adapt and reset after emerging from the low oxygen tension of the
fetus to the higher levels seen postnatally (98,99). The mechanisms involved with this
resetting are not known, although the postnatal rise in PaO; appears crucial, since rais-
ing fetal PaO; produces a rightward shift in the response curve of carotid baroreceptors
to differing oxygen tension (/00). Potential mechanisms within the glomus cells regu-
lating developmental changes in O; transduction and chemoreceptor responses include,
but are not limited to, anatomic maturation, developmental changes in oxygen-sensitive
K* currents, adenosine responsiveness (101,102), dopamine and catecholamine turnover
within the carotid body (/03), and differences in intracellular calcium mobilization during
hypoxia (86,104).

SYMPATHETIC ACTIVITY AT BIRTH

The transition from fetal to newborn life is associated with numerous hemodynamic
adjustments, including changes in heart rate and peripheral vascular resistance and a redis-
tribution of blood flow (705,106). Activation of the sympathetic nervous system appears to
be important in this adaptive process and is associated with marked increases in circulating
catecholamines (/07,108). Arterial pressure, heart rate, and cardiac output are all depressed
by ganglionic blockade in newborn (1-3 days) but this does not occur in older lambs, sug-
gesting that sympathetic tone is high during the immediate postnatal period (109). Our
group has demonstrated that renal sympathetic nerve activity increases nearly 250% follow-
ing delivery of term fetal sheep by cesarean section and parallels the rise in arterial pressure
and heart rate (45). Delivery appears to produce near-maximal stimulation of renal sympa-
thetic outflow, since further increases cannot be elicited by unloading of arterial barorecep-
tors (45). Furthermore, reflex inhibition of this increase in RSNA could not be achieved by
arterial baroreceptor stimulation, as seen in fetal and 3—7-day-old lambs (4/), suggesting
that central influences can override the arterial baroreflex and that the maintenance of a
high sympathetic tone is vital during this transition period. A similar pattern of barorecep-
tor reflex inhibition has been well described in adult animals as part of the defense reaction
(110).

The factors that mediate the increase in sympathetic outflow at birth are incompletely
understood. In utero ventilation studies of fetal sheep have shown that rhythmic lung
inflation increases plasma catecholamine concentrations, although there are no consistent
effects on blood pressure or heart rate (//1,112). Fetal RSNA increases only 50% during
in utero ventilation, while oxygenation and removal of the placental circulation by umbil-
ical cord occlusion produce no additional effect (//3), suggesting that lung inflation and
an increase in arterial oxygen tension contribute little to the sympathoexcitation process.
The increases in heart rate, mean arterial blood pressure, and RSNA following delivery
are similar in intact and in fetal lambs that have undergone both sinoaortic denervation
and vagotomy (/74), demonstrating that afferent input from peripheral chemoreceptors and
mechanoreceptors also contributes little to the hemodynamic and sympathetic responses at
delivery.

The change in environmental temperature at birth may play an important role in
the sympathoexcitatory response at birth. Cooling of the near-term fetus either in
utero or in exteriorized preparations results in an increase in heart rate, blood pres-
sure, and norepinephrine concentrations, consistent with sympathoexcitation (/15,116).
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In contrast, exteriorization of the near-term lamb fetus into a warm water bath does
not produce the alterations in systemic hemodynamics or catecholamine values typi-
cally seen at birth (//6). Fetal cooling, but not ventilation or umbilical cord occlusion,
initiates nonshivering thermogenesis via neurally mediated sympathetic stimulation of
brown adipose tissue (/77). In utero cooling of fetal lambs also produces an increase
in RSNA of similar magnitude to that seen at delivery by cesarean section (49), sug-
gesting that cold-stress plays a role in the activation of the sympathetic nervous sys-
tem at birth. These changes occur before a decrease in core temperature occurs, and are
reversible with rewarming, suggesting that sensory input from cutaneous cold-sensitive
thermoreceptors rather than a response to a change in core temperature is mediating the
response.

Studies in adults suggest that multiple brain centers are involved in autonomic control of
the systemic circulation. Sympathetic outflow is controlled not only by the medulla oblon-
gata (/18), but also by higher centers, especially the hypothalamus (//9-121), allowing
for a wide range of modulation. Neuroanatomic studies have shown that nuclei within the
hypothalamus project directly to a number of areas in the hindbrain containing pregan-
glionic sympathetic and parasympathetic neurons, including the rostral and caudal ventro-
lateral medulla, the intermediolateral cell column, and the dorsal motor nucleus of the vagus
(119-121). How the supramedullary regions influence cardiovascular function in develop-
ing animals is unclear. In fetal sheep, electrical stimulation of the hypothalamus evokes
tachycardia and a pressor response, both of which are attenuated by a-adrenoreceptor
blockade (/22). Stimulation of the dorsolateral medulla and lateral hypothalamus in the
newborn piglet similarly increases blood pressure and femoral blood flow (43). Since the
responses to hypothalamic stimulation are lost during stress (hypoxia, hypercapnia, hem-
orrhage), while those elicited from the medulla are not, some investigators have proposed
that the hypothalamus exerts little influence of cardiovascular function until later in post-
natal development (43). However, other studies suggest that forebrain structures are vital
for normal physiological adaptation following the transition from fetal to newborn life. The
increases in heart rate, mean arterial blood pressure, and RSNA that normally occur at birth
are absent in animals subjected to transection of the brain stem at the level of the rostral
pons prior to delivery (//3). Ablation of the paraventricular nucleus of the hypothalamus
in fetal sheep attenuates the postnatal increase in sympathetic outflow and alters baroreflex
function (/23). Thus, supramedullary structures appear intimately involved in the regula-
tion of circulatory and autonomic functions during the transition from fetal to newborn
life.

The hemodynamic and sympathetic responses at birth are markedly different in prema-
turely delivered lambs (0.85 of gestation (about 123 days)) compared to those delivered at
term (/24). Postnatal increases in heart rate and blood pressure are attenuated, and the sym-
pathoexcitatory response, as measured by RSNA, is absent (/24). This impaired response
occurs despite the fact that the descending pathways of the sympathetic nervous system
are intact and functional at this stage of development, as demonstrated by a large pres-
sor and sympathoexcitatory response to in utero cooling (/24). Antenatal administration of
glucocorticoids, which has been shown to improve both postnatal cardiovascular and pul-
monary functions, augments sympathetic activity at birth in premature lambs and decreases
the sensitivity of the cardiac baroreflex (/24). The mechanisms through which antenatal
glucocorticoid administration augments cardiovascular and sympathetic responses at birth
are unclear, although stimulation of the peripheral renin—angiotensin system and activation
of peripheral angiotensin receptors appear not to be involved (/25).
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HUMORAL FACTORS

Renin-Angiotensin System in the Fetus and Neonate

The renin—angiotensin system is active in the fetal and perinatal periods (/26—128).
During embryonic and early fetal life, the primary function of the renin—angiotensin sys-
tem may be to regulate cellular and organ growth as well as vascular proliferation (/29).
Only later during fetal development does the renin—angiotensin system become involved
in modulating cardiovascular function and renal hemodynamics. A large number of stud-
ies report that administration of inhibitors of ANG II, including angiotensin-converting
enzyme inhibitors (ACEi’s) and angiotensin II subtype 1 receptor blockers (AT blockers,
or ARBs), decreases fetal and newborn arterial blood pressure (/27,130—132). In normal
children, plasma renin activity is high during the newborn period, declines rapidly in the
first year of life, and then continues with a gradual decline until adulthood (7/33,134). In
preterm infants, plasma renin activity is markedly elevated and has close inverse relation-
ship to postconceptual age (135).

Fetal plasma renin activity and plasma ANG II concentration increase after aortic con-
striction, hypotension, and blood volume reduction (/26). Conversely, a rise in arterial
blood pressure and volume expansion reduce plasma renin activity in fetal and newborn
animals (/36). The vasopressor response and renal vascular reactivity to exogenous ANG
IT are less in fetal lambs than in adult sheep (/37). Factors explaining the higher activity
of the renin—angiotensin system early in development but decreased sensitivity to ANG II
have not been explored in detail. One may speculate that differences in the localization and
expression of the ANG II receptor subtypes contribute to this effect.

While baroreceptors and chemoreceptors regulate the release of vasoactive hormones,
such as ANG II (46,138), changes in the levels of these circulating hormones, in turn, influ-
ence neural regulation of cardiovascular function. For example, in the sheep fetus, a rise
in arterial blood pressure produced by ANG II administration produces little or no car-
diac slowing (137,139), although others have reported dose-dependent decreases in heart
rate (140,141). The bradycardic and sympathoinhibitory responses to a given increase in
blood pressure are less for ANG II than for other vasoconstrictor agents (/42). In the adult
ANG II facilitates activation of sympathetic ganglia and enhances the release of nore-
pinephrine at the neuroeffector junction (/43). Within the central nervous system, ANG
II stimulates sympathetic outflow and alters baroreceptor reflexes by acting on AT recep-
tors located within the hypothalamus, medulla, and circumventricular organs (/44—146).
In the sheep fetus, endogenous brain ANG II appears to contribute little to basal arterial
pressure. However, lateral ventricle injection of ANG II increases blood pressure, an effect
blocked by AT receptor antagonists (/47—-149). Increased blood pressure via activation
of angiotensin receptors was associated with elevated c-fos expression (a marker of neu-
ronal activation) in numerous cardiovascular areas known to be AT receptor abundant
(147-149). Lateral ventricle administration of an AT but not an ANG II receptor subtype
2 (AT,) receptor antagonist also lowers blood pressure and resets the baroreflex toward
lower pressure in newborn and 8-week-old sheep at doses that have no effect when given
systemically (1/50).

Endogenous circulating ANG II participates in regulating arterial baroreflex responses
early during development. The absence of rebound tachycardia after reduction in blood
pressure by ACEi is well described in fetal and postnatal animals (/30), as well as in human
adults and infants (54). In the newborn lamb, angiotensin-converting enzyme inhibition or
AT receptor blockade decreases RSNA and heart rate, and resets the baroreflex toward
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lower pressure (/42,150). Resetting of the reflex is independent of changes in prevailing
blood pressure.

Arginine Vasopressin in the Fetus and Neonate

Several lines of evidence suggest that arginine vasopressin (AVP) plays an impor-
tant role in maintaining cardiovascular homeostasis during fetal and postnatal devel-
opment. Plasma AVP concentrations in the fetus are increased by multiple stimuli,
including hypotension, hemorrhage, hypoxemia, acidemia, and hyperosmolality (138,
151-153). Vasopressin responses to hypotension are partially mediated by arterial barore-
ceptors, whereas the contribution of carotid or aortic chemoreceptors appears to play
little role in the AVP response to hypoxia (154,155). Infusion of AVP increases fetal
blood pressure and decreases fetal heart rate in a dose-dependent manner (156,157),
although AVP appears to have little impact on basal fetal circulatory regulation. Block-
ade of AVP receptors in fetal sheep has no measurable effects on arterial blood pres-
sure, heart rate, or renal sympathetic nerve activity in fetal sheep or newborn lambs
(158,159). However, AVP receptor inhibition impairs the ability of the fetus to main-
tain blood pressure during hypotensive hemorrhage and reduces the catecholamine
response (160).

In several adult mammalian species, AVP modulates parasympathetic and sympathetic
tone and baroreflex function (46,159,161,162). Administration of AVP evokes more sympa-
thoinhibition and bradycardia than other vasoconstrictors at a comparable increase in blood
pressure (46,162). It has been thought that such baroreflex modulation by AVP is due to
enhanced baroreflex gain and resetting of the baroreflex to a lower pressure (46,162). How-
ever, in fetal and newborn sheep, sequential increases in plasma AVP do not alter heart rate
or RSNA baroreflex responses to acute changes in blood pressure (/59).

Endogenous AVP also appears to have little effect on baroreflex function early dur-
ing development. For instance, peripheral intravenous administration of a Vj-receptor
antagonist has no measurable effects on resting hemodynamics in fetal sheep or on
basal arterial blood pressure (/58), heart rate, RSNA, or baroreflex response in new-
born lambs (/59). This lack of baroreflex modulation by AVP may facilitate the
observed pressor response to AVP in fetuses and newborns during stressful situations
such as hypoxia and hemorrhage. Such responses suggest that AVP could play a par-
ticularly important role in maintaining arterial pressures during stressful states in early
development.

The role of AVP within the central nervous system in maintaining hemodynamic home-
ostasis in the developing animal has not been extensively studied. Under basal conditions
fetal AVP levels are tenfold higher in the cerebrospinal fluid than in plasma, suggesting that
AVP contributes to the central regulation of autonomic function (163). Intracerebroventric-
ular infusion of AVP produces significant decreases in mean arterial blood pressure and
heart rate in newborn lambs without reflex changes in RSNA (/64). In contrast, intracere-
broventricular administration of AVP increases RSNA in 8-week-old sheep, demonstrating
that the role of AVP receptors within the CNS in regulation of autonomic function is devel-
opmentally regulated (/64). The changes in blood pressure and heart rate are completely
inhibited by administration of a V| antagonist, demonstrating that the central cardiovascu-
lar effects of AVP are mediated by V| receptors, as has been reported in mature animals
(165).
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Corticosteroids in the Fetus and Neonate

The prepartum surge in fetal cortisol levels, observed in all mammalian species, is vital
for normal physiological development. Fetal adrenalectomy attenuates the normal gesta-
tional age-dependent increase in blood pressure that occurs in late gestation, while corti-
sol replacement produces a sustained increase in fetal blood pressure (166,167). Antenatal
exposure to exogenous glucocorticoids increases fetal and postnatal arterial blood pressure
by enhancing peripheral vascular resistance and cardiac output without altering heart rate
(168-170). The effectiveness of hydrocortisone for treatment of hypotension in preterm
and term neonates is well described (/71,172). However, the mechanisms by which gluco-
corticoids increase blood pressure and vascular resistance in this age group are not clear.
In the adult, administration of hydrocortisone or dexamethasone suppresses resting and
stimulated muscle sympathetic nerve activity, suggesting little role for augmented sym-
pathetic tone (/73,174). On the other hand, glucocorticoids enhance pressor responsive-
ness and vascular reactivity to norepinephrine and ANG II (1/75,176), in part by increasing
ap-adrenergic and AT receptor levels and potentiating ANG II- and AVP-induced inositol
triphosphate production (/77,178). Glucocorticoids also reduce the activity of depressor
systems, including vasodilator prostaglandins and nitric oxide, and have been shown to
decrease serum NO27/NO3~, endothelial nitric oxide synthase mRNA stability, and protein
levels (179).

In the sheep fetus, cortisol infusion increases blood pressure, as well as the hypertensive
response to intravenous ANG II but not to norepinephrine (/66). However, infusions of
synthetic glucocorticoids, which also increase arterial blood pressure, do not alter the pres-
sor response to phenylephrine, ANG II, or AVP (/80). Furthermore, the increase in blood
pressure is not inhibited by blockade of the renin—angiotensin system (/25). In vitro studies
demonstrate that fetal treatment with betamethasone enhances the contractile response of
femoral arteries to depolarizing potassium solutions, supporting a role for enhanced cal-
cium channel activation (/87). Glucocorticoid exposure enhances in vitro responses of
peripheral arteries to vasoconstrictors, including norepinephrine and endothelin 1, while
attenuating vasodilator effects of forskolin and bradykinin and nitric oxide production
(181-184).

In addition to peripheral effects on vascular reactivity, antenatal glucocorticoids also
modify autonomic and endocrine functions. Increases in fetal blood pressure and vascular
resistance following betamethasone treatment occur despite marked suppression of circu-
lating vasoconstrictors, including catecholamines, ANG II, and AVP (124,168,185). Circu-
lating neuropeptide Y concentration, which may provide an index of peripheral sympathetic
activity, is increased following fetal exposure to dexamethasone (/86). Glucocorticoid treat-
ment accelerates postnatal maturation of brain catecholaminergic signaling pathways in rats
and enhances renal sympathetic nerve activity in prematurely delivered lambs (71,187,188).

Endogenous production of cortisol is important for normal maturational changes in auto-
nomic reflex function. Adrenalectomized fetal sheep fail to display the normal postnatal
increase in RSNA, while the response is restored by cortisol replacement (/89). Restoring
circulating cortisol levels to the prepartum physiological range shifts the fetal and immedi-
ate postnatal heart rate and RSNA baroreflex curves toward higher pressure without alter-
ing the slope of the curves (/89). Antenatal administration of betamethasone decreases
the sensitivity of baroreflex-mediated changes in heart rate in preterm fetuses and prema-
ture lambs (/24). Antenatal glucocorticoid exposure also alters baroreflex and chemoreflex
function in fetal and newborn animals (/80, 187). Baroreflex control of heart rate and RSNA



Chapter 1 / Regulation of Blood Pressure in Early Development 15

are reset toward higher pressures in steroid-exposed animals. In response to acute hypoxia,
fetuses exposed to exogenous corticosteroids display prolonged bradycardia and attenuated
plasma catecholamine and AVP responses (/86). Consistent with this finding, ovine fetuses
at >140 days gestation (term 145 days) and with naturally elevated cortisol levels displayed
greater heart rate, vasoconstrictor, and neuroendocrine responses to hypoxemia than fetuses
at 125-140 days gestation (92). At all gestational ages the responses to hypoxemia corre-
lated with the prevailing cortisol concentration. Taken together, these findings indicate that
corticosteroids modify autonomic and endocrine control of cardiovascular function during
development. These effects may even persist well after cessation of exposure (/86).

Nitric Oxide in the Fetus and Neonate

Nitric oxide (NO) plays an important role in the control of systemic hemodynamics
early in development. Nitric oxide regulates fetal vascular tone, blood pressure, and organ-
specific vascular resistance. Inhibition of NO production causes an immediate rise in blood
pressure and umbilicoplacental resistance, and decreases in heart rate, renal blood flow
velocity, and plasma renin concentration (/90—-192). These cardiovascular effects are signif-
icantly attenuated by prolonged or repeated exposure to NO synthesis inhibition, indicating
that other vasodilatory regulatory mechanisms are functioning during fetal life (/90). Nitric
oxide also functions as a neurotransmitter and acts centrally to regulate fetal arterial blood
pressure. Administration of the NO donor, nitroglycerin, into the fourth cerebral ventricle
of the ovine fetus decreases mean arterial pressure, whereas blocking NO synthase in the
fourth ventricle increases fetal blood pressure (/93). Inhibition of endogenously produced
NO also increases blood pressure in 1- and 6-week-old lambs to similar extents, although
the concomitant decreases in heart rate are greater in the young lamb (/94). Endogenous
nitric oxide regulates arterial baroreflex control of heart rate in 1-week-old but not 6-week-
old lambs and may contribute to developmental changes in baroreflex function during this
period (194).

CONCLUSIONS

Understanding the mechanisms regulating cardiovascular function in the fetal and post-
natal periods, particularly as they relate to the transition from fetal to newborn life, is impor-
tant. Failure to regulate arterial pressure, peripheral resistance, and organ blood flow may
lead to significant variations in substrate delivery, resulting in ischemic or hemorrhagic
injury. Autonomic regulatory mechanisms, including baroreceptors and chemoreceptors,
are important modulators of blood pressure and circulatory function early in life. Humoral
and endocrine factors, not only those discussed above, but others such as opioids, natriuretic
peptides, and prostanoids, act directly and indirectly to regulate vascular tone and cardiac
function. A more complete understanding of neurohumoral control of cardiovascular func-
tion early in life may potentially lead to the development of new therapeutic strategies to
prevent complications during the perinatal period.
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Vasoactive peptide systems play a critical role in the regulation of arterial blood pressure
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and function of the renal and systemic vasoactive systems with special emphasis on their
role in the pathogenesis of hypertension in children.

THE RENIN-ANGIOTENSIN SYSTEM

The renin—angiotensin system (RAS) plays a fundamental role in the regulation of
arterial BP. Emerging evidence suggests that many tissues have a local tissue-specific RAS,
which is of major importance in the regulation of the angiotensin (Ang) levels within
many organs (/, 2). The RAS includes multiple components. The enzyme renin cleaves
the substrate, angiotensinogen (AGT), to generate Ang I [Ang-(1-10)] (Fig. 1 ). Ang I is
converted to Ang II [Ang-(1-8)] by angiotensin-converting enzyme (ACE). ACE expres-
sion on endothelial cells of many vascular beds including those in the kidney, heart, and
lung allows systemic formation of Ang II, the most powerful effector peptide hormone of
the RAS, throughout the circulation (3-5). Most of hypertensinogenic actions of Ang II
are attributed to the AT receptor (AT1R) (6). Additionally, there are further pathways by
which angiotensins may be formed—Ang II via chymase in tissues and Ang II metabolites
via ACE2, as well as via endopeptidases.

Renln!(pro]mnin} Hypertension
receptor

Angiotensinogen
} +— Renin+—Prorenin

%mpsm G CathdpsinG. A Ang | ACEZ2 Ang-(1-9)
Chymase )
tPA ‘ CAGE } +—Ace— Bradykinin } ACE,NEP

————— Angll—acezper,Pper ~ Ang+{(1-7)

AMPA »
Ang Il
AMPN ¥\

Ang IV

AT,R AT,R Mas
Vasoconstriction Vasodilatation
Cell proliferation Anti=proliferation
Cell hypertrophy Anti=hypertrophy
Antinatriuresis Anti=fibrosis
Fibrosis Anti=thrombosis
Atherosclerosis Anti—angiogenesis
Inflammation
Release of:
- Aldosterone

- Endothelin
-Vasopressin

Fig. 1. Renin-Angiotensin System, with focus on target effects of Angiotensin II and alternate pathways
of Angiotensin metabolism.

ANGIOTENSINOGEN

Angiotensinogen (AGT) is formed and constitutively secreted into the circulation by
the hepatocytes (7). In addition, AGT mRNA and protein are expressed in kidney proxi-
mal tubules, central nervous system, heart, adrenal gland, and other tissues (8,9). Although
AGT is the only substrate for renin, other enzymes can cleave AGT to form Ang I or Ang 11
(Fig. 1) (10,11). Expression of the AGT gene is induced by Ang II, glucocorticoids, estro-
gens, thyroxine, and sodium depletion (9,72,13).
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A number of AGT polymorphisms appear to influence BP level. For example, an A/G
polymorphism at —217 in the promoter of the AGT gene may play an important role in
hypertension in African-Americans (/4).

PRORENIN, RENIN, AND (PRO)RENIN RECEPTOR

The major site of renin synthesis is in the juxtaglomerular cells of the afferent arteri-
oles of the kidney, first as preprorenin (/5). The human renin gene, which encodes pre-
prorenin, is located on chromosome 1 (/6). Cleavage of a 23-amino acid signal peptide at
carboxyl terminus of preprorenin generates prorenin. Prorenin is then converted to active
renin by cleavage of 43-amino acid N-terminal prosegment by proteases (5,/7). The kidney
secretes both renin and prorenin into the peripheral circulation. Plasma levels of prorenin
are approximately tenfold higher than those of renin (/8). Renin release is controlled rela-
tively rapidly by baroreceptors in the afferent arterioles, chloride-sensitive receptors in the
macula densa (MD) and juxtaglomerular apparatus, and renal sympathetic nerve activity
in response to changes in posture or effective circulating fluid volume (Fig. 2) (19-22).
Inhibition of renin secretion in response to an increase in NaCl at the MD is adenosine
dependent, whereas stimulation of renin release by a low perfusion pressure depends on
cyclooxygenase-2 and neuronal nitric oxide (NO) synthase (NOS) (23-25). In contrast,
changes in AGT synthesis occur relatively slowly and thus are less responsible for the
dynamic regulation of plasma Ang I and Ang II than changes in renin (3,26). In addition,
the circulating concentrations of AGT are more than 1000 times greater than the plasma
Ang I and Ang II levels (/). Therefore, renin activity is the rate-limiting factor in Ang
I formation from AGT (5). Although Ang II can be generated from AGT or Ang I via
renin/ACE-independent pathways (70, 11), the circulating levels of Ang II reflect primarily
the consequences of the action of renin on AGT (27).

Recently, the renin/prorenin—(pro)renin receptor complex has emerged as a newly recog-
nized pathway for tissue Ang Il generation. In addition to proteolytic activation, prorenin
may be activated by binding to (pro)renin receptor (28).

The (pro)renin receptor is expressed on mesangial and vascular smooth muscle cells
and binds both prorenin and renin (29). Binding of renin or prorenin to (pro)renin receptor
induces a conformational change of prorenin, facilitating catalytic activity and the con-
version of AGT to Ang I (28). A direct pathological role of the (pro)renin receptor in
hypertension is suggested by the findings of elevated blood pressure in rats with transgenic
overexpression of the human (pro)renin receptor (30).

Angiotensinogen

| —— Renin « | Reduced arterial pressure
Ang | Reduced NacCl delivery to MD

}
Ang Il
|

AT,R » Aldosterone

Vasoconsfriction
Sodium and volume retention
Increase in blood pressure

Fig. 2. Feedback loop between renin secretion and end-effects of the renin-nagiotensin-aldosterone
system.
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ANGIOTENSIN-CONVERTING ENZYME

Angiotensin-converting enzyme (ACE) is involved in the posttranslational process-
ing of many polypeptides, the most notable of which are Ang I and bradykinin (BK)
(Figs. 1 and 3). There are two ACE isozymes, somatic and testicular, transcribed from a
single gene by differential utilization of two distinct promoters (3/). Human somatic ACE
contains 1,306 amino acids and has a molecular weight of 140-160 kilodaltons (kDa). In the
kidney, ACE is present as an ectoenzyme in glomerular vascular endothelial and proximal
tubular cells (32). ACE localized in glomerular endothelium may regulate intraglomerular
blood flow, whereas ACE expressed in the proximal tubular epithelia and postglomeru-
lar vascular endothelium may play an important role in the regulation of tubular function
and postglomerular circulation. Polymorphisms in the ACE gene appear to be important in
blood pressure regulation. In particular, an insertion/deletion (I/D) polymorphism of 287
base pairs in exon 16 is associated with hypertension (33). Persons with the D allele have
higher plasma ACE levels and higher rates of hypertension.

Kininogen
| Tissue kallikrein

Bradykinin
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

N t
Ki 1
ininase / l Kininase |

Des-Arg9-Bradykinin Kininase Il (ACE)
i
B,R B,R

Vasodilatation Vasodilatation

Inflammation Natriuresis

Tissue injury Inflammation
Edema
Pain

Fig. 3. Bradykinin-kinase system with focus on end-effects of bradykinin and its degredation products.

ANGIOTENSIN II RECEPTORS

Ang II acts via two major types of G-protein-coupled receptors (GPCRs): AT|R and
AT>R. In rodents, AT R has two distinct subtypes, AT and AT g, with greater than 95%
amino acid sequence homology (34). In the kidney, AT{R mRNA has been localized to
proximal tubules, the thick ascending limb of the loop of Henle, glomeruli, arterial vas-
culature, vasa recta, arcuate arteries, and juxtaglomerular cells (35). Activation of Ang II
binding to the AT (R increases BP by (1) direct vasoconstriction and increase in peripheral
vascular resistance; (2) stimulation of Na reabsorption via the sodium hydrogen exchanger
3 (NHE3) at the proximal nephron and by NHE3 and bumetanide-sensitive cotransporter
1 (BSC-1) at the medullary thick ascending limb of the loop of Henle, and (3) stimula-
tion of aldosterone biosynthesis and secretion by the adrenal zona glomerulosa (Fig. 2)
(36-38). AT R activation also stimulates vasopressin and endothelin secretion and stimu-
lates the sympathetic nervous system, and the proliferation of vascular smooth muscle and
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mesangial cells (39—41). The AT,R has 34% homology with AT or ATp receptors (42).
The AT;R is expressed in the glomerular epithelial cells, proximal tubules, collecting ducts,
and parts of the renal vasculature of the adult rat (43). In contrast to the AT|R, the AT,R
elicits vasodilation by increasing the production of nitric oxide (NO) and cyclic guanosine
monophosphate (cGMP) either by stimulating formation of bradykinin or by direct activa-
tion of NO production (44—46). In addition, the AT>R promotes renal sodium excretion and
inhibits proliferation in mesangial cells (44,47,48). Thus, the AT>R generally appears to
oppose ATR-mediated effects on blood pressure, cardiovascular and renal growth, fibro-
sis, and remodeling, as well as RBF, fibrosis, and sodium excretion.

ANGIOTENSIN-CONVERTING ENZYME 2

ACE?2 is a homologue of ACE that is abundantly expressed in the kidney and acts to
counterbalance ACE activity by promoting Ang II degradation to the vasodilator peptide
Ang-(1-7) (49,50). Ang-(1-7) acts via the GPCR Mas encoded by the Mas protooncogene
and counteracts Ang II-AT1R-mediated effects (57,52). An important role for ACE2 in the
regulation of BP is suggested by the findings of a decreased ACE2 expression in the kidney
of hypertensive rats and reduction of BP following genetic overexpression of ACE2 in their
vasculature (53,54). Although ACE2-null mice are normotensive and have normal cardiac
structure and function, they exhibit enhanced susceptibility to Ang II-induced hypertension
(55). Moreover, Mas-deficient mice exhibit increased blood pressure, endothelial dysfunc-
tion, and an imbalance between NO and reactive oxygen species (56). Other major degra-
dation products of Ang II include Ang III [Ang-(2-8)] and Ang IV [Ang-(3-8)]. These
peptides have biological activity, but their plasma levels are much lower than those of Ang
IT or Ang-(1-7) (57).

DEVELOPMENTAL ASPECTS OF THE RAS

The developing metanephric kidney expresses all the components of the RAS (Table 1).
The activity of the renal RAS is high during fetal and neonatal life and declines during
postnatal maturation (58,59). Inmunoreactive Ang II levels are higher in the fetal and new-
born than in adult rat kidney (59). The ontogeny of AT;R and AT,R mRNA in the kidney
differs—AT;R is expressed earlier than AT|R, peaks during fetal metanephrogenesis, and
rapidly declines postnatally (60,61). AT{R mRNA expression increases during gestation,
peaks perinatally, and declines gradually thereafter (60-62). ACE mRNA and enzymatic
activity are expressed in the developing rat kidney, where they are subject to regulation by
endogenous Ang II and bradykinin (59,62). In addition, the developing kidney expresses
considerable ACE-independent Ang II-generating activity (63), which may compensate for
the low ACE levels in the early metanephros (59). The role of the ACE2—-Ang-(1-7)-Mas
axis and the (pro)renin receptor in developmental origins of hypertension remains to be
determined. Functionally, Ang II, acting via the AT|R, counteracts the vasodilator actions
of bradykinin on the renal microvasculature of the developing rat kidney (64). Premature
infants exhibit markedly elevated PRA levels, a finding that is inversely related to post-
conceptual age (65). In healthy children, plasma renin activity (PRA) is high during the
newborn period and declines gradually toward adulthood (66).

Pharmacologic or genetic interruption of the RAS during development alters BP phe-
notype and causes a spectrum of congenital abnormalities of the kidney and urinary tract
(CAKUT) in rodents and renal tubular dysgenesis (RTD) in humans (Table 2) (67,68).
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Table 2

Renin—Angiotensin System Genes in Mice

Renal and Blood Pressure Phenotypic Effects of Genetic Inactivation of the

Gene

Gene Function of gene

Renal phenotype

Blood pressure

References

AGT

Renin

ACE

AT1a/B

AT A

AT
AT,

Renin substrate

Enzyme that
generates ANG I
from AGT

Enzyme which
generates ANG 11
from ANG 1

Ang II receptor

Ang II receptor

Ang II receptor
Ang II receptor

Vascular thickening
Interstitial fibrosis
Delayed glomerular
maturation
Hypoplastic papilla
Hydronephrosis
Reduced ability to
concentrate urine
Arterial wall thickening
Interstitial fibrosis
Glomerulosclerosis
Hypoplastic papilla
Hydronephrosis
Arterial wall thickening
Hypoplastic papilla and
medulla
Hydronephrosis
Reduced ability to
concentrate urine
Decreased kidney weight
Delayed glomerular
maturation
Arterial wall thickening
Interstitial fibrosis
Tubular atrophy
Hypoplastic papilla
and medulla
Hydronephrosis
Reduced ability to
concentrate urine
Normal or mild papillary
hypoplasia
Normal
Duplicated ureters
Hydronephrosis

Very low

Very low

Very low

Very low

Moderately

low
Normal
High

(160)
(161)
(162)

(163)

(164)

(165)
(166)

(6)

(167)
(168)
(169)

Therefore, RAS inhibitors should not be used during pregnancy and should not be used
postnatally until nephrogenesis is completed. Beyond these periods of life, high activity
of the RAS coupled with persistent expression of the renal AT 1R provide the foundation
for the use of the classical RAS inhibitors (ACE inhibitors and AT|R antagonists) in the
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treatment of children with RAS-dependent hypertension (e.g., renovascular hypertension).
In addition, both ACE inhibitors and angiotensin receptor blockers may be beneficial in
children with primary hypertension, particularly in obese adolescents, who exhibit ele-
vated plasma renin activity (69). Recent availability of aliskiren, the first direct inhibitor
of (pro)renin receptor, offers new possibilities in antihypertensive therapy in children that
remain to be explored.

ALDOSTERONE

Ang II, acting via the AT{R, stimulates an increase in transcription and expression of
the rate-limiting enzyme in the biosynthesis of aldosterone, CYP 11B2 (aldosterone syn-
thase) in the zona glomerulosa of the adrenal glands (36). Aldosterone stimulates reab-
sorption of Na* and secretion of potassium by principal cells in the collecting duct. In
turn, the retained Na* is responsible for increased extracellular fluid volume that increases
BP. Secretion of aldosterone is stimulated by high plasma potassium concentration and
adrenocorticotropic hormone (ACTH), and inhibited by atrial natriuretic peptide (ANP)
(70-72). Aldosterone-dependent Na* reabsorption is due to upregulation of epithelial Na*
channel-a (alfa) (ENaCa) subunit gene expression and increased apical density of ENaC
channels due to serum- and glucocorticoid-induced kinase-1 (Sgk1)-induced disinhibition
of Nedd4-2-triggered internalization and degradation of ENaC (73). Aldosterone downreg-
ulates the expression of histone H3 methyltransferase Dotla and the DNA-binding protein
Af9 complexed with chromatin within the ENaCa (alfa) 5’-flanking region (74). In addi-
tion, aldosterone-induced Sgkl phosphorylates Ser435 of Af9, causing disruption of the
protein—protein interactions of Dotla, a histone H3 lysine 79 (H3K79) methyltransferase,
and Af9. This results in hypomethylation of histone H3 Lys79 and release of transcriptional
repression of the ENaCa (alfa) gene. The important role of aldosterone in childhood hyper-
tension is underscored by the ability of mineralocorticoid receptor antagonists not only to
reduce elevated BP due to hyperaldosteronism (e.g., adrenal hyperplasia) effectively, but
also to offer survival benefits in heart failure and augment potential for renal protection in
proteinuric chronic kidney disease.

GLUCOCORTICOIDS

Glucocorticoids are vital for normal development and control of hemodynamic home-
ostasis. Cortisol or dexamethasone infusion increases BP in the fetal sheep (75,76). Dex-
amethasone increases BP in Sgk1*/* but not in Sgk1~/~ mice (77), indicating that hyper-
tensinogenic effects of glucocorticoids on BP are mediated in part via Sgk1. A higher ratio
of cortisol to cortisone in venous cord blood is associated with higher systolic blood pres-
sure later in life in humans (78), suggesting that increased fetal glucocorticoid exposure
may account for higher systolic blood pressure in childhood. However, no differences in BP
and cardiovascular function are detected at school age in children treated neonatally with
glucocorticoids for chronic lung disease (79). It is possible that the functional consequences
of glucocorticoid therapy during neonatal life may manifest only later in life. However,
deleterious effects of excess glucocorticoids on childhood BP are apparent, for example, in
conditions such as Cushing’s syndrome or glucocorticoid-remediable aldosteronism.
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KALLIKREIN-KININ SYSTEM

The kallikrein—kinin system (KKS) plays an important role in the regulation of blood
pressure. Kinins, including bradykinin (BK), are formed from kininogen by kininogenase
tissue kallikrein (80) (Fig. 3). Bradykinin is degraded by ACE, which is also called kininase
IT (81). Kinins act by binding to the bradykinin receptors B1 (B;R) and B2 (B>R). The
BiR is activated by Des-Arg’-BK produced from BK by kininase I, which mediates tissue
injury and inflammation (82). The renal and cardiovascular effects of BK are mediated
predominantly through the BoR. During development kininogen is expressed in the ureteric
bud and stromal interstitial cells of the E15 metanephros in the rat and, presumably, in
other mammals (83). Following completion of nephrogenesis, kininogen is localized in the
collecting duct. The main kininogenase, true tissue kallikrein, is encoded by the KLK/
gene (84). Transcription of KLKI gene is regulated by salt and protein intake, insulin, and
mineralocorticoids. Expression of the KLK/ gene within the kidney is suppressed in chronic
phase of renovascular hypertension (83).

In the developing rat kidney, kallikrein mRNA and immunoreactivity are present in the
connecting tubule (85). In the mature kidney, tissue kallikrein mRNA is expressed in the
distal tubule and glomeruli (86). Thus, BK can be generated intraluminally from kinino-
gen present in the collecting duct or in the interstitium. BK generated intraluminally causes
natriuresis, whereas interstitial BK may regulate medullary blood flow (87). The proxim-
ity of the distal tubule to the afferent arteriole may allow kallikrein or BK to diffuse from
the distal tubular cells and act in a paracrine manner on the preglomerular microvessels
(88). The human B{R and B>R genes are located on chromosome 14 and demonstrate
36% genomic sequence homology (89). Both B{R and B;R are members of the seven-
transmembrane GPCR family. During metanephrogenesis, BoR is expressed in both luminal
and basolateral aspects of collecting ducts, suggesting that activation of BoR is important
for tubular growth and acquisition of function (90). The expression of B{R is inducible
rather than constitutive. In contrast to BoR, B{R is not expressed in significant levels in
normal tissues (82). Although BK does not appear to be a primary mediator of the matura-
tional rise in RBF in the rat, its vasodilatory effects in the developing kidney are tonically
antagonized by Ang II AT|R (65). Stimulation of the BR during adult life stimulates pro-
duction of nitric oxide and prostaglandins resulting in vasodilation and natriuresis (91).
The importance of the KKS in the regulation of BP is underscored by the finding of ele-
vated BP in mice that lack the BoR (92). Moreover, BoR-null mice are prone to early onset
of salt-sensitive hypertension (93). Interestingly, B|R receptor blockade in B;R-null mice
produces a significant hypertensive response (94), indicating that both receptors partici-
pate in the development of hypertension. In keeping with this hypothesis, single-nucleotide
polymorphisms in the promoters of both B;R and B>R genes are associated with hyperten-
sion in African-Americans, indicating that the two receptors play a role in BP homeostasis
in humans (95). The direct potential role of the KKS in childhood hypertension is further
highlighted by studies showing that endogenous bradykinin contributes to the beneficial
effects of ACE inhibition on BP in humans (96).

ARGININE VASOPRESSIN

Arginine vasopressin (AVP), also known as antidiuretic hormone (ADH), is synthesized
in the hypothalamus and released in response to increased plasma osmolality, decreased
arterial pressure, and reductions in circulating blood volume. Three subtypes of vasopressin
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receptors, ViR, V2R, and V3R, mediate vasoconstriction, water reabsorption, and central
nervous system effects, respectively. In addition, stimulation of the V,R induces endothe-
lial NOS expression and promotes NO production in the renal medulla, which attenuates
the ViR-mediated vasoconstrictor effects (97). In adult species, AVP supports arterial BP
when both the sympathetic system and the RAS are impaired by sympathetic blockade
(98). Treatment with a VR antagonist has no effect on arterial BP in fetal sheep (99,100).
In contrast, antagonism of VR during hypotensive hemorrhage impairs the ability of the
fetus to maintain BP (/01). Thus, endogenous AVP has little impact on basal hemodynamic
homeostasis of the fetus, but plays an important role in vasopressor response to acute stress
such as hemorrhage.

ENDOTHELIUM-DERIVED VASOACTIVE FACTORS
Nitric Oxide

Hypertension is associated with abnormal endothelial function in the peripheral,
coronary, and renal vasculatures. Nitric oxide (NO) is an important mediator of
endothelium-dependent vasodilation. NO enhances arterial compliance, reduces peripheral
vascular resistance, and inhibits proliferation of vascular smooth muscle cells (/02). The
major source of NO production in the rat kidney is the renal medulla where NO regulates
medullary blood flow, natriuresis, and dieresis (/03,104). NO promotes pressure natriuresis
via cGMP (105). The effects of Ang II or AVP on medullary blood flow are buffered by the
increased production of NO (/03), indicating that endogenous NO tonically counteracts the
effects of vasoconstrictors within the renal medullary circulation. Interestingly, endothelial
dysfunction is not only a consequence of hypertension, but may predispose to the devel-
opment of hypertension. In this regard, impaired endothelium-dependent vasodilation has
been observed in normotensive children of patients with essential hypertension compared
with those without a family history of hypertension (/06), demonstrating that an impair-
ment in NO production precedes the onset of essential hypertension. Acute antagonism
of NO generation leads to an increase in BP and decreases RBF in the fetal sheep (/07).
In fetal rat kidneys, endothelial NO synthase (eNOS) immunoreactivity is first detected in
the endothelial cells of the intrarenal capillaries on E14 (108). These findings suggest that
eNOS may play a role in regulating renal hemodynamics during fetal life. Moreover, eNOS-
knockout mice exhibit abnormal aortic valves, congenital atrial defects, and ventricular sep-
tal defects, indicating that eNOS-derived NO plays an important role in the development of
the circulatory system (/09). The effect of intrarenal infusion of NO antagonist L-NAME
on decreases in RBF and GFR is more pronounced in the newborn than adult kidney (/170).
These effects of NO may act to oppose high RAS activity present in the developing kidney.

Asymmetrical Dimethylarginine

Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of eNOS (/71). Infu-
sion of ADMA increases BP and renal vascular resistance, and decreases renal plasma flow
during adulthood (7//2). ADMA levels in fetal umbilical venous plasma are higher than
in maternal plasma (//3). However, low resistance to umbilical blood flow is maintained
despite substantially higher fetal ADMA levels. It is therefore conceivable that NO is a key
modulator of fetal vascular tone. Hypertensive children have higher plasma ADMA levels
compared with normotensive subjects (/74). In contrast, plasma ADMA levels do not dif-
fer between normotensive and hypertensive young adults (/75). Moreover, plasma ADMA
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correlate negatively with vascular resistance (/75), suggesting that in a physiological set-
ting ADMA levels in subjects with elevated vascular tone may be lowered to compensate
for inappropriately high resistance.

Endothelins

Endothelins (ETs) are vasoconstrictor peptides produced by endothelial cells (116,117).
Three ETs were described: endothelin-1 (ET-1), -2 (ET-2), and -3 (ET-3). The hemo-
dynamic effects of ET-1 are mediated by ET4 and ETg GPCRs. In the kidney, ET-1
mRNA is expressed in the glomeruli and medullary collecting ducts (1/8,119). ET recep-
tors are located in podocytes, glomeruli, afferent and efferent arterioles, proximal tubules,
medullary thick ascending limbs, and collecting ducts (/20). The ETg receptor activation
causes natriuresis and vasodilation via release of NO and PGE,, whereas renal vasocon-
striction is mediated by the ETa receptor (/21). In the fetal lamb, the ET 4 and ETg recep-
tors expressed on vascular smooth muscle cells mediate vasoconstriction, whereas ETg
receptors located on endothelial cells mediate vasodilation (/22,7123). In the renal circula-
tion of fetal sheep, ET-1, acting via the ETp receptor, causes vasodilation (/24). However,
ETA receptor-mediated vasoconstriction also contributes to the regulation of the fetal renal
vascular tone (/25). The critical role for the renal ET-1 and ET4/ETp receptors in the regu-
lation of systemic BP is demonstrated by the finding of increased BP in mice with collecting
duct-specific genetic inactivation of either ET-1 or both ET s and ETg receptors (126,127).
Moreover, BP increases further with high salt intake, indicating that combined ETp /ETg
receptor deficiency causes salt-sensitive hypertension.

NATRIURETIC PEPTIDES

Natriuretic peptides include atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP), C-type natriuretic peptide (CNP), urodilatin, and Dendroaspis-type natriuretic pep-
tide (DNP) (/128—131). Natriuretic peptides act by binding to three guanylyl cyclase-linked
receptors: NPR-A, NPR-B, and NPR-C (/32). In the adult heart, ANP and BNP are stored in
atrial and ventricular myocytes, respectively, released in response to atrial stretch, increased
BP, atrial tachycardia, or increased osmolality (/32,133), and are rapidly degraded in the
lung and kidney by neutral endopeptidase (/34). ANP and BNP reduce secretion of renin
and aldosterone, and antagonize the effects of Ang II on vascular tone and renal tubular
reabsorption to cause natriuresis, diuresis, a decrease in BP, and intravascular fluid vol-
ume (/35). ANP and BNP peptide levels are higher in fetal than adult ventricles, indicating
that the relative contribution of ventricular ANP is greater during embryonic than adult life
(136—138). ANP and BNP mRNAs are expressed on E8 in the mouse and increase during
gestation, suggesting that both ANP and BNP play a role in the formation of the develop-
ing heart. Circulating ANP levels are higher in the fetal than adult rat or sheep (137,139).
Infusion of ANP into the circulation of fetal sheep decreases BP and causes diuresis (/40).
ANP secretion during postnatal development is stimulated in response to similar physi-
ological stimuli as in the adult animal and can be induced by Ang II, volume loading,
hypoxia, or increase in osmolality (/39,141). Plasma levels of ANP are higher in preterm
than term infants (/42). In the full-term infants, circulating ANP levels increase during the
first week of life and decrease thereafter (/43). The initial postnatal increase in ANP may
mediate diuresis during the transition to extrauterine life. Subsequent decrease in plasma
ANP may serve to conserve sodium required for rapid growth. Although BP remains normal
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in BNP-null mice (/44), ANP-null mice develop hypertension later in life (/45). Mice lack-
ing NPR-A receptor exhibit cardiac hypertrophy and have elevated BP, indicating that the
ANP and BNP play an important role in the regulation of myocyte growth and BP home-
ostasis during development (146,147).

VASOACTIVE FACTORS AND DEVELOPMENTAL PROGRAMMING
OF HYPERTENSION

An inverse relationship between birth weight or maternal undernutrition and adult BP
led to the concept of developmental programming of hypertension (/47). Brain RAS is
activated by low protein (LP) diet and hypertensive adult offspring of LP-fed dams have
increased pressor response to Ang Il (148, 149). Thus, inappropriate activation of the RAS
may link fetal life to childhood and adult hypertension. Interestingly, LP maternal diet has
been reported to result in decreased methylation of the promoter region of AT gR in the
offspring (150). It is conceivable that epigenetic modifications of the AT|gR gene may
represent one of the mechanisms implicated in developmental programming of hyperten-
sion by an aberrant RAS. LP diet or caloric restriction during gestation causes a decrease
in the renal kallikrein activity, blunted vasorelaxation to NO infusion, an increase in vas-
cular superoxide anion concentration, and a decrease in superoxide dismutase activity in
offspring of dams with such restricted diets (/5/—153). In addition, heterozygous eNOS
offspring born to eNOS-null mothers exhibit impaired endothelium-dependent vasodilation
compared to heterozygous pups born to eNOS** mothers (154). These observations indi-
cate that impairment in endothelium-dependent vascular function is associated with devel-
opmentally programmed hypertension and that the eNOS maternal genotype modulates a
genetic predisposition to hypertension. Further studies are needed to establish the mecha-
nisms by which alterations in the antenatal environment impact vasoactive factor systems
and their interplay to program hypertension during postnatal life.

SUMMARY

Many vasoactive substances regulate cardiovascular homeostasis during development,
and more are discovered each year. Many cardiovascular factors exert pleiotropic actions
both systemically and within diverse organ systems. Continued discovery of new vasoactive
substances and more complete knowledge of their role during development will increase
our understanding of the developmental origin of hypertension and cardiovascular disease
and should help in the development of strategies that will minimize the impact of these
substances on hypertension Further work is needed to define more precisely the role of
emerging cardiovascular regulatory factors and to understand their growing relevance to a
number of conditions in animal models of human disease and in human diseases including
hypertension.
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The cardiovascular system provides appropriate organ and tissue perfusion at rest and
at times of stress by regulation of blood pressure. The arterial pressure level reflects the
composite activities of the heart and the peripheral circulation.

CONTROL OF BLOOD PRESSURE

Although the relationship between pressure and flow through the vascular tree is
not linear, blood pressure can be expressed as the product of cardiac output (CO) and
peripheral resistance (/) (Table 1). These variables are closely intertwined, and the control
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Table 1
Factors Influencing Arterial Pressure as the Product of Cardiac Output and Peripheral
Resistance

Cardiac output
Heart rate
Stroke volume
Venous return
Myocardial contractility
Blood volume

Peripheral resistance
Adrenergic nerves
Circulating catecholamines
Other vasoactive substances
Acetylcholine
Angiotensin II (angiotensin 1-7, angiotensin 2—8)
Calcitonin gene-related peptide (intermedin, adrenomedullin 2)
Carbon monoxide
Endothelium-derived contracting factor
Hydrogen sulfide
Kinins
Neuropeptides (neurotensin, NPY, substance P)
Nitric oxide
Oxytocin
Prostanoids (prostaglandins, HETEs, leukotrienes, thromboxanes)
Serotonin
Substance P
Vasopressin

Ions and cellular regulations (e.g., calcium, sodium, chloride, potassium, magnesium,
manganese, and trace metals, pH)

Hematocrit (viscosity)
Reactive oxygen species

mechanisms for pressure regulation involve more than simply a direct change in either CO
or peripheral resistance (2). The major determinant of blood pressure at rest is arteriolar
resistance; during exercise, CO assumes a more important role.

Cardiac Output

CO is defined as the volume of blood pumped by the left ventricle of the heart into the
aorta and thence to the circulation. In general CO is expressed in liters/minute. It represents
the circulatory status of the organism and plays a critical role in maintenance of blood
pressure in health and disease. Blood pressure is determined by the product of CO and
systemic vascular resistance.
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CO varies widely depending on metabolic and physical activity, age, and size of the
body. In healthy young males, resting cardiac output is 5.6 L/min and is about 20% lower
in females. As this value varies consistently with the body surface area (BSA), it is also
expressed as cardiac index, which is the cardiac output per square meter BSA. This value
is about 3 L/min/m (2). Babies have a higher cardiac index at 5.5 L/min/m? which is even
higher in preterm babies.

CO is tightly regulated to meet the body’s rapidly changing metabolic needs. Primary
and secondary mechanisms govern CO: primary mechanisms operate quickly for acute reg-
ulation, and secondary mechanisms have a slower onset and regulate long-term aspects of
cardiac function. CO is derived from the product of stroke volume (volume represented by
the volume of blood pumped by the heart in one beat) and the heart rate (HR) per minute.
In infancy and early childhood, CO is increased mainly by an increase in HR because the
capacity of the cardiac muscle to increase stroke volume during this period is limited.

Stroke Volume

Stroke volume depends on three primary factors, all of which are interrelated and not
mutually exclusive.

1. Preload reflects venous filling of the right ventricle which subsequently determines the
volume of blood available to be pumped to the circulation by the left ventricle. Preload is
classically compromised in dehydration and hemorrhage.

2. Afterload is caused by peripheral arterial resistance and intrinsic ventricular wall stress.
Afterload determines diastolic pressure and thus has a significant impact on mean arterial
pressure and resulting tissue perfusion. Afterload is decreased due to vasoplegia in septic
shock and increased due to vasoconstriction in hypothermia.

3. Myocardial contractility reflects the inherent capacity of the cardiac muscle to pump blood.
This function is compromised in myocarditis and some forms of cardiomyopathy. These
primary factors could be altered by secondary factors in response to the physiological state
of the individual.

PRELOAD

CO output is determined primarily by the volume of venous blood that fills the ventricle
during diastole, the preload or end-diastolic volume. The adult heart can pump up to 15 L
of blood per minute, although the usual resting CO is only 5.6 L/min. The Frank—Starling
law describes the inherent ability of the heart to regulate its output in the face of a rapidly
changing preload. Increasing preload increases the end-diastolic volume which results in
the stretch of the muscle fibers. Hence, increased volume at the end of diastole leads to
increased stroke volume by an immediate, increased, and effective ejection during systole.
This ensures that even when end-diastolic volume or filling is increased, the end-systolic
volume or the volume of blood left in the ventricle at the end of systole does not increase, as
all of the extra volume is pumped out. However, this process does not continue indefinitely.
The energy output of a heart muscle fiber increases with increasing fiber length up to a
point, beyond which further extension of the fiber results in a decrease in its contractile
force, causing a reduction in stroke volume. An important aspect of the Frank—Starling
law is that a change in the afterload (or outflow resistance) has almost no influence on
cardiac output. Preload-dependent regulation of stroke volume is also called heterometric
regulation. Stretching of the ventricle stretches the sinus node in the wall of the right atrium,



44 Part I / Regulation of Blood Pressure in Children

which increases its rate of firing and increases the heart rate by 10-15%. The stretched
right atrium also initiates a reflex called the Bainbridge reflex which increases heart rate in
euvolemic states. In summary, increasing preload increases stroke volume and heart rate,
and thus preload is a major player in enhancing cardiac output.

AFTERLOAD

Afterload is the force that opposes or resists ventricular emptying. After the ventricle
has ejected its contents, the resulting increase in aortic pressure closes the aortic valve and
maintains a back pressure that the next cycle of systole has to overcome. Components of the
aortic back pressure include the tension developed in the aortic walls, peripheral vascular
resistance, the reflected pressure waves within the ventricle, and its distribution through-
out the ventricular wall. Thus ventricular pressure, myocardial thickness, and peripheral
resistance all contribute to systolic wall stress, which together determine afterload. Mean
arterial pressure (calculated as 2 x diastolic plus 1 x systolic BP divided by 3), which is
related to CO and peripheral resistance, serves as an indication of afterload. Mean afterload
is normally kept constant by central cardiovascular and autonomic control.

Because the afterload does not allow the ventricle to empty completely, a percentage of
the original venous return remains in the heart. The term ejection fraction (EF) describes
the amount of blood ejected from the ventricle during one systolic wave (stroke volume,
SV) divided by the amount of blood in the ventricle at the end of diastole (left ventricular
end-diastolic volume, LVEDV).

EF = SV/LVEDV

This is quantified with echocardiography by measuring the shortening fraction (SF)
which is given by measuring the diameters, rather than volumes, of the left ventricle during
systole and at the end of diastole, i.e., SF = LV end-diastolic diameter — LV end-systolic
diameter, LV end-diastolic diameter of the muscle fiber, which correlates directly with con-
tractility. Typically the EF for a normal adult is 0.50-0.75, while the EF is 0.18-0.42, with
levels >0.3 being considered ‘“normal” and EF of 0.26-0.30 considered to be indicative of
a mild decrease in contractile function. A decrease in SF generally precedes a detectable
decrease in EF. While left and right ventricular diastolic volumes do increase with gesta-
tional and postnatal age (3), the EF remains the same.

MYOCARDIAL CONTRACTILITY

Myocardial contractility accounts for the increases in contractile force of a muscle fiber
without an accompanying change in fiber length. This property of cardiac muscle is called
homeotropic regulation. The heart is richly supplied with autonomic nerves, both sympa-
thetic and parasympathetic, that have profound effects on heart rate and contractility. The
resting normal sympathetic tone maintains cardiac contractility at 20% greater than that
in the denervated heart. Increased sympathetic input to the heart can significantly increase
both heart rate and contractile force, up to 100%. Parasympathetic innervation, on the other
hand, reduces heart rate and contractile force through nerve fibers predominantly supply-
ing the atria. In addition, intracardiac parasympathetic ganglia exert selective inhibitory
effects on left ventricular contractility (4). However, contractility can only be decreased by
about 20%. Parasympathetic effects are mediated by the release of acetylcholine activity.
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Table 2
Some Drugs Showing Selectivity for Adrenergic and Dopamine Receptor Subtypes (19)
Drug name Agonists Antagonists
Nonselective Norepinephrine Phentolamine
o Methoxamine Prazosin
QA NS-49 (+) Niguldipine, 5-methyl urapidil,
A-61603 KMD-3213
aiB
oD Naftopidil BMY-7378
oy 14304 Idazoxan
Rauwolscine
Yohimbine
A2A/D BRL 48962
2B BRL 41992
azc WB 4101
B-Adrenoceptor
Nonselective Isoproterenol Propranolol
Pindolol
B1 Prenalterol Metoprolol
(-) Ro-363 Atenolol
ICI 89,406
CGP20712A
B2 Salbutamol Butoxamine
Terbutaline ICI 118,551 (inverse agonist)
Zinterol
B3 BRL 37344 SR-59230
CL 316243 (not blocked by propranolol)
Dopamine
receptor
Nonselective Dopamine
D-like Fenoldopam? SCH 23390¢
D A 68930
Ds SKF 82958 4-Chloro-3-hydroxy-7-methyl-5,6,7,8,9,14-
hexahydro-dibenz[d,g]azecine
D5-like LY 171555 YM 09151
SKF103376 Domperidone
Dy U91356A L741,626
U95666
D3 PD128907 Nafadotride
7-hydroxyPIPAT U-99,194A
D4 PD168077 U-101958

“4Selective for D -like receptors but cannot distinguish between D and D5 receptors.
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Only muscarinic m2 receptors have been thought to be expressed in the heart. However,
m1l and m3 muscarinic receptors may also be present in cardiac myocytes (5). Sympathetic
enhancement of cardiac contractility is mediated by norepinephrine from the cardiac sym-
pathetic nerves. Norepinephrine causes an increase in shortening of the muscle fiber with
a constant preload and total load resulting in increased stroke volume. This effect is medi-
ated by the stimulation of B-adrenergic receptors, mainly of the 1 subtype (see Table 2) on
the cardiac membranes leading to an increase in cyclic AMP. cAMP increases phosphory-
lase B activity, which stimulates glycogen metabolism, and increases the energy needed for
enhanced contractility. The combined effects of sympathetic stimulation on HR and con-
tractility can cause a two- to threefold increase in cardiac output. Neurotrophins, includ-
ing nerve growth factor, are important in cardiac sympathetic innervation, acting through
the tropomyosin-related tyrosine kinase receptor to a greater extent than p75 receptor (6).
Neurturin, a member of the glial-cell-derived neurotrophic factor, is important in the devel-
opment of cardiac parasympathetic neurons (7).

Calcium is necessary for effective contraction of cardiac muscle. Action potential causes
release of calcium into the sarcoplasm of the muscle. Instantaneously, calcium ions diffuse
into the myofibrils and catalyze the chemical reactions that promote sliding of actin and
myosin filaments along one another, producing muscle contraction. Because muscle sar-
coplasm does not have a large store of calcium, large amounts of extracellular calcium are
needed to diffuse into the T-tubules, where they are bound to glycoproteins, and released as
needed to enhance contractility. In atrial cells that do not have T-tubules, calcium release
may be limited to peripheral junctions on the cell surface but calcium may also arise from
sarcoplasmic reticulum and the mitochondria (8). In the adult heart, excitation—contraction
coupling caused by calcium-induced calcium release (CICR) is mediated by L-type Ca**
channels while this is mediated by the reverse-mode Na*—Ca®* exchanger (NCX) activity
in the developing heart (9).

HEART RATE AND RHYTHM

Factors affecting heart rate do so by altering the electric properties of the cardiac
pacemaker cells, which have an intrinsic rate that is age dependent, being higher in infancy
and decreasing with age. The autonomic nervous system exerts the most profound influ-
ence on heart rate. The sympathetic and parasympathetic systems act by changing the
rate of spontaneous depolarization of the resting potential in the cardiac pacemaker cells.
While sympathetic stimulation causes an increase in heart rate, parasympathetic stimulation
causes a decrease in heart rate. These reflexes are immediate and represent critical survival
mechanisms. During periods of tachycardia, peak ejection velocity is increased. The net
effect of the tachycardia is an increased cardiac output. However, outside the normal physi-
ologic range, large increases or decreases in heart rate result in a decrease in the net cardiac
output. For example, in the adult, tachycardia of 170 beats/min or greater allows too little
time for ventricular filling, and therefore stroke volume. The decreased stroke volume may
not be overcome by the increased heart rate. Lower than normal heart rate, or bradycardia,
causes a decreased cardiac output because stroke volume does not increase sufficiently to
meet the requirements of the individual to sustain CO. At heart rates below 40 beats/min
(in the adult), the increase in preload due to increased filling time is limited because major
ventricular filling, which occurs early in diastole, is not maintained throughout the extent
of the diastolic period.
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Heart rate is one of the most important determinants of myocardial energy consumption.
Generally it is more energy efficient to increase cardiac output by increasing stroke volume,
rather than by increasing heart rate. Infants and children are more likely to increase their
heart rate and thus expend more energy in increasing their cardiac output during stress.

PRIMARY REGULATION OF CARDIAC OUTPUT DURING
DEVELOPMENT

Effective circulation is necessary in very early embryonic development and parallels
structural development of the heart (/0). As early as 5 weeks postconception in humans, the
basic circulatory parameter, heart rate, is present at about 100 beats/min. Recent advances
have elucidated the genetic control of embryonic differentiation of cardiac pacemaker cells
and have implicated genes in the establishment of heart rate. Shox2 homeodomain tran-
scription factor is essential for the development of the sinoatrial node and pacemaker by
repressing Nkx2-5 (11).

CO is very dependent on heart rate and, after formation of the four-chambered heart, on
atrioventricular synchrony. Systolic function of the heart and, consequently, CO increases
with gestational age. The ejection fraction of the embryonic ventricle is roughly 30-50%,
similar to adults. The fetal heart, however, has a limited ability to increase work following
stretch, so the Frank—Starling curve is limited compared to adults. The lower wall stress in
the embryo, due to a smaller ventricular size and lower pressures, reduces the total afterload
and enhances cardiac output in the face of a high peripheral resistance. Afterload due to
wall stress increases as gestation progresses, reflecting the increase in ventricular size and
transmural pressures even while peripheral vascular resistance decreases.

SECONDARY REGULATION OF CARDIAC OUTPUT

A variety of factors operate in the normal individual to regulate CO over the long term.
These secondary control mechanisms do not have as great an influence on the heart as
the components previously described. Secondary controls include cardiovascular reflexes
and hormonal influences. Cardiopulmonary receptors, which are sensory nerve endings
in the atria, ventricles, coronary vessels, and lungs, have chemo- and mechanosensitive
properties. The activity of these receptors is relayed to the nucleus of the tractus solitar-
ius via vagal afferents and spinal sympathetic afferent fibers. Stimulation of these recep-
tors evokes responses similar to those noted with arterial baroreceptors (see below). Thus,
an increase in distension of the atria results in a decrease in circulating levels of vaso-
pressin, aldosterone, and renin, among other hormones, but causes an increase in the natri-
uretic factors synthesized by the atrium and the ventricles (atrial natriuretic peptide, brain
natriuretic peptide, C-type natriuretic peptide). Circulating atrial natriuretic peptide levels
decrease with gestational and postnatal age (/2). Depressor reflexes in the heart originat-
ing mainly from the inferoposterior wall of the left ventricle promote bradycardia, vasodi-
latation, and hypotension (Bezold—Jarisch reflex) (/3). These are mediated by increased
parasympathetic and decreased sympathetic activity. Left ventricular mechanoreceptor
stimulation can also attenuate arterial baroreflex control of heart rate. Decreased activity
of cardiac vagal afferents results in enhanced sympathetic activity and increased vascular
resistance, renin release, and vasopressin secretion. Alterations in extracellular fluid vol-
ume influence CO via changes in preload and blood pressure. In fetal and newborn animals
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cardiopulmonary receptors have minimal influence in the regulation of cardiovascular and
autonomic responses to changes in blood pressure or blood volume (/4).

Peripheral Resistance

Blood flow through a vessel is determined by two primary factors: the amount of pressure
forcing the blood through the vessel and the resistance to flow. The resistance to flow in a
blood vessel is best described as impedance because this takes into account inertial prop-
erties and viscosity of blood elastic properties of blood vessels and the variable geometries
of blood vessels during phasic flow. One of the most important factors influencing the flow
through the arteries is the vessel diameter, since the conductance is proportional to the
fourth power of the diameter. Therefore, flow is influenced more by changes in vascular
resistance than by pressure changes. The different variables influencing peripheral resis-
tance are listed in Table 1.

CONTROL MECHANISMS FOR BLOOD PRESSURE REGULATION

The short-term adjustment and long-term control of blood pressure are supplied by a
hierarchy of pressure controls (2). The cardiovascular reflexes are the most rapidly acting
pressure control mechanisms. They are activated within seconds, and the effects may last
from a few minutes to a few days. The pressure controls acting with intermediate rapid-
ity include capillary fluid shifts, stress relaxation, and hormonal control that include the
angiotensin and vasopressin systems. These systems, like the cardiovascular reflexes, func-
tion to buffer acute changes in pressure. Long-term control is afforded by long-term regu-
lation of body fluids (2).

ARTERIAL BARORECEPTORS

The degree of arteriolar constriction is determined by a balance between tonic output
from the pressor areas of the cardiovascular center and the degree of inhibition from the
baroreceptors. The arterial baroreceptors are the major fast reacting, slowly adapting feed-
back elements to the central neural cardiovascular regulatory system and operate to limit
sudden changes in blood pressure. Their mechanosensitive nerve endings are located at
the medial-adventitial border of blood vessels with elastic structure, mainly at the aor-
tic arch and carotid sinuses. The receptors respond to deformation of the vessel in any
direction, i.e., circumferential and longitudinal stretch. This results in the stimulation of
mechanosensitive channels that contain degenerin/epithelial sodium channel (DEG/ENaC)
(15,16). The pressure—diameter relationship is concave with the greatest distensibility at
about 120-140 mmHg. There are two types of receptors in the carotid sinus: type I recep-
tors are thin myelinated fibers and type II receptors are thick myelinated fibers with fine
end branches terminating in neurofibrillar end plates. The latter receptors are also seen in
the aortic arch. Postnatal hypoxemia is associated with an increased sensitivity of periph-
eral chemoreceptors that may be related to increased expression and activity of angiotensin
type 1 receptors (17).

An increase in blood pressure stimulates the mechanosensitive receptors in the barore-
ceptors and causes inhibition of the sympathetic nervous system and activation of the
parasympathetic nervous system. This results in a decrease in heart rate, myocardial con-
tractility, peripheral vascular resistance, and venous return. A decrease in blood pressure
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decreases mechanosensitive stimulation of the baroreceptors and causes inhibition of the
parasympathetic nervous system and the activation of the sympathetic nervous system. This
results in an increase in heart rate, myocardial contractility, peripheral vascular resistance,
and venous return (/8). Changes in osmotic pressure affect other homeostatic mechanisms
such as thirst and vasopressin release by the activation of ion channels (/9). Shear stress
resulting from increased blood pressure also sets into motion the generation of endogenous
vasodilators such as nitric oxide which cause vasodilatation to oppose the increase in blood
pressure.

Sensory innervation of the aortic arch is derived from the vagus while the carotid sinus
nerve originates from the glossopharyngeal nerve. The majority of the afferent nerves are
myelinated type A fibers. These fibers have large and intermediate spikes of 40-120 WV
corresponding to the high distensibility region. At normal pressure levels, these fibers
transmit mainly the dynamic components of blood pressure, pulse pressure (dp/dr), and
pulse frequency. The receptor sensitivity is highest at the lower end (60—100 mmHg) of the
high distensibility region of the blood vessel. There are a few nonmyelinated type C fibers,
located mainly in the carotid sinus nerve. The spikes are small (5—10 nV), have a higher
static threshold (120-150 mmHg), correspond to the low distensibility region, and mainly
transmit mean pressure. The type C fibers can be activated independently by sympathetic
stimuli.

The arterial baroreceptors are more effective in compensating for a fall rather than a
rise in mean arterial pressure. The interaction between mean and pulsatile components can
be of considerable importance in the hemodynamic response to hemorrhage. For example,
the initial response to moderate hemorrhage results in a decrease in pulse pressure with
maintenance of mean arterial pressure. Decreasing pulse pressure results in a redistribution
of CO to the mesenteric and cardiac circulations with no effect on the renal circulation.

Information carried by the afferent limb of the reflex arc from the baroreceptors is relayed
to the lower brain stem via the vagus and glossopharyngeal nerves. Most secondary neurons
are located at the nucleus of the tractus solitarius, and projections are directed to various
regions of the brain stem. The effectors of the baroreceptors include systems that have an
immediate but short-term effect on circulatory function and those that have delayed but
long-term effects. Examples of the former are resistance vessels—arterioles throughout
the systemic circulation—the capacitance vessels—veins and arteries—and the heart. An
example of a system with a long-term effect is the kidney. In addition, neural reflexes may
influence circulating levels of several hormones (e.g., renin, vasopressin) with short- and
long-term effects on cardiovascular regulation. The effect of neural reflexes on the kidneys
may be direct, through renal sympathetic nerve activity, or indirect, through circulating
catecholamines.

Norepinephrine-containing nerve endings are found in the carotid sinus and aortic arch
and may influence the sensitivity of the sinus reflex. Norepinephrine, given intravenously,
decreases the distensibility of the sinus at low pressures but increases the distensibility
at high pressure. In the conscious dog, sinus hypotension induces a reflex tachycardia
and sympathetic vasoconstriction of the skeletal resistance vessels. The changes in the
renal and mesenteric beds (45% of total peripheral resistance) seem to be solely due to
autoregulation. In the anesthetized dog, sinus hypotension induces a greater magnitude and
a more generalized pattern of sympathetic vasoconstriction and may include both resis-
tance and capacitance vessels. Several paracrine factors that affect the sensitivity of arterial
baroreceptors have been reported, including prostanoids and nitric oxide. In general, vaso-
constrictors decrease baroreceptor sensitivity while vasodilators have the converse effect.
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However, nitric oxide decreases baroreceptor sensitivity independent of its vasodilator
action. Reactive oxygen species (ROS) also decrease baroreceptor sensitivity, a mecha-
nism that may contribute to the increase in systemic blood pressure caused by ROS (20).
Reduction in ROS decreases central sympathetic nerve activity (21).

ADAPTATION OF THE BARORECEPTORS

The baroreceptors exert a tonic inhibitory influence on peripheral sympathetic activity.
Baroreceptor nerves interact by mutual inhibitory addition; with a decrease in pressure,
there is less reflex inhibition and a resultant increase in sympathetic outflow. While tran-
sient baroreceptor-induced changes in heart rate are primarily mediated by the parasym-
pathetic nervous system, steady-state responses are due to a greater involvement of the
sympathetic nervous system. A sudden increase in pressure (with resultant stretching of the
receptors) causes an immediate increase in baroreceptor firing rate. With continued eleva-
tion of the pressure, however, there is a decrease in the rate of baroreceptor firing. Initially
the decrease is rapid, and during the succeeding hours and days it slows down. This adapta-
tion, or resetting, in response to a lower or higher pressure seems to be complete in 2 days.
This adaptation can occur at the receptor and nervous signal pathway (2). The resetting of
the baroreflex is much more rapid in adults than in infants (22).

ARTERIAL BARORECEPTORS DURING DEVELOPMENT

Studies in humans and experimental animals suggest that arterial baroreceptors are
present in the fetus and undergo postnatal maturation (22,23). There is an enhanced sensi-
tivity of the efferent limb of the baroreflex in fetal life (22). Neurotrophins are important
in cardiac sympathetic innervation (7), and brain-derived neurotrophic factor may medi-
ate the postnatal maturation of the baroreceptor reflex (24). In adults with intact arterial
baroreceptors, a rapid head-up tilt is accompanied by an immediate increase in heart rate
and peripheral vascular resistance with maintenance of mean arterial pressure in the upper
body. Several studies have suggested that in healthy preterm and term human infants, head-
up tilting also increases heart rate in proportion to the degree of tilting. However, other
studies have shown that in healthy preterm infants with a postconceptional age of 28-32
weeks, a 45° head-up tilt results in an increase in peripheral resistance without any signifi-
cant changes in heart rate (/4). The increase in heart rate with a 45° head-up tilt increases
with postconceptional age. In the conscious newborn dog, the magnitude of the increase
in mean arterial pressure and peripheral resistance following bilateral carotid occlusion is
less than that in the adult. In addition, these changes occur without alterations in heart rate,
similar to the effects noted in infants. In fetal sheep, only the increase in heart rate with a
decrease in blood pressure is noted. There is no relationship of arterial pressure and heart
rate variability immediately after birth, but the fetal pattern resumes a few hours later (25).
Recent research has suggested that the prone sleeping position impairs the development of
cardiovascular reflexes, even in term infants, especially during the 2- to 3-month age group
when sudden infant death syndrome (SIDS) is most prevalent (26,27).

Newborn lambs exhibit the classic inverse relationship between heart rate and blood
pressure, but the sensitivity is only about 50% that of the adult. The responses to small
changes in blood pressure are similar in fetal and newborn lambs. However, when the
change in blood pressure is greater than 15% the responses are different. In newborn lambs
a progressive tachycardia accompanies the increasing hypotension, due to a combination
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of increased sympathetic outflow and parasympathetic withdrawal. There is no progressive
tachycardia in the fetus; in fact, when the blood pressure change is greater than 50%, brady-
cardia occurs, apparently due to augmentation of vagal parasympathetic tone.

There are age-dependent differences in the ability of the piglet to compensate for hem-
orrhage and hypoxia (28). Neonatal swine are able to compensate with greater facility for
venous than arterial hemorrhage (29). Volume expansion inhibits the sympathetic nervous
system to a greater extent in older than in newborn lambs. Increasing arterial pressure by
intravenous administration of vasoconstrictor agents results in smaller changes in heart rate
in the newborn animal as well. Completion of sympathetic efferent pathways occurs before
baroreceptor reflex activity is capable of modulating cardiac sympathetic activity. Thus,
maturation of baroreceptor reflex activity may be dependent on development of barorecep-
tor function or of connections between baroreceptor and sympathetic efferents (22). The
changes in baroreflexes during development are thought to be caused by afferent, central
integration, and efferent pathways. The maturation of receptors for various humoral and
hormonal agents (e.g., angiotensin II, glucocorticoids, prostanoids, vasopressin) has been
shown to affect baroreflex function.

Autonomic Regulation of Blood Pressure

Regulation of the distribution of CO and maintenance of blood pressure are major func-
tions of the autonomic nervous system. The arterioles are normally in a continuous state
of partial constriction, largely determined by an equilibrium between vasoconstrictor influ-
ences from the cardiovascular centers and the inhibitory input from the peripheral barore-
ceptors. The veins also receive autonomic innervation. Adrenergic nerves induce venous
constriction with a resultant decrease in capacitance which increases venous return and
CO. The effects of the adrenergic nervous system are conveyed by the neurotransmitters:
norepinephrine, epinephrine, and dopamine.

Catecholamines. Epinephrine is released mainly from the adrenal medulla, while nore-
pinephrine is released mainly in terminal nerve endings. In organs with dopaminergic
nerves, a greater proportion of catecholamine released is dopamine. Norepinephrine synthe-
sized at peripheral nerve endings is stored in subcellular granules. After a specific stimulus,
it is released into the synaptic cleft where it interacts with specific receptors at the effector
cell. The neurotransmitter is inactivated to a large extent by reuptake into the storage gran-
ules. This reuptake process (reuptake-1) is stereoselective, sodium dependent, and of high
affinity. A presynaptic reuptake that is of low affinity and nonsodium dependent has been
termed reuptake-2. There are specific amine transporters. Although the enzymatic degra-
dation of the neurotransmitter by monoamine oxidase and catechol-O-methyltransferase
is much less important in termination of neurotransmitter action in nervous tissue, in
vascular smooth muscles this metabolism plays an important role (30). More recently a
third monoamine oxidase (MAOC or renalase) has been reported to degrade circulating
catecholamines, especially dopamine (37). The remainder of the neurotransmitter which
escapes reuptake-1 and -2 is released into the circulation. Since only about 20% of the
total appears in the circulating pool the plasma levels of catecholamines are merely a rough
index of adrenergic activity.

Adrenergic and dopaminergic receptors. For the neurotransmitter to exert its spe-
cific effect, it must occupy a specific receptor on the cell surface. Catecholamines can
occupy specific pre- and postsynaptic receptors. Each receptor has different subtypes
(32-35). Table 2 lists some drugs that have relative selectivity to each particular receptor
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subtype in the peripheral vascular bed. Occupation of presynaptic ap-adrenergic and
dopamine receptors inhibits norepinephrine release. Occupation of presynaptic f-receptors
enhances norepinephrine release. At low levels of nerve stimulation, norepinephrine release
is increased; at high levels of stimulation, the inhibitory effects of presynaptic a,-adrenergic
receptors predominate, acting as a short-loop feedback. The antihypertensive effects of
dopamine agonists and (f-adrenergic antagonists) may be due in part to their ability to
decrease release of norepinephrine at the terminal nerve endings.

o1-Adrenergic receptors. Three o;-adrenergic receptors are expressed in mammals,
aja (originally designated as the ajc when cloned) ojp, and ap, The effects in the vas-
cular bed are receptor subtype specific. Thus, ajo may mediate contraction of renal and
caudal arteries, whereas o p-adrenergic receptors may regulate the contraction of the aorta,
femoral, iliac, and superior mesenteric arteries. Mice deficient of the o a-adrenergic recep-
tor have decreased blood pressure as do mice deficient of the ajp-adrenergic receptor (35).
The ap receptor-deficient mice are resistant to the hypertensive effect of sodium chloride.
In contrast, ajg-adrenergic receptors may not regulate vascular smooth muscle contraction.
Mice deficient of the ag-adrenergic receptor have normal blood pressure in the basal state
(36,37). Neonatal cardiac myocytes hypertrophy is mediated primarily by the oA and o1p-
adrenergic receptors. Aortic hypertrophy, on the other hand, is primarily due to the actions
of the ajp-adrenergic receptors.

oz-Adrenergic receptors. There are three ap-adrenergic receptor subtypes, ora/D,
asp, and apc. The o class predominates and mediates most of the classical effects of
ap-adrenergic stimulation, to decrease blood pressure and heart rate, induce sedation, and
consolidate working memory. In contrast, aog-adrenergic receptors, predominantly found
outside of the central nervous system at extrajunctional or postsynaptic sites, produce
vasoconstriction and thus counteract the hypotensive effects of ana-adrenergic receptor
stimulation. apg-Adrenergic receptors are important in vascularization of the placenta.
apc-Adrenergic receptors do not have cardiovascular effects but may mediate the hypother-
mic response to Pr-adrenergic stimulation (38) and feedback inhibition of adrenal cate-
cholamine release. The effects of the ay-adrenergic receptors are exerted in both adrenergic
(autoreceptors) and nonadrenergic (heteroreceptors) cells (33).

B-Adrenergic receptors. There are three $-adrenergic receptors, 1, B2, and 3. Disrup-
tion of either the f1-, By-adrenergic receptor, or both does not affect heart rate or resting
blood pressure in mice. Mice lacking the f-adrenergic receptor are unresponsive to cardiac
B-adrenergic receptor stimulation, suggesting that neither B,- nor B3-adrenergic receptors
play arole in the inotropic or chronotropic responses in the mouse (39). Indeed, the effect of
the non-f-adrenergic subtype receptor agonist isoproterenol is not altered in B,-adrenergic
receptor null mice. However, the hypotensive response to isoproterenol is impaired in both
B1- and B,-adrenergic null mice (40,41). B3-Adrenergic receptors do not have major effects
on the cardiovascular system (42).

Dopamine receptors. Dopamine is an important regulator of blood pressure. Pre-
synaptic/junctional and postsynaptic/junctional or extrasynaptic dopamine receptors are
found in many organs, including the heart (43—45) and vascular beds. Dopamine’s actions
on renal hemodynamics, epithelial transport, and humoral agents such as aldosterone, cat-
echolamines, endothelin, prolactin, pro-opiomelanocortin, renin, and vasopressin place it
in a central homeostatic position for the regulation of extracellular fluid volume and blood
pressure. Dopamine also modulates fluid and sodium intake via its actions in the central
nervous system and gastrointestinal tract and by regulation of cardiovascular centers that
control the functions of the heart, arteries, and veins. Abnormalities in dopamine production



Chapter 3 / Cardiovascular and Autonomic Influences on Blood Pressure 53

and receptor function accompany a high percentage of human essential hypertension and
several forms of rodent genetic hypertension. Dopamine receptor genes, as well as genes
encoding their regulators, are in loci that have been linked to hypertension in humans and in
rodents. Moreover, allelic variants (single nucleotide polymorphisms, SNPs) of genes that
encode the regulators of the dopamine receptors, alone or in combination with variants of
genes that encode proteins that regulate the renin—angiotensin system, are associated with
human essential hypertension.

Dopamine receptors. Each of the five dopamine receptor subtypes (D, Dy, D3, D4,
and Ds) participates in the regulation of blood pressure by mechanisms specific for the
subtype (46—48). Both the D1-like dopamine receptors (D; and Ds) and the D3 receptor
decrease epithelial sodium transport (46,47). D4 receptors inhibit the effects of aldosterone
and vasopressin in the renal cortical collecting duct (48,49). Ds-like receptors (e.g., Da
receptor) under certain circumstances may increase sodium transport (50,57). Dopamine
can regulate the secretion and receptors of several humoral agents (e.g., the Dy, D3, and D4
receptors interact with the renin—angiotensin system). The Dj-like receptors are vasodila-
tory, while the D»-like receptors can mediate vasodilation or vasoconstriction depending
upon the starting vascular resistance. When vascular resistance is high, D»-like receptors
are vasodilatory by inhibition of norepinephrine release. However, when vascular resistance
is low, Dj-like receptors mediate vasoconstriction probably via the D3 receptor (57). The
D, and Ds receptors have antioxidant functions (33,50-53).

Signal transduction. The signal resulting from occupation of cell membrane recep-
tors is amplified by the intervention of other agents called second messengers. Occupa-
tion of either the f-adrenergic receptor subtype or the Di-like class of dopamine receptor
by agonists stimulates adenylyl cyclases; agonist occupancy of B;-adrenergic receptors or
dopamine D; receptors leads to inhibition of adenylyl cyclases, The changes in intracel-
lular cyclic adenosine monophosphate levels alter the activities of certain enzymes, e.g.,
protein kinase A, and mediate the eventual response of the effector cell. Certain com-
pounds (e.g., nitric oxide) exert their vasodilatory effect by stimulation of guanylate cyclase
activity (54). Another second messenger is associated with the phosphoinositide system.
The Pi-adrenergic and the Di-like dopamine receptors are linked to phospholipase C;
stimulation leads to an increase in formation of inositol phosphates and diacylglycerol.
Inositol phosphates increase intracellular calcium while diacylglycerol stimulates protein
kinase C. Occupation of pi-adrenergic and D1 dopamine receptors may also result in the
activation of phospholipase Aj increasing the formation of biologically active arachido-
nate metabolites by the action of cyclooxygenases (prostaglandins, thromboxanes), lipoxy-
genases (leukotrienes), and cytochrome p450 monooxygenase (e.g., 20 hydroxyeicosate-
traenoic acid).

Receptor regulation. Signal transduction involves “on” and “off” pathways to ensure
that signaling is achieved in a precisely regulated manner (55-57). One “off” pathway
is receptor desensitization or loss of receptor responsiveness. Receptor desensitiza-
tion is a mechanism to dampen short-term agonist effects following repeated agonist
exposure. Desensitization involves several processes, including phosphorylation, seques-
tration/internalization, and degradation of receptor protein (55-57). An initial step in the
desensitization process is the phosphorylation of the receptor by a member or members
of the G protein-coupled receptor kinases (GRKs) family. GRKs are serine and threonine
kinases that phosphorylate G protein-coupled receptors (GPCRs) in response to agonist
stimulation. The phosphorylation of GPCRs, including D receptors, leads to the binding
of a member or members of the arrestin family, an uncoupling of the receptor from its
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G protein complex and a decrease in functional response (55-58). The phosphorylation of
B-arrestin 1 or P-arrestin 2 inhibits while S-nitrosylation of B-arrestin 2 but not of
B-arrestin 1 promotes clathrin-mediated internalization of certain GPCRs
(e.g., P2-adrenergic receptor). P-arrestin 2 acts as a scaffold linking endothelial NO
synthase (eNOS) with f2-adrenergic receptor, a fast recycling class A receptor, and slow
recycling class B receptors (e.g., AT receptor). The S-nitrosylation of dynamin promotes
scission of the endocytosed clathrin—-GPCR complex, resulting in GPCR internalization.
A discrete pool of eNOS S-nitrosylates GRK2 upon ligand stimulation and allows for
the fast recycling of class A receptors (59,60). The phosphorylated GPCR and arrestin
complex undergoes internalization via clathrin-coated pits into an endosome where the
GPCR is dephosphorylated (61), facilitated by protein phosphatases, and recycled back to
the plasma membrane or degraded by lysosomes and/or proteasomes (62). These processes
may be specific to a particular receptor. It should also be noted that the binding of certain
GPCRs (protease-activated, orexin, substance P, and leukotriene B4 receptors) to arrestin
is phosphorylation independent (63).

Development of receptor regulation. There are developmental changes in the desensi-
tization process. The neonatal rat heart is resistant to f-adrenergic receptor desensitization
(64). Rather, pf-adrenergic agonists produce sensitization caused by the induction of adeny-
lyl cyclase activity as a consequence of loss of Ga; protein and function, enhancement
of membranous expression of Gag, and, in particular, the shorter but more active 45-kDa
Gag. The role of GP/y was not determined but in the kidney we found that the decreased
inhibitory effect of Dy receptors on the sodium hydrogen exchanger type 3 is caused by
increased expression and linkage of the G protein subunit GB/y (65).

Catecholamines and other vasoactive agents. Catecholamines can influence blood
pressure not only by direct effects on resistance vessels but also, indirectly, by modulat-
ing the secretion of other vasoactive agents such as angiotensin II (via renin), vasopressin,
prostaglandins, substance P, and other neuropeptides. In addition to direct chronotropic
and inotropic effects on the heart, catecholamines can modulate CO indirectly by affect-
ing blood volume and venous return. Blood volume can be regulated by direct effects
on sodium and water transport through renal nerves, by antagonizing effects of other
hormones (e.g., vasopressin), and indirectly by modulating vasopressin and aldosterone
secretion.

ADRENERGIC SYSTEM DURING DEVELOPMENT

The low systolic blood pressure at birth, due to low CO and peripheral resistance,
increases rapidly in the first 6 weeks of life, remains at a constant level until age 6 years,
and increases gradually until age 18 years. The pattern is similar for diastolic blood pressure
except that there is a slight decrease in diastolic blood pressure in the first 6 months of life
(relative to the blood pressure in the first week of life). The increase in blood pressure with
age in preterm infants occurs as a function of postconceptional age. With advanced age (>60
years), systolic blood pressure continues to increase but diastolic blood pressure declines
some, leading to an increase in pulse pressure. Increased pulse pressure plays an indepen-
dent role in the pathogenesis of the complications of high blood pressure (66). The increase
in blood pressure with age is due to a rise in both CO and total peripheral resistance. The
age-related changes in vascular resistance are selective because in the perinatal period there
is a rapid fall in resistance in the lungs, small intestines, brain, and the kidney while resis-
tance increases in the femoral vessels (67). The increase in femoral resistance with age is
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probably related to an increase in vascular reactivity to vasoconstrictors with no differen-
tial effects of vasodilators (nitric oxide and bradykinin). The decrease in regional vascular
resistance may be caused by an increase in vessel growth and changing sensitivity and
reactivity to vasoconstrictor and vasodilator agents (see below). The increase in regional
blood flow with age cannot be accounted for by an increase in blood pressure. Indeed,
in the immediate perinatal period, the increase in regional blood flow with postnatal age
is independent of blood pressure (68). In the first 6 months of life, systolic blood pres-
sure increases but diastolic blood pressure actually decreases after the first 2 weeks of life.
This transient decrease in diastolic blood pressure in the first few months of life is asso-
ciated with a low intestinal vascular resistance (69). This is apparently mediated by NO.
Interestingly, increased NO production, presumably from neuronal NO synthase, as well
as increased expression of angiotensin type 2 receptor, in the neonatal renal arterial bed
(70-72) also dampens the increased vasoconstriction afforded by angiotensin II, early in
perinatal life and catecholamines later (73). NO, however, does not play an important role
in cerebrovascular responses in the newborn.

The newborn infant increases its CO mainly by increasing heart rate. The high heart rate
may be due to differential sympathetic and parasympathetic effects, hypersensitivity of the
cardiac receptors, and peripheral vasodilatation. The low precapillary resistance and low
venous capacitance are conducive to high systemic blood flow per unit body weight and
provide increased tissue perfusion for growth.

Study of the role of the adrenergic nervous system in the control of cardiovascular
dynamics is complicated by species differences. Some studies have suggested that pigs
and dogs provide the closest model to the newborn human in terms of cardiovascular devel-
opment (72,73). On the other hand, the sheep fetus is a very useful model for chronic con-
scious studies (74,75). These considerations are important because the changes in maternal
diet or intrauterine events can affect blood pressure of the offspring as an adult (76-79).

DEVELOPMENT OF THE SYMPATHETIC NERVOUS SYSTEM

The development of the sympathetic nervous system can be divided into three stages
(80). In the first stage, the neural crest cells migrate to their positions within the body tis-
sues. In the second stage, the cell number and type are refined by cell death (apoptosis).
The third stage is concerned with the maturation of synaptic connections and selection
of the neurotransmitter. There are several factors that are involved in these processes and
involve the interactions of several genes and growth factor families. A very important fam-
ily, the neurotrophin family of growth factors, controls autonomic development, including
nerve growth factor, brain-derived neurotrophic factor, and neutrophins 3 and 4 which act
via high-affinity Trk receptor tyrosine kinases A, B, and C and lower affinity neurotrophin
receptor p75 (81). Ventral migration of neural crest cells is controlled by neuregulin-1; neu-
roblast survival and differentiation by hepatocyte growth factor; neural crest cell migration
and sympathetic ganglion formation by semaphorin 3A; induction of noradrenergic differ-
entiation by bone morphogenetic protein (BMP) family members, BMP-2 and BMP-7; and
the noradrenergic phenotype by transcription factors Mash1, Phox2a and b, Cash1, dHand,
and GATA-3 (82,83). Cholinergic development generally takes place prior to adrenergic
differentiation (83); however, transition from adrenergic to cholinergic function can also
occur. The cholinergic differentiation factors remain to be identified but may include the
neurotrophins, such as neurotrophin-3, and glial-cell-derived neurotrophic factors, such as
neurturin and receptors, such as glial cell line-derived neurotrophic factor family receptor
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alpha-2 (7,81-83). In the neonatal rat heart, perinatal B-adrenergics positively regulate the
development of sympathetic innervation and suppress the development of m; muscarinic
acetyl choline receptors (84). A critical event in the development of the adrenergic nervous
system is the establishment of functional innervation of the different organs. Function
requires that central nervous pathways to the preganglionic neurons be established, that
information be relayed to postganglionic neurons, and that neurotransmitter synthesis,
release, and reuptake and postreceptor mechanisms be operative. Effector organ innerva-
tion involves the outgrowth of new axons, appearance of intense fluorescence, and differen-
tiation of adrenergic nerve varicosities. Maturation of the nerve terminal—effector complex
occurs before ganglionic transmission is fully developed and is largely independent of neu-
ral connections. In the heart, the development of f-adrenergic receptors and their respon-
siveness to catecholamines are not closely linked to innervation. Nonsympathetic hormonal
factors appear to control early maturation of receptors and the growth and development of
the nervous system.

Plasma catecholamines. Plasma norepinephrine and dopamine levels decrease gradu-
ally with advancing gestational weeks (85). Birth is associated with an increase in circu-
lating catecholamines. Umbilical arterial epinephrine and norepinephrine concentrations in
infants delivered vaginally are greater than those in infants delivered by cesarean section
(86—88). Because there are some studies showing no difference in plasma concentrations
between infants delivered vaginally and those by cesarean section (89,90), stress per se
may not responsible for the high catecholamine levels with vaginal delivery. Studies in the
fetal sheep indicate a surge in plasma catecholamines with the onset of parturition that is
accentuated by cord cutting (97). The half-life of circulating catecholamines in the preterm
infant may be longer than in older children, due in part to lower levels of catecholamine-
degrading enzymes. However, children may metabolize catecholamines more rapidly than
adults. Preterm infants have greater levels of epinephrine in umbilical arterial plasma than
full-term human infants. Preterm fetal sheep also have higher circulating catecholamine
levels than their full-term counterparts. The circulating levels of catecholamines decrease
with maturation, but beyond 20 years of age plasma norepinephrine increases. Adrenal
medullary activity is lower than adrenergic nervous activity at birth and increases with mat-
uration. Neonatal blood pressure waves have been reported to be associated with surges of
systemic norepinephrine (92).

Urinary catecholamines. Urinary catecholamines are low at birth and increase with
gestational and postnatal age (93-95). Small-for-gestational-age babies have greater sym-
pathoadrenal activity than babies of the same gestational age (93). Newborn preterm infants
excrete less norepinephrine and more dopamine than term infants; epinephrine excretion is
comparable. At 2 weeks of age, urinary dopamine and metabolites are greatly increased in
preterm infants. Beyond 1 year of life, the developmental patterns of adrenergic nervous
and adrenal medullary activity are similar and reach mature values at 5 years of age. When
expressed as a function of surface area or weight, no changes in urinary catecholamines
and metabolites occur after 1 year of age. In the first 5 years of life, however, sympathoad-
renal activity is less in girls than in boys. It should be kept in mind, though, that circulating
and urinary levels of catecholamines are only rough indices of adrenergic activity. Pre-
adolescent and early adolescent children, especially females, born prematurely or small for
gestational age have higher circulating and urinary catecholamine levels than their term and
weight appropriate for gestational-age counterparts (96,97).

Catecholamines and adaptation to extrauterine life. Catecholamine secretion at birth
may be important in the adaptation of the fetus to extrauterine life (9/,67). Complete
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ganglionic blockade before delivery of the lamb does not attenuate the normal postnatal rise
in blood pressure, indicating that the autonomic nervous system may not play a significant
role in the increase in systemic pressure after birth. However, although clamping of adrenal
vessels did not alter mean blood pressure of very young puppies (99), in the newborn dog
adrenalectomy leads to hypotension and bradycardia. In addition, adrenergic blockade in
the newborn lamb reduces systemic pressure, whereas no effect is seen in adult sheep.
Other proofs for the importance of the adrenergic nervous system during the neonatal period
include both impaired myocardial contractile responses to adrenergic agents and hypoxia
after adrenalectomy.

The time of development of adrenergic innervation and responses to adrenergic stim-
ulation varies not only with species but also among vessels in the same animal. Some
of the reported differences in results may also be due to experimental conditions (anes-
thetized versus unanesthetized state, in vitro versus in vivo studies). In the heart,
responses to B-adrenergic and dopamine stimulation increase with age while the response
to a-adrenergic stimulation decreases with age. While the decreasing responsiveness to
B-adrenergic stimulation with maturation has been linked to similar directional changes
in myocardial oy-adrenergic receptors, the changes in myocardial B-adrenergic receptors
are not linked. For example, in the dog heart there is an increased p-adrenergic receptor
density in the newborn period. The decline in cardiac f-adrenergic receptors density with
age is accompanied by decreased B-adrenergic responsive adenylyl cyclase activity. Other
studies, however, have shown that cardiac B-adrenergic receptors increase with age but the
proportions of B-adrenergic subtypes do not.

In the mature heart, responsiveness to B-adrenergic agonists can be regulated transsynap-
tically by neurotransmitter concentrations in the synaptic cleft. High levels of pB-adrenergic
stimulation result in depressed cardiac responsiveness and reduction in receptor density
(downregulation) while the converse occurs with low levels of stimulation with upregula-
tion of receptor density. However, this does not occur during the period in which recep-
tor numbers and cardiac sensitivity to agonists are undergoing marked developmental
increases. The developmental changes in cardiac responsiveness to dopamine have not been
correlated with dopamine receptor density or adenylyl cyclase activation.

Regional vascular flow and resistance during development. The development of renal
and intestinal circulation is discussed in some detail because splanchnic vascular resis-
tance contributes significantly to peripheral vascular resistance. B-Adrenergic relaxation of
the aorta of rabbits increases with age, reaching a maximal level at 1 month; thereafter
a decline in responsiveness occurs. In dogs, stimulation of lumbar sympathetics induces
femoral vasodilatation early in life; after 2 months a greater vasoconstriction is noted. This
corresponds to a marked increase in adrenergic innervation. In the piglet, the renal vascular
response to f-adrenergic stimulation is also less in the immediate newborn period compared
to adults but may be markedly increased some time before maturation (99). These changes
in renal B-adrenergic responsiveness have been correlated with B-adrenergic receptor den-
sity in the dog (100). However, Bz-adrenergic vasodilatory effects are enhanced in the renal
vascular bed of the fetal lamb (700).

The maturation of blood vessel reactivity to B-adrenergic stimulation is regional bed
dependent. In general, during the neonatal period there is a lesser responsiveness of the
canine aorta and sheep carotid to norepinephrine compared to the adult. This occurs in spite
of comparable responsiveness to KCI1 (/07). The vasoconstrictor effects of a-adrenergic
drugs are also less in immature than mature animals. In the neonatal rat femoral artery,
norepinephrine causes a vasodilation rather than vasoconstriction, an effect mediated by
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nitric oxide (/02). In baboons, the maximum vasoconstrictor response to norepinephrine,
thromboxane mimetic, and potassium increased with gestational age, but the sensitivity to
these vasoconstrictors was similar (67).

Renal vascular bed. Renal blood flow increases progressively with conceptional age
reaching term values by about 35 weeks postconception. Forty weeks postconception renal
blood flow expressed as a function of surface area increases with postnatal age reaching
middle-age adult values by 1-2 years of life. The increase in renal blood flow is associated
with a fall in renal vascular resistance. Color Doppler ultrasonography has been used to
determine renal resistive index, which correlates with renal vascular resistance. In general,
the values obtained using clearance methods (e.g., para-aminohippurate) have correlated
well by the renal resistive index (/03). The increase in renal blood flow with age is due
to renal growth, an increase in blood pressure, and a decrease in renal vascular resistance.
The high renal vascular resistance in the perinatal period has been shown to be caused
by alterations in renal vascular smooth muscle reactivity and sensitivity to vasodilators
and vasoconstrictors. After the immediate newborn period, the neonatal renal and cere-
bral circulation are more sensitive to a-adrenergic stimulation in dogs, pigs, guinea pigs,
and baboons (72,104,105). The isolated renal vessels of fetal lamb studied in vitro and in
vivo are also more reactive to f-adrenergic stimulation than their newborn or adult coun-
terparts (/06). The increased renal o;- and ap-adrenergic effects in fetal sheep are related
to increased a-adrenergic receptor density. Competition experiments and rank adrenergic
antagonist potency suggested the presence of only the ajg-adrenergic receptor in fetal and
adult sheep kidneys. However, ojg-adrenergic receptor does not mediate vasoconstriction in
adults. The ap-adrenergic receptor that was found only in the fetal sheep had a low affinity
to rauwolscine, which is unlike that described in most species for ap-adrenergic receptors
(107). However, the molecular biological class of these receptors during development has
not been studied.

Inherent renal vascular hypersensitivity or hyperreactivity may be masked by counter-
regulatory vasodilator mechanisms. In the fetal sheep renal vascular $,-adrenergic receptor-
mediated renal vasodilatory capacity is enhanced during fetal life (/08). Cerebral arteries
from premature and newborn baboons showed a more marked relaxation response to iso-
proterenol than did arteries from adult animals (/04). In the piglet, the renal vasoconstrictor
effects of angiotensin II are counteracted by vasodilatory action of nitric oxide (70,71,109).
However, the contribution of specific adrenergic receptors and regulation of nitric oxide
level or availability to the development of renal circulation remain to be determined.

The neonatal renal circulation is also more responsive to the effects of renal nerve stimu-
lation in some species (//0). While renal nerve transection in piglets leads to an increase in
renal blood flow (1170), this effect is not seen in fetal sheep. Moreover, renal nerve stimula-
tion during a-adrenergic blockade actually increases renal blood flow (/01). In the neona-
tal dog kidney, increased a-adrenergic effects are related to increased f-adrenergic recep-
tor density (/71). Dopamine mainly induces a vasoconstrictor response (an p-adrenergic
receptor effect) in the early neonatal period (///). Even low dosages, which produce renal
vasodilatation in the adult kidney, are associated with renal vasoconstriction in the new-
born period. The vasodilator effects of dopamine become evident in the femoral circulation
before being noted in the kidney. When f- and P-adrenergic receptors are blocked dur-
ing dopamine infusion, the renal vasodilator effect of dopamine is still less in the fetus
and the newborn animal compared to the adult. In contrast to the correlation between renal
vascular responses and p- and B-adrenergic receptor density, no correlation is observed with
dopamine receptors and the age-related changes in renal dopamine responsiveness.



Chapter 3 / Cardiovascular and Autonomic Influences on Blood Pressure 59

The low renal blood flow in the young is due to several factors, including smaller size,
decreased number of glomeruli, lower systemic pressure, and higher renal vascular resis-
tance. The increased renal vascular resistance in the newborn is probably due to increased
activity of the renin—angiotensin system as well as increased sensitivity to vasoconstric-
tor catecholamines. The latter is due to receptor and postadrenergic receptor mechanisms.
Critical vasodilators, such as nitric oxide, may act to counterbalance these vasoconstrictor
forces. The increase in renal blood flow with age presumably occurs as the vasoconstric-
tor influences decline. Adult growth-restricted offspring develop hypertension that may be
caused by increased renal nerve activity (//2).

Intestinal vascular bed. Intestinal blood flow, like renal blood flow increases with ges-
tational age, postconceptional age, and maturation (//3). Fetal intestinal vascular resistance
is high during fetal life. In the piglet, there is a further decrease in intestinal vascular resis-
tance in the first few days of life, only to progressively increase after the first week of life.
This is in contrast with kidneys in which there is a progressive decrease in renal vascular
resistance in the perinatal period. The neonatal intestinal circulation is controlled by inher-
ent myogenic response and nitric oxide similar to that seen in the neonatal renal circulation.
Like the neonatal kidney neonatal intestinal circulation may also be regulated by alterations
in a-adrenergic receptor (//4). However, in contrast to the neonatal kidney, endothelin plays
a part in the regulation of neonatal intestinal circulation. In older piglets, regulation of the
intestinal circulation does not involve nitric oxide or endothelin, the responses being mainly
passive in nature (69,115). In contrast to importance of nitric oxide in the renal and intesti-
nal vasodilator response in the newborn, bradykinin and prostanoids perform this role in
the neonatal cerebral vascular bed (//6). However, with maturation nitric oxide assumes a
more important role.

CONCLUSION

In summary, increase in blood pressure with age in the first few months of life is mainly
due to an increase in cardiac output. Vascular resistance in many vascular beds may tran-
siently decrease because of increased production or availability of nitric oxide, prostanoids,
or increased sensitivity to B-adrenergic stimulation. The involvement of a particular agent
is regional bed dependent. While the maturation of receptor classes involved in the regula-
tion of cardiac output and vascular resistance is known, the maturation of specific receptor
subtypes in different vascular beds remains to be determined.
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Among the many determinants of blood pressure, ion transport has played a key role in
both the basic understanding and the clinical management of hypertension. For decades,
clinicians have counseled their hypertensive patients to limit salt intake. This approach
has been codified in clinical guidelines and forms the backbone of what has been termed
therapeutic lifestyle modifications (/,2). Sodium restriction has been studied in clinical
trials as an effective measure for the control of moderately elevated blood pressure (3,4). In
addition to sodium restriction, the role of natriuresis has been translated into pharmacologic
therapy as thiazide diuretics have assumed the role of first-line pharmacologic therapy for
hypertension in adults (5,6).

At amore basic level, an expanding list of genes has been implicated in monogenic forms
of hypertension. These genes typically encode proteins that affect renal tubular sodium
handling, reviewed elsewhere in this text. Moreover, mutations leading to renal salt wasting,
as observed in Bartter and Gitelman syndrome, are associated with normal and low blood
pressure.

While monogenic conditions associated with high or low blood pressure provide insight
into the pathogenesis of hypertension, these comprise only a small fraction of the over-
all burden of hypertension. More broadly, however, pathogenic changes in ion transport
have been implicated both in animal models and in human studies of essential hyperten-
sion, suggesting a role for altered structure and function of ion transporters that provide
additional rationale for the success of such measures as salt restriction and diuretics in
treating hypertension. In this chapter, we will review some of the ion channels studied in
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hypertension and their relevance to clinical practice. Both channel function and structure
will be considered.

SODIUM CHANNELS

Given the importance of salt in the management of blood pressure, sodium channels have
been extensively studied as targets both in animal models of hypertension and in clinical
research.

All relevant channels expressed along the length of the tubule have been studied.
These include a variety of transporters of sodium: the Na*/H* exchangers (NHEs), the
Na*—K*—2Cl1~ cotransporter (NKCC), the Na*—CI~ cotransporter (NCC), as well as the
epithelial sodium cotransporter (ENaC), the sodium—potassium ATPase (Na*/K* ATPase),
and the sodium—phosphate transporter (NaPi II) (see Table 1).

Table 1
Sodium Channels of the Renal Tubule
Transporter Intrarenal location Cellular location
Na*/H* exchangers (NHEs) Proximal tubule and TAL Apical
Na*-K*-2Cl1~ cotransporter (NKCC) TAL Apical
Epithelial sodium cotransporter (ENaC)  Collecting duct Apical
Na*CI~ cotransporter (NCC) Distal tubule Apical
Sodium—potassium ATPase (Na™/K* Multiple segments Basolateral
ATPase)
Sodium—phosphate transporter (NaPi II)  Proximal tubule Apical
NHE Transporters

Na*/H* transporters have been localized throughout the body and play a major role in
cell-volume regulation and the transcellular movement of sodium and osmotically driven
water. There are more than four NHEs: the NHEI transporter is ubiquitous, while NHE3
is highly expressed in the kidney. Both NHE1 and NHE3 have been the focus of much
study with respect to hypertension. Specifically, the localization of NHE1 to red blood
cells (RBCs) has facilitated its study in humans and in rat models, such as the spontaneous
hypertensive rat (SHR).

NHEI1 activity is increased in the SHR in multiple cell types, including RBCs, platelets,
leukocytes, skeletal muscle, vascular smooth muscle cells, and tubular epithelial cells. This
effect was not seen in RBCs or proximal tubular cells of a second rat model of essential
hypertension, the Milan hypertensive strain (MHS). RBC Na*/H" transport has been exam-
ined in humans as well and appears to correlate with renal sodium retention in hypertensive
individuals (7). The differential effect in SHR versus MHS strains aligns well with human
studies, as approximately half of the patients studied had increased RBC Na*/H* activity
(8,9). This increased Na*/H* activity likely reflects a systemic effect as it has also been
demonstrated in skeletal muscle both in SHR (/0) and in humans with essential hyperten-
sion (11).

In contrast to NHEI1, the related NHE3 transporter has a more restricted distribution
that includes the proximal tubule, and RBC expression of NHE3 has not been reported.
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In SHR, NHE3 activity is increased (/2), though mRNA expression is not altered. How-
ever, this enhanced activity may be related to decreased expression of the NHE regulatory
factor 1 (NHERF1) (13), which normally inhibits the activity of NHE transporters, sug-
gesting that NHE3 changes are unrelated to gene expression or structure per se. Kelly et al.
(14) studied the relative contributions to sodium transport of NHE1 and NHE3 in proximal
tubule cells of SHR. Their studies revealed equal activity of both proteins. While NHE1
protein expression was similar to that of normotensive wild-type controls, NHE3 expres-
sion was increased by 50% in SHR. An earlier study (/5) of the NHE3 knockout mouse
showed findings of proximal renal tubular acidosis with salt wasting, polyuria, and lower
blood pressure, in spite of rise in renin expression and aldosterone levels. These mice also
demonstrated diarrhea related to decreased intestinal expression of NHE3, the other major
site of expression.

Human studies on NHE3 in hypertension are limited. Zhu et al. (/6) studied polymor-
phisms in SLC9A3 to determine its association with hypertension in an ethnically diverse
group of 983 persons, including some with normal and others with elevated blood pressure.
None of the six polymorphisms studied was associated with hypertension, although only a
subset of the gene sequence was interrogated.

NKCC Transporters

The NKCC family consists of two related proteins, NKCC1 and NKCC2. The first is
expressed in a wide variety of tissues, while the second is primarily found in the kidney.
In many tissues, these channels are activated by shrinkage of cell volume and conversely
inhibited by cell swelling.

The importance of NKCC?2 is related primarily to its role in net sodium and chloride
reabsorption in the thick ascending limb of the loop of Henle and its inhibition by diuretics
such as furosemide. This transport system is responsible for approximately 25% of tubu-
lar sodium reabsorption. Lifton’s group (/7) reported that mutations in the gene encoding
the NKCC2 protein (SLCI2A1) cause type 1 Bartter syndrome, a severe manifestation of
Bartter syndrome that has antenatal manifestations with polyhydramnios, prematurity, and
postnatal electrolyte wasting and volume depletion. Biochemically, the hallmark of this
disease is elevated plasma renin activity and aldosterone level with low to normal blood
pressure. Perhaps more clinically relevant are studies by the same investigator group iden-
tifying mutations in genes encoding NKCC2, NCCT, and ROMK, which appeared to be
protective against hypertension from subjects in the Framingham Heart Study (/8).

Similar to NHE transporters, NKCC has also been studied in RBCs in animal models
and in humans with hypertension. There is higher activity in RBCs in MHS rats compared
with controls, and these animals demonstrate a greater natriuretic response to bumetanide
(19). Since this strain has normal expression of NKCC2 mRNA and protein (20), it seems
unlikely that the increased activity is unrelated to increased gene transcription. Higher lev-
els of NKCCI1 activity have been documented in hypertensive humans, but this finding
accounts for only a fraction of those with low-renin hypertension (2/-23). However, these
patients also have an exaggerated response to furosemide (24).

The NCCT

Given the widespread use and success of thiazides in treating essential hypertension, the
sparse data on this transporter in both animal models and human hypertension are surpris-
ing. Capasso et al. (20) demonstrated increased expression of the NCCT in MHS rats, in
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contrast to NKCC2 and NHE3 mRNA expression. Mutations in the NCCT gene (SLCI2A3)
were also found to be protective against the development of high blood pressure in Fram-
ingham Heart Study subjects (18).

ENaC

Mutations in genes encoding the epithelial sodium channel cause Liddle syndrome,
probably the best known monogenic form of hypertension. The ENaC is actually a protein
complex of three subunits. The regulation of ENaC has been elucidated over the past decade
and includes a complex interaction of intracellular proteins including serum- and glucose-
regulated kinase (SGK1) and neural precursor cell expressed, developmentally downregu-
lated 4-2 (Nedd4-2). The putative role of ENaC has also been studied in non-genetic forms
of hypertension.

The Dahl salt-sensitive rat strain has been shown to exhibit increased activity of
intrarenal ENaC. Specifically, in cell cultures of collecting ducts from these strains, sodium
transport was enhanced as compared to control strains and was augmented by aldosterone
and dexamethasone (25). In follow-up experiments to distinguish between whether the
effect was due to ENaC or to Na*/K* ATPase, sodium transport was unaffected by ouabain,
which inhibits the Na*/K* ATPase, suggesting increased ENaC activity as the cause (26).

As noted, Liddle syndrome is caused by mutations in the genes encoding the p- and
y-subunits of ENaC. These mutations result in truncated proteins without the C-terminal
end, a segment that is essential for intracellular regulation. The mutations leave ENaC con-
stitutively activated and unaffected by homeostatic stimuli, such as aldosterone. Aside from
this rare genetic disease, a number of studies have attempted to assess the contribution of
ENaC to essential hypertension. Persu et al. (27) studied B-ENaC variants in hyperten-
sive families. After determining the most common changes observed in the last exon, they
assessed the frequency in a French cohort of 525 patients. Although these changes were
seen in only 1% of whites, the frequency increased up to 44% in those of African ancestry.
However, only a fraction of those variants led to changes in sodium flux when studied in
Xenopus oocytes (27).

A relatively common variant in p-ENaC, T594M, has been examined in a number of
studies. This variant was first reported by Su et al. (28) and found in 6% of 231 African
American subjects but in none of the 192 Caucasians studied. This variant leads to loss of
protein kinase C inhibition, providing a putative mechanism for its effect (29). A second
study identified an association between this same variant and hypertension in 348 blacks
in a study from the UK (30). The frequency of this variant was 8.3% among hypertensive
persons and 2.1% in those with normal blood pressure. However, a larger study (n=4803)
that included a large black population reported no relationship between this variant and
hypertension (37). Moreover, administration of amiloride to those with this variant did not
demonstrate any differential effect as compared to those with wild-type f-ENaC. Thus, the
role of ENaC variants in essential hypertension remains to be fully elucidated.

Na*/K* ATPase

This ubiquitous pump generates the driving force for a myriad of transport processes. In
the renal tubule, the pump results in net sodium gain, allowing epithelial sodium reabsorp-
tion along the length of the renal tubule. Earlier studies revealed increased Na*/K* ATPase
activity in MHS kidney extracts as compared with controls (32). This phenomenon was due
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to increased activity of the pump per se, as pump number was not increased, as assessed by
the number of ouabain binding sites (33).

In contrast to primary overactivity of this pump, Blaustein et al. (34) have proposed
an alternative model based on an unidentified endogenous ouabain-like substance. They
hypothesize that salt retention leads to production of this ouabain-like substance, which
then increases vasomotor tone due to the linked effects of the Na*/K* ATPase and calcium
flux (35). While acute administration of ouabain to rats may induce protective effects such
as increased generation of nitric oxide in response to acetylcholine, chronic administration
in the rat model induces hypertension that blunts the effects of acetylcholine and generates
endothelial dysfunction (36). An endogenous ouabain-like substance has been isolated from
MHS and mammalian hypothalamus (37).

CALCIUM FLUX

As noted, sodium and calcium flux are interrelated, most notably due to the effects of
the Na*/K* ATPase and cross talk with the Na*/Ca®* exchanger (NCX). This effect has
been harnessed therapeutically with the use of digoxin to increase myocardial contractil-
ity. Inhibition of the Na*/K* ATPase leads to an increase in intracellular sodium levels
with secondary redistribution of calcium due to NCX (38). The resulting rise in intracel-
lular calcium improves contractility in cardiac myocytes and vascular smooth muscle cells
(VSMC:s). This link has been further established on a cellular compartment level with colo-
calization of Na*/K* ATPase and NCX.

It should be noted that differing Na*/K* ATPase subtypes likely mediate this effect, with
a2 subtypes having the greatest affinity for endogenous ouabain and its effect on VSMCs
(39,40). In mice, expression of the a2 subtype with a shortened N terminus is dominant neg-
ative for expression of wild-type full-length a2 pumps (4/). When this dominant-negative
a2 pump was expressed using a smooth muscle-specific myosin promoter, reduced pump
function and elevated blood pressure were observed (34). Conversely, mice that overex-
press the a2 pump within smooth muscle have significantly lower blood pressure than o2
wild-type mice and mice with ol overexpression (42).

The relationship between these transporters suggests a sequence by which increased salt
and water intake leads to volume expansion, followed by secondary release of endogenous
ouabain (34,43). The inhibition of the Na*/K* ATPase attempts to prevent further sodium
retention by the kidneys. Within VSMCs, this phenomenon enhances calcium exchange via
NCX with a resultant increase in intracellular calcium and vasoconstriction. Furthermore,
because of membrane depolarization related to Na*/K* ATPase inhibition, L-type calcium
channels would be activated leading to further calcium influx, resulting in a net increase in
vascular tone.

The effects of ouabain on the a2 pump as described above lead to increased vascular tone.
However, the a1l pump found in the renal tubular epithelium leads to net sodium retention
and would theoretically be inhibited by ouabain. This discordance can be explained by
the differential effects of physiologic levels of ouabain on the different pump isoforms. As
noted, ouabain inhibits the a2 pump, leading to calcium influx into VSMCs and increased
vascular tone. In contrast, ouabain may have a net stimulatory effect in the kidney at the ol
pump via stimulation of epidermal growth factor receptor and subsequent phosphorylation
and activation of the ol pump (44,45). This differential effect on isoforms of the Na*/K*
ATPase leads to a net increase in blood pressure (46).
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Perhaps the most exciting outgrowth of this research is the development of an inhibitor of
the Na*/K* ATPase for the treatment of hypertension. Rostafuroxin (PST 2238) is a steroid
compound that competitively binds to Na™/K* ATPase and inhibits the effects of ouabain.
In MHS rats, rostafuroxin lowered blood pressure compared to vehicle. This effect was
also seen in control rats treated with ouabain, deoxycorticosterone acetate, and salt-treated
rats in a remnant kidney model (46,47). This effect has not yet been studied in humans
(48), although it presents an opportunity to link the basic research done in this model with
clinical care.

REGULATION OF ION FLUX

While multiple channels have increased activity that leads to net sodium reabsorption
and hypertension in both animal and human studies, the exact mechanism remains unclear.
The transporters studied generally do not have increased levels of mRINA or protein, and
the association studies for specific polymorphisms in these models have provided conflict-
ing data. However, the cytoskeleton has been implicated as having a role in this altered
functional activity. For example, adducin is a component of the cytoskeleton and is ubiqui-
tously expressed. It is found in both rats and humans, and its association with salt-sensitive
hypertension has been described in both.

Adducin mutations in both «- and B-subunits have been associated with hypertension
in MHS rats (49). A follow-up study by this group showed that in rat tubular epithe-
lium, adducin mutations increase Na*/K* ATPase activity (50). They later described that
MHS rats with these mutations did not have the expected endocytosis of Na*/K* pumps
in response to dopamine (5/) and may reflect a broader alteration in clathrin-dependent
endocytosis (52). Other groups have shown that in a variety of rat models of hypertension,
genes encoding adducin subunits have been found within quantitative trait loci for hyper-
tension (53). Rostafuroxin reduces blood pressure in hypertensive MHS rats with adducin
mutations as well (46,47).

a-Adducin polymorphisms have been described in salt-sensitive hypertension as well. In
an Italian study of 936 persons, including hypertensive siblings, hypertensive individuals,
and normotensive controls, the G460W polymorphism was studied, with a significant asso-
ciation seen in this population (54). Interestingly, this relationship was not seen in a cohort
of 375 Scottish patients (55) or 507 Japanese patients (56).

CONCLUSIONS

Aberrant ion transport is a critical component in the pathogenesis of hypertension. The
research presented reflects only a subset of the published data in this field. It also represents
an exciting area of potential study in children and adolescents with essential hypertension,
many of whom are salt sensitive. The role of rostafuroxin has yet to be established in the
treatment of hypertension, but establishes a new class of agent that more directly targets
essential hypertension without the complicating metabolic side effects of thiazides.

REFERENCES

1. Chobanian AV, Bakris GL, Black HR, et al. The seventh report of the joint national committee on pre-
vention, detection, evaluation, and treatment of high blood pressure: the JNC 7 report. JAMA. May 21
2003;289(19):2560-2572.



Chapter 4 / Ion and Fluid Dynamics in Hypertension 71

2.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

National High Blood Pressure Education Program Working Group on High Blood Pressure in Children
and Adolescents. The fourth report on the diagnosis, evaluation, and treatment of high blood pressure in
children and adolescents. Pediatrics. Aug 2004;114(2 Suppl 4th Report):555-576.

Akita S, Sacks FM, Svetkey LP, Conlin PR, Kimura G. Effects of the Dietary Approaches to Stop Hyper-
tension (DASH) diet on the pressure-natriuresis relationship. Hypertension. Jul 2003;42(1):8-13.
Obarzanek E, Proschan MA, Vollmer WM, et al. Individual blood pressure responses to changes in salt
intake: results from the DASH-Sodium trial. Hypertension. Oct 2003;42(4):459-467.

ALLHAT Collaborative Research Group. Major cardiovascular events in hypertensive patients random-
ized to doxazosin vs chlorthalidone: the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart
Attack Trial (ALLHAT). JAMA. Apr 19 2000;283(15):1967-1975.

Diuretic versus alpha-blocker as first-step antihypertensive therapy: final results from the Antihyper-
tensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT). Hypertension. Sep
2003;42(3):239-246.

Diez J, Alonso A, Garciandia A, et al. Association of increased erythrocyte Na+/H+ exchanger with renal
Na+ retention in patients with essential hypertension. Am J Hypertens. Feb 1995;8(2):124-132.

Canessa M, Morgan K, Goldszer R, Moore TJ, Spalvins A. Kinetic abnormalities of the red blood cell
sodium-proton exchange in hypertensive patients. Hypertension. Mar 1991;17(3):340-348.

Fortuno A, Tisaire J, Lopez R, Bueno J, Diez J. Angiotensin converting enzyme inhibition corrects Na+/H+
exchanger overactivity in essential hypertension. Am J Hypertens. Jan 1997;10(1):84-93.

. Syme PD, Aronson JK, Thompson CH, Williams EM, Green Y, Radda GK. Na+/H+ and HCO3-/Cl-

exchange in the control of intracellular pH in vivo in the spontaneously hypertensive rat. Clin Sci (Lond).
Dec 1991;81(6):743-750.

. Dudley CR, Taylor DJ, Ng LL, et al. Evidence for abnormal Na+/H+ antiport activity detected by phos-

phorus nuclear magnetic resonance spectroscopy in exercising skeletal muscle of patients with essential
hypertension. Clin Sci (Lond). Nov 1990;79(5):491-497.

. Hayashi M, Yoshida T, Monkawa T, Yamaji Y, Sato S, Saruta T. Na+/H+-exchanger 3 activity and its gene

in the spontaneously hypertensive rat kidney. J Hypertens. Jan 1997;15(1):43-48.

. Kobayashi K, Monkawa T, Hayashi M, Saruta T. Expression of the Na+/H+ exchanger regulatory protein

family in genetically hypertensive rats. J Hypertens. Sep 2004;22(9):1723-1730.

Kelly MP, Quinn PA, Davies JE, Ng LL. Activity and expression of Na(+)-H+ exchanger isoforms 1 and 3
in kidney proximal tubules of hypertensive rats. Circ Res. Jun 1997;80(6):853-860.

Schultheis PJ, Clarke LL, Meneton P, et al. Renal and intestinal absorptive defects in mice lacking the
NHE3 Na+/H+ exchanger. Nat Genet. Jul 1998;19(3):282-285.

Zhu H, Sagnella GA, Dong Y, et al. Molecular variants of the sodium/hydrogen exchanger type 3 gene and
essential hypertension. J Hypertens. Jul 2004;22(7):1269-1275.

Simon DB, Karet FE, Hamdan JM, DiPietro A, Sanjad SA, Lifton RP. Bartter’s syndrome, hypokalaemic
alkalosis with hypercalciuria, is caused by mutations in the Na-K-2Cl cotransporter NKCC2. Nat Genet.
Jun 1996;13(2):183-188.

Ji W, Foo JN, O’Roak BJ, et al. Rare independent mutations in renal salt handling genes contribute to blood
pressure variation. Nat Genet. May 2008;40(5):592-599.

Salvati P, Ferrario RG, Bianchi G. Diuretic effect of bumetanide in isolated perfused kidneys of Milan
hypertensive rats. Kidney Int. Apr 1990;37(4):1084—1089.

Capasso G, Rizzo M, Garavaglia ML, et al. Upregulation of apical sodium-chloride cotransporter and baso-
lateral chloride channels is responsible for the maintenance of salt-sensitive hypertension. Am J Physiol
Renal Physiol. Aug 2008;295(2):F556-F567.

Cacciafesta M, Ferri C, Carlomagno A, et al. Erythrocyte Na-K-Cl cotransport activity in low renin essen-
tial hypertensive patients. A 23Na nuclear magnetic resonance study. Am J Hypertens. Feb 1994;7(2):
151-158.

Cusi D, Fossali E, Piazza A, et al. Heritability estimate of erythrocyte Na-K-Cl cotransport in normotensive
and hypertensive families. Am J Hypertens. Sep 1991;4(9):725-734.

Cusi D, Niutta E, Barlassina C, et al. Erythrocyte Na+,K+,Cl- cotransport and kidney function in essential
hypertension. J Hypertens. Aug 1993;11(8):805-813.

Righetti M, Cusi D, Stella P, et al. Na+,K+,Cl- cotransport is a marker of distal tubular function in essential
hypertension. J Hypertens. Dec 1995;13(12 Pt 2):1775-1778.

Husted RF, Takahashi T, Stokes JB. IMCD cells cultured from Dahl S rats absorb more Na+ than Dahl R
rats. Am J Physiol. Nov 1996;271(5 Pt 2):F1029-F1036.

Husted RF, Takahashi T, Stokes JB. The basis of higher Na+ transport by inner medullary collecting duct
cells from Dahl salt-sensitive rats: implicating the apical membrane Na+ channel. ] Membr Biol. Mar 1
1997;156(1):9-18.



72

Part I / Regulation of Blood Pressure in Children

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Persu A, Barbry P, Bassilana F, et al. Genetic analysis of the beta subunit of the epithelial Na+ channel in
essential hypertension. Hypertension. Jul 1998;32(1):129-137.

Su YR, Rutkowski MP, Klanke CA, et al. A novel variant of the beta-subunit of the amiloride-sensitive
sodium channel in African Americans. J] Am Soc Nephrol. Dec 1996;7(12):2543-2549.

Cui Y, Su YR, Rutkowski M, Reif M, Menon AG, Pun RY. Loss of protein kinase C inhibition in the beta-
T594M variant of the amiloride-sensitive Na+ channel. Proc Natl Acad Sci USA. Sep 2 1997;94(18):9962—
9966.

Baker EH, Dong YB, Sagnella GA, et al. Association of hypertension with T594M mutation in beta subunit
of epithelial sodium channels in black people resident in London. Lancet. May 9 1998;351(9113):1388-
1392.

Hollier JM, Martin DF, Bell DM, et al. Epithelial sodium channel allele T594M is not associ-
ated with blood pressure or blood pressure response to amiloride. Hypertension. Mar 2006;47(3):
428-433.

Melzi ML, Bertorello A, Fukuda Y, Muldin I, Sereni F, Aperia A. Na,K-ATPase activity in renal tubule
cells from Milan hypertensive rats. Am J Hypertens. Jul 1989;2(7):563-566.

Parenti P, Villa M, Hanozet GM, Ferrandi M, Ferrari P. Increased Na pump activity in the kidney cortex of
the Milan hypertensive rat strain. FEBS Lett. Sep 23 1991;290(1-2):200-204.

Blaustein MP, Zhang J, Chen L, et al. The pump, the exchanger, and endogenous ouabain: signaling mech-
anisms that link salt retention to hypertension. Hypertension. Feb 2009;53(2):291-298.

Haupert GT Jr. Circulating inhibitors of sodium transport at the prehypertensive stage of essential hyper-
tension. J Cardiovasc Pharmacol. 1988;12(Suppl 3):S70-S76.

Cao C, Payne K, Lee-Kwon W, et al. Chronic ouabain treatment induces vasa recta endothelial dysfunction
in the rat. Am J Physiol Renal Physiol. Jan 2009;296(1):F98-F106.

Murrell JR, Randall JD, Rosoff J, et al. Endogenous ouabain: upregulation of steroidogenic genes in hyper-
tensive hypothalamus but not adrenal. Circulation. Aug 30 2005;112(9):1301-1308.

Blaustein MP. Physiological effects of endogenous ouabain: control of intracellular Ca2+ stores and cell
responsiveness. Am J Physiol. Jun 1993;264(6 Pt 1):C1367-C1387.

Ferrandi M, Minotti E, Salardi S, Florio M, Bianchi G, Ferrari P. Ouabainlike factor in Milan hypertensive
rats. Am J Physiol. Oct 1992;263(4 Pt 2):F739-F748.

Tao QF, Hollenberg NK, Price DA, Graves SW. Sodium pump isoform specificity for the digitalis-like
factor isolated from human peritoneal dialysate. Hypertension. Mar 1997;29(3):815-821.

Song H, Lee MY, Kinsey SP, Weber DJ, Blaustein MP. An N-terminal sequence targets and teth-
ers Na+ pump alpha2 subunits to specialized plasma membrane microdomains. J Biol Chem. May 5
2006;281(18):12929-12940.

Pritchard TJ, Parvatiyar M, Bullard DP, Lynch RM, Lorenz JN, Paul RJ. Transgenic mice expressing
Na+-K+-ATPase in smooth muscle decreases blood pressure. Am J Physiol Heart Circ Physiol. Aug
2007;293(2):H1172-H1182.

Hamlyn JM, Hamilton BP, Manunta P. Endogenous ouabain, sodium balance and blood pressure: a review
and a hypothesis. ] Hypertens. Feb 1996;14(2):151-167.

Haas M, Askari A, Xie Z. Involvement of Src and epidermal growth factor receptor in the signal-
transducing function of Na+/K+-ATPase. J Biol Chem. Sep 8 2000;275(36):27832-27837.

Liu J, Tian J, Haas M, Shapiro JI, Askari A, Xie Z. Ouabain interaction with cardiac Na+/K+-ATPase ini-
tiates signal cascades independent of changes in intracellular Na+ and Ca2+ concentrations. J Biol Chem.
Sep 8 2000;275(36):27838-27844.

Ferrari P, Ferrandi M, Valentini G, Bianchi G. Rostafuroxin: an ouabain antagonist that corrects renal and
vascular Na+-K+-ATPase alterations in ouabain and adducin-dependent hypertension. Am J Physiol Regul
Integr Comp Physiol. Mar 2006;290(3):R529-R535.

Ferrari P, Ferrandi M, Tripodi G, et al. PST 2238: a new antihypertensive compound that modulates Na,K-
ATPase in genetic hypertension. J Pharmacol Exp Ther. Mar 1999;288(3):1074-1083.

Efficacy of Rostafuroxin in the Treatment of Essential Hypertension. http:/clinicaltrials.gov/ct2/
show/NCT00415038. [Accessed on 17 March 2009].

Bianchi G, Tripodi G, Casari G, et al. Two point mutations within the adducin genes are involved in blood
pressure variation. Proc Natl Acad Sci USA. Apr 26 1994;91(9):3999-4003.

Tripodi G, Valtorta F, Torielli L, et al. Hypertension-associated point mutations in the adducin alpha
and beta subunits affect actin cytoskeleton and ion transport. J Clin Invest. Jun 15 1996;97(12):
2815-2822.

Efendiev R, Krmar RT, Ogimoto G, et al. Hypertension-linked mutation in the adducin alpha-subunit leads
to higher AP2-mu?2 phosphorylation and impaired Na+,K+-ATPase trafficking in response to GPCR signals
and intracellular sodium. Circ Res. Nov 26 2004;95(11):1100-1108.



Chapter 4 / Ion and Fluid Dynamics in Hypertension 73

52.

53.

54.

55.

56.

Torielli L, Tivodar S, Montella RC, et al. alpha-Adducin mutations increase Na/K pump activity in renal
cells by affecting constitutive endocytosis: implications for tubular Na reabsorption. Am J Physiol Renal
Physiol. Aug 2008;295(2):F478-F487.

Orlov SN, Adragna NC, Adarichev VA, Hamet P. Genetic and biochemical determinants of abnormal
monovalent ion transport in primary hypertension. Am J Physiol. Mar 1999;276(3 Pt 1):C511-C536.
Cusi D, Barlassina C, Azzani T, et al. Polymorphisms of alpha-adducin and salt sensitivity in patients with
essential hypertension. Lancet. May 10 1997;349(9062):1353-1357.

Kamitani A, Wong ZY, Fraser R, et al. Human alpha-adducin gene, blood pressure, and sodium
metabolism. Hypertension. Jul 1998;32(1):138-143.

Kato N, Sugiyama T, Nabika T, et al. Lack of association between the alpha-adducin locus and essential
hypertension in the Japanese population. Hypertension. Mar 1998;31(3):730-733.






5 CRP, Uric Acid, and Other Novel
Factors in the Pathogenesis
of Hypertension

Daniel I. Feig, MD, PhD, MS

CONTENTS

INTRODUCTION

GENETIC POLYMORPHISMS ARE AN INSUFFICIENT MODEL

PRENATAL EXPOSURES

CRP AND HYPERTENSION

OTHER INFLAMMATORY CYTOKINES AND
CARDIOVASCULAR DISEASE

URIC AcID IN CHILDHOOD HYPERTENSION

HYPERURICEMIA ETIOLOGY

CONCLUSIONS AND FURTHER DIRECTIONS

REFERENCES

INTRODUCTION

Hypertension is one of the most common diseases in the world. In Western countries, it
affects between 20 and 75% of the adult population, depending on age, and is not only the
most important risk factor for cardiovascular and renal disease but is also the most amenable
to modification with current medical therapy (/). In adult populations, the vast majority of
hypertension is essential hypertension, so that standard recommended practice is not to
do extensive evaluation for the secondary etiologies of hypertension at the time of diag-
nosis (/). While this practice saves money, it compromises the ability of epidemiologists
to identify mechanistic risk factors, as all hypertensive populations considered as essential
hypertension are contaminated with patients with secondary hypertension of various eti-
ologies, including monogenic conditions, renal parenchymal disease, hyperaldosteronism,
renovascular disease, and others.

Childhood hypertension, increasingly common, offers an opportunity to gain insights
into the early pathophysiology of what is currently called essential (primary) hypertension.
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Because secondary hypertension is more common among children with elevated blood pres-
sure than in adults, the current clinical guidelines, detailed in Chapter 28, include detailed
testing and evaluation to distinguish secondary from essential hypertension (2). Such eval-
uation results in clearer case definition of essential hypertension among children. Further,
children have fewer confounding diagnoses such as diabetes, atherosclerotic heart disease,
and age-related illness, making children and adolescents the ideal population in which to
study the early physiological steps that initiate essential hypertension. Studies of newly
hypertensive patients also allow investigators to distinguish factors involved in initiating
hypertension from those caused by persistent, chronic hypertension.

This chapter describes some of the nonconventional risk factors for hypertension. For
most, the data are exclusively observational and require much more laboratory and clin-
ical study before these factors can be considered potential therapeutic targets. In a few
cases, however, the data provide a more complete pathophysiological story. This chapter
emphasizes the potential roles of C-reactive protein (CRP) and uric acid in the develop-
ment of hypertension, not because these should be considered major risk factors for essen-
tial hypertension, but because studies of these factors are further advanced than some of
the other potential risk factors, so that such studies may serve as a model for investigating
other potential novel causes of the development of hypertension.

GENETIC POLYMORPHISMS ARE AN INSUFFICIENT MODEL

Several models have been developed to support the concept of hypertension as a disease
of renal sodium handling. In fact, the tendency toward sodium retention and sodium sensi-
tivity is a common aspect of hypertension in adults and children (3,4). A favored hypoth-
esis is that hypertension results from a polygenic defect in which there are alterations in
the regulation or expression in tubular transport systems involved in sodium reabsorption
and excretion (5,6). The discovery that many forms of genetic hypertension are associ-
ated with enhanced sodium reabsorption has provided support for this hypothesis (5,6).
However, studies using conventional genetic methods as well as others using genome-
wide association methods suggest that known genetic mechanisms can only account for
a minority of cases of hypertension (7,8). Furthermore, a study of 1003 identical twins
found that when one twin was hypertensive, the other was hypertensive only 44% of the
time (9), which strongly argues against hypertension being a typical monogenetic or poly-
genic defect. Even more convincing are epidemiologic data that show a dramatic increase
in the prevalence of hypertension over the past 100 years. Thus, studies in the early 1900s
showed a near absence of hypertension in Africa, Asia, Arabia, South America, Australia
and New Zealand, and Oceania (reviewed in (/0)), but now hypertension is rapidly increas-
ing in prevalence along with the worldwide epidemic of obesity and diabetes (/7). Sim-
ilarly, hypertension was observed in only 10% of the population in the USA in the early
1930s (12), but is now present in over 30% of the population (/3). It is difficult to explain
how a purely genetic mechanism could account for this rapid change in prevalence. Finally,
a genetic defect in sodium excretion as a primary mechanism for essential hypertension
does not easily account for studies that show that in early hypertension blood volume and
exchangeable sodium tend to be low (/4-16), that early hypertension is frequently salt-
resistant (i.e., is not altered by sodium intake) (/7), and that salt sensitivity increases pro-
gressively with aging (/7). Consequently, a model that fully explains hypertension must
include the effects of peri- and postnatal life, and exposures and effectors that alter vascular
physiology after organ development is complete.
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PRENATAL EXPOSURES

A nongenetic prenatal or developmental predisposition to hypertension has been
hypothesized for a number of years (/8), based on both epidemiological and experimen-
tal observations (also see Chapter 13). First, there is evidence for a ‘maternal factor’
in hypertension, because hypertension is inherited more commonly through the mother
than the father (/9). Indeed, a child’s risk of hypertension is increased if the mother has
hypertension, preeclampsia, obesity, or malnutrition during pregnancy (20), each of which
increases the risk for delivering a low birth weight baby; lower birth weight is associated
with increased risk of hypertension during adulthood (20). Lower birth weight associated
in experimental models and, possibly, in humans, with fewer nephrons owing to impaired
nephrogenesis (217). In support of this hypothesis is the observation that the experimen-
tal induction of malnutrition during pregnancy in rats results in pups that are born with
low nephron number and later develop salt-sensitive hypertension (22). Autopsy studies of
young hypertensive subjects dying from traffic accidents have also verified that the kid-
neys have significantly fewer nephrons than those of age-matched normotensive controls
(23). However, while low birth weight is especially common among African-Americans
(24), who have the greatest risk for hypertension in the United States, available data does
not support a decreased number of nephrons. Despite strong evidence for perinatal effects,
most patients who develop hypertension as adolescents or adults lack obvious pre- and
perinatal risk factors. Consequently, later-acting effectors must be considered.

CRP AND HYPERTENSION

Over the past two decades a great deal of interest has focused on the role of inflammation
in cardiovascular disease, particularly in atherosclerosis. A variety of protein biomarkers
of ongoing inflammation can be measured in the bloodstream and have been studied as
potential markers or predictors of future risk of CV events. Among such biomarkers, there is
substantial evidence that C-reactive protein, beyond its tracking with ongoing inflammation,
may be a marker and participant in vascular disease and/or hypertension (25).

Assays to measure CRP and their interpretation have evolved over time. The original
tests, used for research and clinical evaluation in the early 1990s, were developed for
patients with infections and inflammatory disorders and have a detection range from 3 to
20 mg/L, well above the levels expected in healthy persons. Most laboratories now use a
highly sensitive C-reactive protein (hsCRP) assay that has a linear detection range down
to 0.3 mg/L. Actual values that constitute an abnormal elevation are the topic of debate
and can vary from lab to lab. The Centers for Disease Control (CDC) and American Heart
Association (AHA) have produced consensus definitions that hsCRP values of <1, 1-3, and
>3 mg/L define the population tertiles in adults and consider values >10 mg/L as abnormal
in any patients (26). When CRP is measured for risk screening, the optimal technique is to
use the average of two tests, at least 2 weeks apart, with a mean value of >3mg/L indicating
increased CV risk (25).

A possible link between CRP and atherosclerotic cardiovascular disease is controversial.
Animal models show that infusion of CRP increases aortic plaque area (27); CRP through
activation of complement (28,29) can exacerbate myocardial ischemic injury (30,31). In a
small clinical study, seven volunteers were infused with CRP, which resulted in a transient
rise in IL-6, IL-8, serum amyloid A, and several procoagulation molecules (32). Larger
clinical and epidemiological trials less consistently support a direct role for CRP in CV
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disease. Among a cohort of 50,000 adults with and without history of ischemic CV disease,
persons with CRP >3 mg/L had a 1.6-fold increase in relative risk of CV events as com-
pared to those with levels <1 mg/L (33). In the same study, four genetic polymorphisms of
CRP accounted for more than 60% of the variability in serum levels of CRP, yet combined
polymorphisms expected to confer greater risk did not. Other studies of polymorphisms
considered as high risk were also unassociated with CV risk (34—37). As most studies have
suggested elevated CRP is associated with risk while mechanistic studies have been incon-
sistent, most experts consider CRP as a marker but not a mediator of cardiovascular disease
(26). In children several studies have correlated CRP with CV risk (38,39), metabolic syn-
drome (40), and left ventricular hypertrophy (417). It has also been noted to be higher in the
offspring of parents with essential hypertension (42).

The central hypothesis regarding a role of CRP in the etiology of hypertension is that
it induces endothelial dysfunction and increased vascular reactivity through perivascu-
lar inflammation. CRP is an acute-phase protein that is produced predominantly in the
liver under transcriptional regulation directed by inflammatory cytokines. Several studies
have shown the induction of production and elaboration of CRP by interleukin-18 (IL-1B),
interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) (43,44). Addition of recombi-
nant CRP to the growth medium of cultured endothelial cells results in the reduction of
NO production, which could result in reduced vasodilation (45,46). In cultured vascular
endothelial cells, CRP induces production and elaboration of endothelin-1, a potent vaso-
constrictor (47,48). Finally, CRP increases the surface expression of angiotensin II type 1
receptors on vascular smooth muscle cells (49), making them more responsive to the vaso-
constrictive action of angiotensin II (Ang II. While all of these experimental mechanisms
are plausible pathways to hypertension, none have been confirmed in humans.

The epidemiologic evidence suggesting a link between CRP and hypertension is not
definitive. The strongest evidence for a link comes from the Women’s Health Study, in
which 20,525 women >45 years in age were followed for 10 years. The total incidence of
hypertension during the follow-up period was 26%. Baseline hsCRP was linearly associ-
ated with incident hypertension as a statistically significant independent risk factor (rela-
tive risk 1.31-2.32, depending on age and other factors) (50). Likewise, an analysis of the
National Health and Nutrition Examination Survey II (NHANES-II) indicated that CRP
was an independent risk factor for incident systolic hypertension in girls, aged 12—17 years
(51). A recent bivariate analysis of the NHANES-III data reported that participants with
CRP >3 mg/L had higher systolic but not diastolic blood pressure as compared to those with
CRP <3 mg/L. Multiple regression analysis found that this effect was independent of other
CV risk factors only in black boys and was of relatively small magnitude, 4 mmHg (52). A
Canadian study of 2224 children also found an association between CRP and SBP, in boys
and girls, but the effect was not independent of body mass index (BMI) (53). Similarly, a
smaller study of 325 Columbian school-age children found that CRP was linearly associ-
ated with adiposity but not independently associated with blood pressure (54). It may be
that CRP is not directly associated with hypertension or that the effect may be of insufficient
magnitude to be detected in children.

Unfortunately, there are currently no available medications that directly act upon the
production or biological activity of CRP. Several classes of medications have been found to
lower CRP, including statins (55), fibrates (56), nicotinic acid (57), thiazolidinediones (58),
and angiotensin receptor blockers (59). These drugs, used to mitigate CV risk factors, may
exert some of their effects secondarily through reduction of CRP or a lower CRP may be an
unrelated side effect. All of these classes of drugs would also be expected to have impact on
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blood pressure for reasons other than reduction of CRP. Consequently, a clinical trial with
one or more of these medications would be unlikely to resolve the mechanistic question of
whether CRP is a cause or risk factor for hypertension.

OTHER INFLAMMATORY CYTOKINES AND CARDIOVASCULAR DISEASE

Several inflammatory markers, other than CRP, have been implicated in CV disease and
hypertension. These include a reported association between serum IL-6 and IL-10 levels
and CV risk (60), and an association between TNF-a receptor polymorphisms and hyper-
tension risk (61); but the greatest amount of focus is on monocyte chemoattractant protein-
1 (MCP-1). MCP-1 is a potent recruitment molecule specific for monocytes that has been
implicated in atherosclerosis and hypertension. Produced by cytokine-activated vascular
endothelial cells (62), MCP-1 causes migration of monocytes into vascular intima initiat-
ing a perivascular inflammatory cycle that can lead to atherosclerotic plaque formation (63)
and/or vascular smooth muscle cell proliferation and arteriolosclerosis (64). Genetically
engineered mice lacking the receptor for MCP-1 have significantly reduced atherosclerotic
plaque formation (63). CRP (47), LDL-cholesterol (65), and uric acid can activate endothe-
lial MCP-1 expression in cultured cells; thus, it is hypothesized that MCP-1 (66) may mod-
ulate several pathways leading to increased cardiovascular risk. In a cross-sectional study
of 263 adults, serum MCP-1 levels correlated with coronary risk factors including hyper-
tension, hypercholesterolemia, diabetes, and obesity (67). Single gene polymorphisms in
the MCP-1 gene have also been linked to hypertension and ischemic heart disease (68), but
whether MCP-1 has a direct role in hypertension and CV disease remains an open question.

URIC ACID IN CHILDHOOD HYPERTENSION

The concept that uric acid may be involved in hypertension is not new. In the 1870s,
Frederick Mahomed noted that many hypertensive patients came from gouty families and
hypothesized that uric acid might be integral to the development of essential hypertension
(69). Ten years later, Haig (70) proposed that hyperuricemia was the underlying cause of
many pathological conditions, including hypertension, diabetes, and ‘rheumatism’, and that
low purine diets were a critical preventive measure. In 1909, Henri Huchard noted that renal
arteriolosclerosis (the histological lesion of hypertension) was observed in three groups;
those with gout, lead poisoning, or have a diet consisting mainly of fatty meats, all of
which are associated with hyperuricemia (7/). Although an association between serum uric
acid level and hypertension was repeatedly reported between 1950s and 1980s (72—74), the
lack of a plausible mechanism led it being largely ignored in medical practice.

In the last decade, new epidemiologic studies have rekindled an interest in the link
between uric acid and hypertension (see Table 1). Three longitudinal Japanese studies
showed an association between serum uric acid level and incident hypertension. Nakanishi
et al. (75) showed a 1.6-fold increased risk of new hypertension over 6 years in young adult
office works with serum uric acid level in the highest tertile. Taniguchi et al. (76) showed
a twofold increased risk of new hypertension over 10 years associated with elevated uric
acid in the Osaka Health Study. Masuo et al. (77) evaluated the linear association of serum
uric acid level and systolic blood pressure, finding an average increase of 27 mmHg per
1 mg/dL increase in serum uric acid levels among nonobese young men. In an ethnically
diverse population within the Bogalusa Heart Study, higher childhood and young adult
serum uric acid levels were associated with incident hypertension and progressive increase
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Table 1

Epidemiology of Hyperuricemia and Hypertension

Study

Year

Population

Finding

References

Israeli Heart
Study

Fessel et al.

Gruskin

Brand et al.

Moscow
Children’s

Hungarian
Children’s

Kaiser
Permanente

University of
Utah

NHANES

Olivetti Heart
Study

1972

1973

1985

1985

1985

1990

1990

1991

1993

1994

10,000 men

348 adults

55 adolescents

4,286 adults

145 children

17,634 children

2,062 adults

1,482 adults

6,768 children

619 men

High uric acid
associated with
twofold risk of
hypertension at
5 years

High uric acid
associated with
greater increase in
SBP over 4 years

Mean uric acid higher
in hypertensive
children

Uric acid had linear
association with
change in SBP over
9 years

9% Normotensive and
73% hypertensive
had uric acid
>8 mg/dL

Uric acid predicts
hypertension in late
adolescence

High uric acid
associated with
twofold risk of
hypertension at
6 years

High uric acid
associated with
twofold risk of
hypertension over
7 years

High uric acid predicts
hypertension in
boys aged 12—17
years

High uric acid
associated with
twofold risk of
hypertension at
12 years

(107)

(108)

(90)

(74)

(109)

(89)

(110)

(111)

(112)

(113)
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Table 1
(continued)

Study

Year

Population

Finding

References

CARDIA Study

Osaka Health

Hawaii LA
Hiroshima

Feig and

Johnson

Osaka Factory

Osaka Health 11

Okinawa

Bogalusa

Framingham

1999

2001

2001

2003

2003

2003

2004

2005

2005

5,115 men

6,356 men

140 men

125 children

433 men

2,310 men

4,489 adults

679 children

3,329 adults

High uric acid

associated with
increased
hypertension in
blacks

High uric acid

associated with
twofold risk of

hypertension at 10

years

High uric acid

associated with
3.5-fold risk of
hypertension at 15
years

Uric acid >5.5 mg/dL.

had 89% PPV for
essential
hypertension

Each 1 mg/dL uric acid

associate with

27 mmHg rise in SBP
High uric acid

associated with
1.6-fold risk of
hypertension at 6
years

High uric acid

associated with
1.7-fold risk of
hypertension at 13
years

High uric acid associate

with diastolic
hypertension at 10
years

High uric acid

associated with
1.6-fold risk of
hypertension at 4
years

(114)

(76)

(115)

(91)

(77)

(75)

(116)

(78)

(79)
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Table 1
(continued)
Study Year Population Finding References
Normative 2006 2,062 men High uric acid associated (117)
Aging with 1.5-fold risk of

hypertension at 21

years
MRFIT 2006 3,073 men High uric acid associated (118)

with 1.8-fold risk of
hypertension at 6 years

ARIC 2006 9,104 adults High uric acid associated (119)
with 1.5-fold risk of
hypertension at 9 years

Beaver Dam 2006 2,520 adults High uric acid associated (120)
with 1.7-fold risk of
hypertension at 10

years
Health Pro- 2006 750 elderly High uric acid associated (121)
fessionals men with 1.1-fold risk of
hypertension at 8 years
CARDIA 2007 2,611 adults Change in uric acid (122)

predicts change in
blood pressure in
young adults over 10
years
Women’s 2009 1,469 women High uric acid associated (123)
Health with 1.9-fold risk of
hypertension
Jones et al. 2009 104 children High uric acid associated (124)
with 2.1-fold risk of
ABPM diastolic
hypertension

in blood pressure within the normal range (78). A post hoc analysis from the Framingham
Heart Study also suggested that a higher serum uric acid level is associated with increased
risk of rising blood pressure (79). Studies specifically of older and elderly patients have
had variable results (80-83), implying that if uric acid leads to hypertension, there may be
a preferential effect in the young.

A rat model developed in the late 1990s provided a hypothetical mechanism for uric
acid-mediated hypertension and significantly increased interest in this field (84). The model
requires that rats be fed an inhibitor of urate oxidase, oxonic acid, to increase their uric acid
levels to those found in humans. Over 7 weeks of such treatment, systolic blood pres-
sures increase an average of 22 mmHg. The increase in blood pressure can be prevented
by the co-administration of the xanthine oxidase inhibitor allopurinol or by the uricosuric
agent benziodarone, indicating that the rise in uric acid is the cause of the increased blood
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Phase 1 — Uric Acid Mediated Vasoconstriction
Uric Acid

——
B s =

TNO

Phase 2 — Uric acid mediated arteriolopathy

Uric Acid
—_—
T MCP-1

Fig. 1. Two phases of hyperuricemic hypertension: Animal model data suggest that hyperuricemia leads to
hypertension in a step fashion. This is a schematic of the effects of uric acid on the blood vessels. The first
phase is directly uric acid dependent and sodium independent. It occurs through the uric acid-mediated
activation of the renin—angiotensin system and downregulation of endothelial nitric oxide, leading to a
vasoconstricted state. The second phase, which develops over time, becomes sodium sensitive and uric
acid independent. It occurs through the uric acid-mediated development of renal afferent arteriolosclerosis
that induces an irreversible shift in the pressure natriuresis curve.

pressure (84). After 7 weeks on a low salt diet, if the urate oxidase inhibitor, oxonic acid,
is removed, the serum uric acid level decreases to normal as does the blood pressure over 3
weeks; however, if the hyperuricemic rats are then fed a high salt diet, they become hyper-
tensive long term, even if hyperuricemia resolves (85). The mechanism by which uric acid
induces this change is complex and has been elucidated. Uric acid enters vascular smooth
muscle cells through several biochemical steps and induces the production and elaboration
of MCP-1 and platelet-derived growth factor (PDGF) (66,84,86,87). This results in vascular
smooth muscle proliferation and the thickening of arteriolar walls and the development of
arteriolosclerosis (Fig. 1).

The two-phase development of hypertension in the rat model (phase 1, with high uric
acid, and phase 2, with salt loading) provides a potential explanation for greater correlation
between uric acid and hypertension in younger and prehypertensive populations. If humans
follow a similar pattern, older patients would be expected to hypertension unrelated to uric
acid levels. Thus, determining whether uric acid causes hypertension and to what extent,
hyperuricemia ought to be managed should be approached in younger patients. Current data
support this approach. In adolescents there is a close association between elevated serum
uric acid level and the onset of essential hypertension. The Moscow Children’s Hyperten-
sion Study reported hyperuricemia (>8.0 mg/dL) in 9.5% of children with normal blood
pressure, 49% of children with borderline hypertension, and 73% of children with mod-
erate and severe hypertension (88). The Hungarian Children’s Health Study followed all
17,624 children born in Budapest in 1964 for 13 years and observed elevated heart rate,
early sexual maturity, and hyperuricemia were significantly associated with development
of hypertension (89). These two studies do not separate the hypertensive children by under-
lying diagnosis, so the relationship between serum uric acid level and hypertension may
be skewed by ascertainment bias. In a small study, Gruskin (90) compared adolescents
(13-18 years of age) with essential hypertension to age-matched, healthy controls with
normal blood pressures. The hypertensive children had both elevated serum uric acid levels
(mean >6.5 mg/dL) and higher peripheral renin activity. In a racially diverse population
referred for the evaluation of hypertension, Feig and Johnson (9/) observed that the mean
serum uric acid level in children with white coat hypertension was 3.6 mg/dL, slightly
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higher in secondary hypertension (4.3 mg/dL) and significantly elevated in children with
primary hypertension (6.7 mg/dL—tight, linear correlation between the serum uric acid
levels and the systolic and diastolic blood pressures, ¥=0.8 for SBP and r=0.6 for DBP).
Among patients referred for evaluation of hypertension, a serum uric acid level >5.5 mg/dL
had an 89% positive predictive value for essential hypertension.

Results from a small very small, unblinded pilot study in children suggest that uric acid
may directly contribute to the onset of hypertension in some humans. Five children, aged
14-17 years, with newly diagnosed and as yet untreated essential hypertension were treated
for 1 month with allopurinol as a solitary pharmacological agent; all had a decrease in blood
pressure by both casual and ambulatory monitoring and four of the five were normotensive
at the end of 1 month. All also had a rebound in their blood pressures after discontinuation
of the therapy (92). A sample of 30 adolescents with newly diagnosed essential hyperten-
sion were treated in a randomized, double-blinded cross-over trial with allopurinol versus
placebo. Sixty-seven percent of children while on allopurinol, and 91% of children who
has serum uric acid level <5.5 mg/dL on treatment, had normal blood pressure, compared
to 3% when children were on placebo (93). While these observations should be confirmed
in larger and more general population, if serum uric acid is indeed directly causing renal
arteriolopathy, altered regulation of natriuresis and persistent systemic hypertension, it is a
modifiable risk factor for CKD in the absence of other mechanisms.

HYPERURICEMIA ETIOLOGY

The causes of mild to moderate hyperuricemia in the young are not well established.
In older patients, a variety of mechanisms, including decreased renal function, have been
shown to lead to hyperuricemia. There are numerous medications that impair renal clear-
ance of uric acid including loop and thiazide diuretics (94). Genetic polymorphisms in
anion transporters such as uric acid anion transporter-1 (URAT-1) may also lead to hype-
ruricemia (95). Approximately 15% of uric acid clearance is through the GI tract, conse-
quently small bowel disease or altered phenotype can also contribute (96). Diets rich in
fatty meats, seafood, and alcohol increase serum uric acid levels (97,98) and obesity con-
fers a threefold increased risk of hyperuricemia (99). Finally, as uric acid is the end point of
the purine disposal pathway, impairment of the efficiency of purine recycling metabolism or
overwhelming the recycling pathway with excessive cell death or cell turnover will increase
serum uric acid levels (100).

Serum uric acid levels throughout the population correlate with the rise in the obesity
(91), and since the introduction of high fructose corn syrup (HFCS) in the early 1970s,
the intake of sweetener has increased (/01). Fructose increases uric acid, and it does so
rapidly through activation of the fructokinase pathway in hepatocytes (/02). Fructokinase
consumes ATP leading to an increased load of intracellular purines requiring metabolism
and disposal through xanthine oxidase-mediated metabolism ending in uric acid (/02).
Fructose-fed rats develop features of metabolic syndrome, hyperuricemia, and hyperten-
sion (103), including the development of preglomerular arteriolopathy. Lowering uric acid
prevents these changes despite ongoing fructose consumption (/0/). Human studies also
show that fructose loading leads to increase serum uric acid levels acutely, and that chronic
increases fructose consumption leads to chronically increased serum uric acid and increases
in blood pressure (104,105). With the nearly universal exposure to sweetened foods and
beverages in the pediatric population, it is very likely that much of the hyperuricemia, espe-
cially that associated with obesity, is dietary rather than genetic in origin (/06). What has
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not yet been proven is whether active reduction of sweetener consumption is an effective
way to reduce serum uric acid levels and or blood pressure.

CONCLUSIONS AND FURTHER DIRECTIONS

The common physiological thread among the potential mediators of hypertension dis-
cussed in this chapter is the induction of an inflammatory cascade. Endothelial dysfunction,
perivascular infiltration of inflammatory cells, smooth muscle proliferation, and the devel-
opment of renal afferent arteriolosclerosis likely represent a common pathway to hyperten-
sion that can be engaged by a variety of stimuli (see Fig. 2). If future studies bear out some
or all of these mediators as important causes of hypertension, the potential therapies may
be specific to specific mediators.

Uric Acid CRP
Inflammatory
Cytokines
MCP-1

Early Vasoconstriction

Interstitial
Inflammation

J pressure
natriuresis

Sodium Retention

!

Hypertension

Fig. 2. A hypothetical common pathway for the development of hypertension secondary to inflammatory
mediators, CRP, MCP-1 and uric acid.
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INTRODUCTION

More than 9 years have elapsed since the publications in February 2001 that provided the
first maps of the human genome (/,2). Increasingly, the identification of a specific gene—or
genes—that causes a given disease is feasible. Indeed, genes involved in several rare, mono-
genic forms of familial hypertension have been identified. However, while the identification
of a gene associated with Mendelian forms of hypertension is feasible, such an approach
does not work as effectively for non-Mendelian forms of high blood pressure (BP), which
have multiple genetic determinants. Many recently developed tools are available to reveal
genes involved in primary hypertension, and studies have identified many associations with
primary or essential hypertension, which is widely viewed as a polygenic disorder. This
chapter discusses both monogenic and polygenic aspects of hypertension.

MONOGENIC FORMS OF HUMAN HYPERTENSION

Genes for a number of monogenic forms of human hypertension have been identified via
positional cloning (in the past called “reverse genetics”) (3—5). In this approach large kin-
dreds with many affected family members are phenotyped, and the mode of inheritance—
autosomal recessive, autosomal dominant, sex-linked, codominant, determined. Subse-
quently, linkage analysis is performed using highly polymorphic genetic markers such as
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microsatellite markers that occur widely throughout the genome, evenly spaced at approx-
imately 10 centimorgan (cM) intervals. Since most people (about 70%) are heterozygous,
the inheritance of alleles can be traced through large pedigrees. In a successful linkage
analysis, a specific chromosomal region in the genome linked to the trait is identified. A
logarithm of the odds (LOD) score describes the presence of such a region. The generally
accepted LOD score indicating linkage is greater than 3.3 (corresponding to a significance
level genome-wide of 4.5 x 1073) (4). Once linkage is identified, a search for known can-
didate genes in the area commences. A search using additional highly polymorphic markers
may also narrow the area of interest, leading to sequences of possible genes within the area.

Most monogenic forms of hypertension identified to date are due to gain-of-function
mutations (6,7), most of which result in overproduction of mineralocorticoids or increased
mineralocorticoid activity. Severe hypertension, often from early life—even infancy—is
not unusual. Clinical hallmarks include apparent volume expansion and suppressed plasma
renin activity with variable hypokalemia. An approach to evaluation of those forms of
hypertension associated with hypokalemia and suppressed renin activity is shown in Fig. 1

(8).

Low-renin hypertension

(*) Family history © Family history
Abnormal PE Normal PE

virilization hypogonadism

serum K* / \ low

serum K*
‘ 11f-hydroxylase | [17a-hydroxylase

deficiency deficiency
normal/high low/normal
Gordon
syndrome 1
Urinary THi18ox0F negligible urinary t THF+alloTHE
steroid profile: THAD aldosterone THE
Diagnosis: Liddle's syndrome AME

Fig. 1. Algorithm for evaluating children with low-renin hypertension. Several hypertensive syndromes
share, as a common feature, very low plasma renin activity (PRA). These disorders are inherited as
either an autosomal dominant (positive family history) or an autosomal recessive (negative family his-
tory) trait. Children with any of three syndromes, GRA, Liddle’s syndrome, apparent mineralocorticoid
excess (AME), share a clinical phenotype characterized by normal physical examinations (PEs), low
PRA, and hypokalemia. These disorders are distinguishable from one another on the basis of charac-
teristic urinary steroid profiles and genetic testing. K*, Potassium; TH180xoF/THAD ratio of urinary
18-oxo-tetrahydrocortisol (THAD) (normal 0-0.4, GRA patients > 1); THF+ alloTHF/THE ratio of the
combined urinary tetrahydrocortisol (THF) and allotetrahydrocortisol (alloTHF) to urinary tetrahydrocor-
tisone (THE) (normal < 1.3, AME patients five- to tenfold higher; from (8)).

Gain-of-function mutations in transporters in the distal nephrons of the renal tubules
result in hypertension via salt and water retention by the kidney (9). (While mutations and
polymorphisms in the genes of various components of the renin—angiotensin—aldosterone
system may lead to excessive renal sodium retention, no single RAS polymorphism causes
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monogenic hypertension.) Clinically, most monogenic hypertension can be divided into
those mutations that lead to overproduction of mineralocorticoids or increased mineralo-
corticoid activity and those that result in abnormalities of electrolyte transport, focusing
on the role of the kidney in hypertension (Table 1) (7). Additionally, some mutations in
proto-oncogenes and genes that involve response to hypoxia have been linked to chromaft-
fin tumors (Table 2) (10).

Glucocorticoid-Remediable Aldosteronism or Familial Hyperaldosteronism
Type 1 (OMIM #103900)

Glucocorticoid-remediable aldosteronism (GRA) or familial hyperaldosteronism type
1, an autosomal dominant disorder, is considered the most common type of monogenic
hypertension and presents in early infancy in some patients (//—15). GRA has been rec-
ognized since the 1960s, when Sutherland et al. (/6) and New and Peterson (/7) reported
patients with severe hypertension accompanied by suppressed renin and increased aldos-
terone secretion that were found to be treatable with dexamethasone. (GRA is listed in the
Online Mendelian Inheritance in Man index (OMIM) as #103900 (OMIM can be accessed
at http://www.ncbi.nlm.nih.gov/Omim); note that the OMIM numbers for other Mendelian
disorders will also be listed for other disorders when available.) The hypertension in GRA is
moderate to severe, owing to increased aldosterone secretion driven by adrenocorticotropic
hormone (ACTH).

A chimeric gene containing the 5’ regulatory sequences of 11p8-hydroxylase (which con-
fers ACTH responsiveness) fused with the distal coding sequences of aldosterone synthase
causes ACTH rather than angiotensin II or potassium as the main controller of aldosterone
secretion (18,19). Both serum and urine aldosterone levels tend to be elevated, though not
invariably. The chimeric gene product converts cortisol to 18-hydroxy and 18-oxo metabo-
lites (20-22), which can be detected in urine and are pathognomonic. The elevations of
urinary cortisol metabolites TH18oxoF and 18-hydroxycortisol and an elevated ratio of
TH180oxoF/THAD metabolites can be measured with a commercially available urinary
steroid profile (Quest Diagnostics/Nichols Institute, San Juan Capistrano, CA) and will
distinguish patients with GRA from others with AME or Liddle’s syndrome (23). How-
ever, specific genetic testing, which is both sensitive and specific, has largely supplanted
the urinary testing when the condition is suspected.

Not all affected members of GRA families develop hypertension in childhood (24,25).
Dluhy et al. (24) assessed 20 children in 10 unrelated GRA pedigrees and observed that 16
of the 20 developed hypertension, as early as 1 month of age. However, four children were
normotensive. Monotherapy using glucocorticoid suppression or aldosterone receptor and
epithelial sodium channel (ENaC) antagonists was sufficient to control BP in half of the
hypertensive children, though the others required polypharmacy, and three had uncontrol-
lable hypertension (24).

Cerebral hemorrhage at an early age (mean age, 32 years) is common in GRA pedigrees.
And almost half of reported pedigrees (48%) and 18% of individual GRA patients have
been noted to develop cerebrovascular complications (6,7,18).

Familial Hyperaldosteronism Type 2 (OMIM #605635)

Familial hyperaldosteronism type 2, which appears to be autosomal dominant, is distinct
from type 1 and is associated with hyperplasia of the adrenal cortex, an adenoma producing
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Table 2
Hereditary Syndromes Associated with Pheochromocytoma
S X c I Risk or MUTATED
YNDROME LINICAL PHENOTYPE PHEOCHROMOCYTOMA GERM-LINE GENE
%
MEN-2A Medullary carcinoma of the thyroid, hyper- 50 RET (proto-oncogene)
parathyroidism
MEN-2B Medullary carcinoma of the thyroid, mul- 50 RET (proto-oncogene)
tiple mucosal neuromas, marfanoid
habitus, hyperparathyroidism
Neurofibromatosis type 1 Neurofibromas of peripheral nerves, cafe 1 NFI
) ) ) au lait spots
Von HIPPE_I—Lmda“ dis- Retinal angioma, CNS hemangioblastoma, 10-20 VHL
case (retinal cerebellar renal-cell carcinoma, pencreatic and
hemangioblastosis) renal cysts
Familial paraganglioma Carotid-body tumor (chemodectoma) 20 SDHS, SDHB
syndrome (estimated)

MEN-2A, multiple endocrine neoplasia type 2A; MEN-2B, multiple endocrine neoplasia type 2B; CNS, central
nervous system; SDHD, the gene for succinate dehydrogenase subunit D; and SDHB, the gene for the succinate
dehydrogenase subunit B.

With permission from (70).

aldosterone, or both (26—29). It has been estimated to be fivefold more common than GRA
(29). Dexamethasone fails to suppress the findings. To date, no mutation has been identi-
fied, though linkage studies have identified a 5-Mb locus on chromosome 7p22. Recently,
Stowasser group (29) examined a number of candidate genes within 7p22, many of which
involve cell growth, but have not yet definitively identified the gene responsible.

Apparent Mineralocorticoid Excess (OMIM # 218030)

Low-renin hypertension, often severe and accompanied by hypokalemia and metabolic
alkalosis (30), is the hallmark of apparent mineralocorticoid excess (AME), first described
in 1977 by New et al. (31,32). Spironolactone is often effective initially, but patients often
become refractory to this drug. In AME 118-hydroxysteroid dehydrogenase (118-HSD)
is absent, resulting in hypertension in which cortisol acts as if it were a potent miner-
alocorticoid. The microsomal enzyme 118-hydroxysteroid dehydrogenase, interconverts
active 11-hydroxyglucocorticoids to inactive keto-metabolites. Cortisol, as well as aldos-
terone, has an affinity for the mineralocorticoid receptor. Normally, 118-HSD is protective,
preventing binding of cortisol to the mineralocorticoid receptor; but in AME, the slower-
than-normal metabolism of cortisol to cortisone results in cortisol acting as a potent miner-
alocorticoid (31,32), whereas metabolism of cortisone to cortisol is normal.

Persons with classic AME usually develop symptoms in early childhood, often present-
ing with failure to thrive, severe hypertension, and persistent polydipsia. Affected patients
appear volume expanded and respond to dietary sodium restriction. Plasma renin activ-
ity is very low. A high cortisol:cortisone ratio in plasma or an abnormal urinary ratio of
tetrahydrocortisol/tetrahydrocortisone (THF/THE), in which THF predominates, makes the
diagnosis.

Affected children are at high risk for cardiovascular complications, and some develop
nephrocalcinosis and renal failure (33); early therapy may lead to better outcome.

Several variants of AME have been reported, including a mild form in a Mennonite
kindred in which there is a P227L mutation in the HSD11B2 gene (34,35); a coactivator
defect with resistance to multiple steroids (36); and hypertension without the characteristic
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findings of AME in a heterozygous father and homozygous daughter who have mutations
in 118-HSD2 (37). A recent paper reported a Brazilian child with a homozygous missense
mutation p.R186C in the HSD11B2 gene (38).

The hypertension in AME appears renally mediated, but recent evidence suggests that
ultimately, the disorder changes from increased sodium resorption to a vascular form of
hypertension (39).

Mineralocorticoid Receptor Gain-of-Function Mutation

A form of monogenic hypertension due to a gain-of-function mutation in the miner-
alocorticoid receptor occurs due to a missense mutation that was first found in a teenage
boy with hypertension, low-renin and aldosterone levels, as well as mild hypokalemia (40).
In toto, 11 persons in his family had this mutation. In this mutation, which influences an
important binding region of the receptor, a serine at amino acid 810 in the mineralocorticoid
receptor is changed to leucine (S810L).

Affected persons have refractory hypertension, and women with this mutation have
severely elevated BP during pregnancy (4/,42). Early death due to heart failure occurred in
the index family (40).

It appears that the S§10L mutation leads to a conformational change in the receptor
that heightens the stability of steroid-receptor complexes. The mutation thus results in a
steric hindrance resulting in a bending of the molecule that makes it difficult for known
agonists and antagonists to act normally. Some antagonists that cannot act on the normal
(wild type) receptor, work in this mutation: these include RU-486, 5-pregnane-20-one, and
4,9-androstadiene-3,17-dione (43).

Steroidogenic Enzyme Defects Leading to Hypertension

Rare autosomal recessive defects in steroidogenesis associated with hypertension were
well recognized before the genomic era. Cortisol is normally synthesized under the con-
trol of ACTH in the zona fasciculata, whereas aldosterone is synthesized largely under the
influence of angiotensin II and potassium in the zona glomerulosa. Aldosterone synthesis
is not normally controlled by ACTH, but if any of the several enzymes that are involved
in cortisol biosynthesis is abnormal, the usual feedback loop is interrupted. Consequently,
plasma ACTH will increase in an attempt to produce cortisol, and aberrant products will
accumulate, some of which lead to hypertension.

The inherited defects of steroid biosynthesis—all autosomal recessive—are, as a group,
termed congenital adrenal hyperplasia (CAH), and each results in a characteristic clini-
cal and biochemical profile (44—46). Any enzyme in the pathways of steroidogenesis may
contain a mutation; the most commonly affected is 21-hydroxylase. However, mutations
in 21-hydroxylase are not generally associated with hypertension. Enzyme mutations that
are associated with hypertension include (in order of frequency) 118-hydroxylase >> 38-
hydroxysteroid dehydrogenase>>> 17a-hydroxylase and cholesterol desmolase. Patients
with the 118-hydroxylase and 38-hydroxysteroid dehydrogenase defects have a tendency
to retain salt, becoming hypertensive. It is also important to remember that any person with
CAH may develop hypertension owing to overzealous replacement therapy.

STEROID 118-HYDROXYLASE DEFICIENCY

The mineralocorticoid excess in 118-hydroxylase deficiency (44-50), a form of CAH
accompanied by virilization, leads to decreased sodium excretion with resultant vol-
ume expansion, renin suppression, and hypertension. Elevated BP is not invariant in
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11B-hydroxylase deficiency and most often is discovered in later childhood or adolescence,
often with an inconsistent correlation to the biochemical profile (44—50). Hypokalemia is
variable, but total body potassium may be markedly depleted in the face of normal serum
or plasma potassium. Renin is generally decreased, but aldosterone is increased.

Therapy for 118-hydroxylase deficiency should focus on normalizing steroids. Admin-
istered glucocorticoids should normalize cortisol and reduce ACTH secretion and levels
to normal, thus stopping oversecretion of deoxycorticosterone (DOC). Hypertension gener-
ally resolves with such therapy (45). When hypertension is severe, antihypertensive therapy
should be instituted until the BP is controlled; such therapy can be tapered later.

Additional mutations can cause this syndrome. For example, a patient with 118-
hydroxylation inhibition for 17-«-hydroxylated steroids but with intact 17-deoxysteroid
hydroxylation has been reported (50). Multiple mutations affecting the CYP/1B1 gene have
been described; these include frameshifts, point mutations, extra triplet repeats, and stop
mutations (30, 51-54).

STEROID 170-HYDROXYLASE DEFICIENCY

Abnormalities in 17«-hydroxylase affect both the adrenals and gonads, since a dys-
functional 17a-hydroxylase enzyme results in decreased synthesis of both cortisol and
sex steroids (55-58). Affected persons appear phenotypically female (or occasionally have
ambiguous genitalia), irrespective of their genetic sex, and puberty does not occur. Conse-
quently, most cases are discovered after a girl fails to enter puberty (57). An inguinal hernia
is another mode of presentation. Hypertension and hypokalemia are characteristic, owing
to impressive overproduction of corticosterone (compound B).

Glucocorticoid replacement is an effective therapy. However, should replacement ther-
apy fail to control the hypertension, appropriate therapy with antihypertensive medica-
tion(s) should be instituted to control BP.

Mutations in Renal Transporters Causing Low-Renin Hypertension

PSEUDOHYPOALDOSTERONISM TYPE II—GORDON’S SYNDROME
(OMIM#145260)

Pseudohypoaldosteronism type II (also known as Gordon’s syndrome or familial hyper-
kalemia; OMIM #145260), an autosomal dominant form of hypertension associated with
hyperkalemia, acidemia, and increased salt reabsorption by the kidney, is caused by muta-
tions in the WNK1 and WNK4 kinase family (59-63). Though the physiology and response
to diuretics suggested a defect in renal ion transport in the presence of normal glomerular
filtration rate, the genetics have only recently been delineated.

Affected persons have low-renin hypertension and improve with thiazide diuretics or
with triamterene (63). Aldosterone receptor antagonists do not correct the observed abnor-
malities.

PHAII genes have been mapped to chromosomes 17, 1, and 12 (59,60). One kindred was
found to have mutations in WNK1—Ilarge intronic deletions that increase WNKI1 expres-
sion. Another kindred with missense mutations in WNK4, which is on chromosome 17,
has been described. While WNKI1 is widely expressed, WNK4 is expressed primarily in
the kidney, localized to tight junctions. WNKs alter the handling of potassium and hydro-
gen in the collecting duct, leading to increased salt resorption and increased intravascular
volume by as yet unknown means.
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LIDDLE’S SYNDROME (OMIM # 177200)

In 1963 Liddle et al. (64) described early onset of autosomal dominant hypertension
in a family in whom hypokalemia, low renin and aldosterone concentrations were noted
in affected members. Inhibitors of renal epithelial sodium transport, such as triamterene,
worked well in controlling hypertension, but those of the mineralocorticoid receptor did not.
A general abnormality in sodium transport seemed apparent, as the red blood cell transport
systems were not normal (65). A major abnormality in renal salt handling seemed likely
when a patient with Liddle’s syndrome underwent a renal transplant, and hypertension and
hypokalemia resolved post-transplant (66).

While the clinical picture of Liddle’s syndrome is one of aldosterone excess, aldos-
terone and renin levels are very low (8). Hypokalemia is not invariably present. A defect in
renal sodium transport is now known to cause Liddle’s syndrome. The mineralocorticoid-
dependent sodium transport within the renal epithelia requires activation of the epithelial
sodium channel (ENaC), which is composed of at least three subunits normally regulated
by aldosterone. Mutations in p and y subunits of the ENaC have been identified (both lie on
chromosome 16) (67,68). Thus, the defect in Liddle’s syndrome leads to constitutive activa-
tion of amiloride-sensitive epithelial sodium channels (ENaCs) in distal renal tubules, caus-
ing excess sodium reabsorption. Additionally, these gain-of-function mutations prolong the
half-life of ENaCs at the renal distal tubule apical cell surface, resulting in increased chan-
nel number (69).

Pheochromocytoma-Predisposing Syndromes

A variety of RET proto-oncogene mutations and abnormalities in tumor suppressor genes
are associated with autosomal dominant inheritance of pheochromocytomas, as summa-
rized in Table 2 (10,70-75). A number of paraganglioma and pheochromocytoma suscep-
tibility genes inherited in an autosomal dominant pattern appear to convey a propensity
toward developing such tumors (/0). Both glomus tumors and pheochromocytomas are
derived from neural-crest tissues, and the genes identified in one type of tumor may appear
in the other (76). For instance, germ-line mutations have been reported both in families with
autosomal dominant glomus tumors and in registries with sporadic cases of pheochromo-
cytoma (77). In addition, other pheochromocytoma-susceptibility genes include the proto-
oncogene RET (multiple endocrine neoplasia syndrome type 2 (MEN-2)), the tumor sup-
pressor gene VHL observed in families with von Hippel-Lindau syndrome, and the gene
that encodes succinate dehydrogenase subunit B (SDHB).

The genes involved in some of these tumors appear to encode proteins with a common
link involving tissue oxygen metabolism (78-80). In von Hippel-Lindau disease, inactivat-
ing (loss-of-function) mutations are present in the VHL suppressor gene, which encodes
a protein integral to the degradation of other proteins—some of which, such as hypoxia-
inducible factor, are involved in responding to low oxygen tension. Interestingly, the mito-
chondrial complex II, important in O, sensing and signaling, contains both SDHB (suc-
cinate dehydrogenase subunit B)and SDHD (succinate dehydrogenase subunit D). Thus,
mutations in the VHL gene, and SDHB and SDHD might lead to increased activation of
hypoxic signaling pathways leading to abnormal proliferation.

In multiple endocrinopathy-2 (MEN-2) syndromes, mutations in the RET proto-
oncogene lead to constitutive activation (activating mutations) of the receptor tyrosine
kinase. The end result is hyperplasia of adrenomedullary chromaffin cells (and in the
parathyroid, calcitonin-producing parafollicular cells). In time, these cells undergo a high
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rate of neoplastic transformation. It now appears that apparently sporadic chromaffin
tumors may also contain mutations in these genes.

Hypertension with Brachydactyly (OMIM #112410)

Hypertension with brachydactyly, also called brachydactyly, type E, with short stature
and hypertension (Bilginturan syndrome) was first described in 1973 in a Turkish kindred
(81). Affected persons have shortened phalanges and metacarpals, as well as hypertension.
Linkage studies performed in the 1990s mapped this form of hypertension to a region on
chromosome 12p, in the region 12p12.2 to p11.2 (82,83).

Patients with this form of hypertension have normal sympathetic nervous system and
renin—angiotensin system responses. In 1996, some abnormal arterial loops were observed
on MRI examinations of the cerebellar region. There was speculation that this abnormality
could lead to compression of neurovascular bundles that would lead to hypertension (84).
Another family, in Japan, also had similar findings, and a deletion in 12p was reported in
that family (85).

There are several candidate genes in the region—a cyclic nucleotide phosphodiesterase
(PDE3A) and a sulfonylurea receptor, SUR2, which is a subunit of an ATP-sensitive
potassium channel. It was hypothesized that there could be “a chromosomal rearrange-
ment between the candidate genes PDE3A/SUR2/KCNJS for hypertension and SOXS5 for
the skeletal phenotypes, separated by several megabases” (summarized in (86)). It then
appeared, in studies using bacterial artificial chromosomes, that there was an inversion,
deletion, and reinsertion in this region. It appears currently that rather than a mutation in a
single gene, this form of hypertension is caused by the chromosomal rearrangement.

Other Forms of Mendelian Hypertension

In addition, there have been reports of severe insulin resistance, diabetes mellitus, and
elevated BP caused by dominant-negative mutations in human PPARY (87) There has also
been a description of hypertension, hypomagnesemia, and hypercholesterolemia due to an
abnormality in mitochondrial tRNA. In this case, impaired ribosomal binding is due to a
missense mutation in the mitochondrial tRNA (88).

When to Suspect Monogenic Hypertension

Table 3 lists the situations in which the astute clinician should consider monogenic
hypertension (7). These include both clinical and laboratory findings that should point
toward further evaluation. Significant among these are a strong family history of hyper-

Table 3
When to Suspect a Hypertensive Genetic Disorder

At-risk members of kindreds with a known monogenic hypertensive disorder (e.g., multiple
endocrine neoplasia, syndromes)

Hypokalemia in hypertensive children and their first-degree relatives

Juvenile onset of hypertension, particularly if plasma renin is suppressed

Physical findings suggestive of syndromes or hypertensive disorders (e.g., retinal angiomas,
neck mass, hyperparathyroidism in patient with a pheochromocytoma)

Adapted from (7).
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tension, particularly when the BP is difficult to control within the family. Low plasma renin
activity should also point toward the possibility that a defined form of hypertension may be
present.

NON-MENDELIAN, POLYGENIC HYPERTENSION

The genetic contribution to a widely prevalent condition such as essential (primary)
hypertension is generally considered to involve multiple genes and is thus termed poly-
genic. The possibility for determining the genes involved seems far more feasible in the
current genomic era, yet clear identification has proved elusive, in part because BP is a con-
tinuous variable, and the contribution of any one gene appears to be small. Relevant back-
ground for considering the genetic factors predisposing toward hypertension is described in
the following sections.

Experimental Hypertension as a Tool to Investigate Polygenic Hypertension

Many studies in inbred experimental animals, mainly rats and mice, have aimed to iden-
tify genes controlling BP. In the 1980s, it was estimated that 5-10 genes control BP (89).
In 2000, Rapp (90) summarized available research and estimated that 24 chromosomal
regions in 19 chromosomes were associated with hypertension in various rat strains. A
recent review by Delles et al. (97) notes that candidate QTLs (quantitative trait loci) have
been identified on nearly every chromosome. Studies using inbred rat strains, however, did
not identify polygenes and their associated alleles (92).

A large number of chromosomal regions and some candidate genes have also been sug-
gested from experimental studies in mice. For example, targeted gene deletion studies have
shown an effect on BP in more than a dozen genes, among which are endothelial nitric oxide
synthase, insulin receptor substrate, the dopamine receptor, apolipoprotein E, adducin-a,
the bradykinin receptor, and the angiotensin type 2 receptor, as well as other members of
the renin—angiotensin system (93).

Genetic manipulation in mice has been successful in exploring contributions of various
candidate genes (reviewed in (94)), most notably those of the renin—angiotensin system
through two approaches, overexpression of a given gene (with “transgenic” animals (90))
and deleting gene function (with “knockouts™). An additional approach is to use gene tar-
geting in embryonic stem (ES) cell cultures (95-97).

Inbred strains rather than transgenic or knockouts have led to important findings
(97-100). A number of studies, notably those of Jacob et al. (97) and Hilbert et al. (98),
found linkage in a rat model of hypertension that pointed to the angiotensin-converting
enzyme (ACE) gene as important in determining hypertension. Since those reports of more
nearly 20 years ago, a large number of clinical studies have suggested a link between ACE
polymorphisms in humans and hypertension. See a recent commentary on the value of stud-
ies in the rat model (91,99).

Human Hypertension

A variety of studies have pointed to a link between human hypertension and genes of
the renin—angiotensin system (summarized in (/01,102)). However, in common diseases
such as hypertension, it may be more productive to consider susceptibility alleles rather
than disease alleles per se. Furthermore, some people carrying a particular susceptibility
allele may not have the disease either because they do not have the environmental exposure
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that causes the condition to develop or because they lack another allele(s) that is needed
to cause a given clinical problem. Because there are multiple potential interactions, and
susceptibility alleles are generally common, following a given allele through pedigrees is
difficult. In such a circumstance, segregation analysis is difficult, particularly if a given
susceptibility allele has a small effect. Indeed, to date, linkage has been reported on most
chromosomes in humans (103-118).

Linkage analysis may still be an initial step (3—5), but it is not as powerful a tool as it is in
Mendelian diseases, because many people without the disease may carry the susceptibility
allele. Using affected siblings (sib pairs) may be helpful to gain more understanding of the
possible genetics. Siblings who are both affected with a given problem such as hyperten-
sion would be anticipated to share more than half their alleles near or at the susceptibility
locus, and the chance of this occurrence is then calculated (3—5). An LOD score of greater
than 3.6 is taken as evidence of a linked locus, which is often very large (in the range of
20-40 cM). Once a putative linkage is confirmed in a replicate study, finer mapping can
be performed to hone in on the genetic region that contains the putative gene. This is done
through linkage disequilibrium or association testing between disease and genetic markers,
often with single-nucleotide polymorphisms (SNPs). SNPs occur roughly every 1000 base
pairs and lend themselves to automated testing. Using SNPs, a broad region (10—40 cM)
can be narrowed to a far smaller region of roughly 1 x 10° base pairs (110,111).

Genome-wide screens of the human genome aiming to discover hypertension genes
have suggested many loci of interest (//2,113). These screens have included subjects with
diverse phenotypes, and ethnicity; furthermore, selection criteria have varied. The num-
bers and composition of families have ranged from single, large pedigrees to more than
2000 sib pairs from 1500 or so families (//2). Using genomic scan data from four partner
networks, the US Family Blood Pressure Program (FBPP) (/13) sought to use phenotypic
strategies that reflect the ethnic demography of the USA. A 140-170 cM region of chro-
mosome 2 was linked to hypertension in several populations—Chinese sib pairs (/09) and
Finnish twins (104), as well as a discordant sib-pair screen. Recently Caulfield et al. (/7/4)
phenotyped 2010 sib pairs drawn from 1599 families with severe hypertension as part of
the BRIGHT study (Medical Research Council BRItish Genetics of HyperTension) and
performed a 10-cM genome-wide scan. Their linkage analysis identified a locus on chro-
mosome 6q with an LOD score of 3.21 and genome-wide significance of 0.042. However,
this locus is at the end of chromosome 6, and the end of a chromosome may generate errors;
thus, caution is required in drawing conclusions from these findings. The Caulfield group
also found three other loci with LOD scores above 1.57 (114). One of these loci was the
same as that found in the Chinese and Finnish studies (//4).

Within the last few years, there have been further genome-wide association studies
(GWAS) concerning hypertension reported (/79,120). In 2007 Levy et al. (/21) used an
Affymetrix 100 K chip platform and performed a GWAS with the Framingham cohort, yet
the initial analysis did not find significance for any gene. Using the Wellcome Trust Case
Control Consortium (WTCCC) and an Affymetrix 500 K chip, another GWAS was reported
in 2007, and it, too, did not reach genome-wide significance for any gene (/22). However, a
study in which the subjects were from the Korean general population most recently reported
genome-wide significance, though a very small effect for the ATPase, Ca>* transporting,
plasma membrane 1 (ATP2B) gene (123). These rather disappointing results from GWAS
studies on hypertension are discussed to indicate the complexity of primary hypertension.

Two consortiums have lately reported some more encouraging results. The Global BPgen
group examined 2.5 million genotyped or imputed SNPs in 34,433 persons of European
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background and found 8 regions that reached genome-wide significance. These regions
were associated with hypertension and lie in close proximity to genes CYPI7A1, CYPIA2,
FGF5, SH2B3, MTHFR, ZNF652, and PLCD3 and to the chromosome 10 open-reading
frame 107 (c100rf107) (124). Further, the so-called CHARGE consortium (/25) looked at
29,136 participants and studied 2.5 million genotyped or imputed SNPs; they reported sig-
nificant associations with hypertension for 10 SNPs, and with systolic BP for 13 SNPs and
for diastolic BP with 20 SNPs. Their findings and those of Global BPgen were then sub-
jected to a meta-analysis, and this led to findings of genome-wide significance for a number
of genes associated with elevated BP or with systolic or diastolic BP (/24). These included
the ATP2B gene, as well as CYPI7A1 (steroid 17-alphamonooxygenase), CSK-ULK3 (adja-
cent to c-src tyrosine kinase and unc-51-like kinase 3 loci), TBX3-TBX5 (adjacent to T-box
transcription factor TBX3 and T-box transcription factor TBXS loci), ULK4 (unc-51-like
kinase 4), PLEKHA?7 (pleckstrin homology domain containing family A member 7), SH2B3
(SH2B adaptor protein 3), and CACNB2 (calcium channel, voltage-dependent, B2 subunit)
(124).

Candidate Genes

Another approach in assessing polygenic hypertension is to use candidate genes—which
already have a known or suspected role in hypertension—that are present near the peak of
observed genetic linkage. If the full sequence of the candidate gene is known, then it is
relatively easier to go forward.

In the Caulfield study (//4), for example, there are a number of candidate genes that are
within the linkage analysis-identified areas on chromosomes 2 and 9. Genes that encode
serine/threonine kinases, STK39, STK17B are on chromosome 2q; PKNBETA, a protein
kinase, is on chromosome 9q; G-protein-coupled receptors on chromosome 9—GPR107 on
9q 9q and GPR21 on 9q33; and on 2q24.1 there is a potassium channel, KCNJ3.

Microarrays are used to identify differential expression of expressed sequences in tissues
from affected and unaffected persons. These are available either as full-length cDNAs or as
expressed sequence tags (ESTs)

Candidate Susceptibility Genes

A number of genes have become candidates as susceptibility genes, particularly those
of the renin—angiotensin system. A number of such genes were associated with hyperten-
sion and cardiovascular regulation in the pre-genomic era. Many associations have been
described or imputed, including not only members of the renin—angiotensin system, but
many other genes. For example, Izawa et al. (//7) chose 27 candidate genes based on
reviews of physiology and genetic data that looked at vascular biology, leukocyte and
platelet biology, and glucose and lipid metabolism. They then also selected 33 SNPs of
these genes, largely related in promoter regions, exons or spliced donor or acceptor sites
in introns and looked at their relationship to hypertension in a cohort of 1940 persons.
They found that polymorphisms in the CC chemokine receptor 2 gene were associated with
hypertension in men and those in the TNF-«a gene with hypertension in women (//7). In a
GWAS in African-Americans, Adeyemo et al. (/26) suggested that pathway and network
approaches might be helpful in identifying or prioritizing various loci.
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Variants or Subphenotypes

If a particular variant of a complex disease is clinically distinct, then analysis of so-called
subphenotypes by positional cloning may be potentially illuminating (3-5,718,120). In such
an instance, there may be fewer susceptibility genes involved. However, subphenotypes
may be difficult to study, as the physiology involved may be intricate. An example would
be salt-sensitive hypertension (//8). In order to study subjects, it is necessary to perform
careful metabolic studies that confirm the subphenotype (hypertension with salt sensitivity)
and also are standard during testing.

Present Implications for Pediatric Hypertension

A search for monogenic forms of hypertension is clearly indicated in an infant, child,
or teenager with elevated BP and history or signs compatible with one of these diagnoses.
If a child is found to have one of the rare forms of monogenic hypertension, there will
be specific therapy. Few data, however, exist to guide the clinician in terms of the roles
polygenic hypertension in children at the present time.
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HISTORICAL BACKGROUND

The concept of measuring blood pressure (BP) has significantly evolved over the past two
centuries, overcoming the challenge posed by the well-established, but clearly subjective,
art of palpation of the pulse for ‘measures’ other than simply determining heart rate. In
the United States, the BP cuff was introduced by Cushing in Baltimore in 1901 and in
Boston in 1903 (/,2) when he returned from a trip to Italy with a version of a Riva-Rocci
mercury sphygmomanometer. Recognizing the obstacles to be overcome, Cushing noted,
“The belief is more or less prevalent that the powers of observation so markedly developed
in our predecessors have, to a large extent, become blunted in us, owing to the employment
of instrumental aids to exactness, and the art of medicine consequently has always adopted
them with considerable reluctance” (2).

Cook and Briggs (3), two resident house officers, quickly introduced the new cuff into
clinical practice at the Johns Hopkins Hospital. They apparently had a single-sized rub-
ber bladder covered by a canvas case that was fitted with hook and eye attachments so
that it could be “fitted to any arm from that of an infant to that of a large adult”. Inter-
estingly, despite the one-size fits-all bladder, they felt that arm size was a ‘very small
factor’ in obtaining the pressure using their device. They reported the first ‘normal’ val-
ues in children, systolics between 75 and 90 mmHg during the first 2 years of life and
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90-110 mmHg during early childhood. This compared with their reported normal systolic
BP of 130 mmHg in young adult males and 115-120 mmHg in young women. In their
extensive report, they demonstrated BP responses during surgery, shock, hemorrhage, post-
operative recovery, obstetrics, hypertension, and sepsis. They also documented the response
of BP to pressors and volume (3). It should be noted that this early technique was based
upon palpation of the brachial pulse.

At roughly the same time, Korotkoff was describing sounds that could be heard by plac-
ing a stethoscope over the brachial artery at the elbow below a BP cuff as the cuff pres-
sure was slowly released [Korotkoff NC. On methods of studying blood pressure. Izvestiia
Voennomeditsinskite Akademiia. 1905;11:365, as translated in (4)]. The original report by
Korotkoff was in fact only one paragraph long, followed by a discussion. This ausculta-
tory method was rapidly adopted, with data in adults from the United States reported in
1910 (5). The value of BP determination was quickly recognized. By 1925 reports of the
association between BP and mortality among US life insurance policyholders first appeared
(6). Despite this, coordinated studies of BP in children were slow to be developed. The Spe-
cialized Centers of Research—Atherosclerosis (SCOR-A) studies in Bogalusa, LA; Miami,
FL; and Muscatine, IA were among the earliest, starting in the late 1960s and early 1970s
(6). These studies were all based on the auscultatory method.

IMPORTANCE OF BP MEASUREMENT

The critical need for a ‘standard’ methodology for BP measurement in children stems
from the recognition that both high BP and frank hypertension are pervasive problems in the
present era (7). The Third National Health and Nutrition Examination Survey (NHANES)
showed the prevalence of frank hypertension (BP > 140/90 mmHg) in adults in the United
States to be as high as 25%, with an even higher prevalence of ‘suboptimal’ BP (3,7). While
the epidemiology of childhood hypertension is less well defined, the reported prevalence of
pediatric hypertension varies from a low of 0.8% (8) to a high of 5% (9). Notwithstand-
ing the lower prevalence of hypertension in children, the clinical impact of BP monitoring
in children should by no means be considered negligible. This is based on the premise
that BP ‘tracks’ from childhood into adulthood, and that, with intervention, the long-term
adverse consequences of hypertension are almost entirely preventable. Tracking, which will
be addressed in a subsequent chapter in greater detail, is defined as the tendency of an indi-
vidual to maintain his or her percentile rank for a given parameter with age. While there
is ongoing controversy as to how predictive childhood BP, as measured by casual meth-
ods, is for adult hypertension, it certainly appears that children who might be expected to
be at greatest risk of cardiovascular complications, that is, those with persistently elevated
BP readings, high body mass index, excessive weight gain, and a family history of hyper-
tension, especially in the older age groups, have higher coefficients of tracking of BP into
adulthood, and are, therefore, more likely to remain hypertensive as adults (/0—12). More-
over, childhood BP remains, to date, the strongest identified predictor for adult hypertension
(13).

Extrapolating from the adult medical literature, it has long been believed that children
with hypertension are at high risk of long-term morbidity and mortality. Clearly high BP,
and even less than ‘optimal’ BP (/4) in adults has been shown to be a risk factor for cardio-
vascular morbidity (heart failure and myocardial infarction) (15, 16), cerebrovascular events
(stroke) (17), and end-stage renal disease (/8). Not only that, studies both in adults (/9)
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and in children (20) have demonstrated that hypertension is an important marker since its
presence is strongly associated with the coexistence of other metabolic abnormalities such
as dyslipidemia, obesity, and insulin resistance, all of which compound the risk of cardio-
vascular and cerebrovascular morbidity. Even if one considers the link between childhood
BP and adult hypertension suspect, the more short-term adverse effects of severe hyperten-
sion, which is often clinically silent, on organ function can lead to life-threatening com-
plications such as aortic dissection (2/), intracranial hemorrhage, heart failure (22), and
encephalopathy (23). Less devastating, but possibly an equally worrisome effect of hyper-
tension, is left ventricular hypertrophy, a major risk factor in adults for morbid cardiac
events (24).

When one considers that hypertension is prevalent in epidemic proportions in adults,
its origins can be traced back, at least to some extent, into childhood, and it is associ-
ated with adverse short- and long- term consequences, most of which, hypothetically, can
be prevented with early detection and treatment, it should come as no surprise that the
periodic measurement of BP and moreover, the accurate measurement of BP, is of critical
importance. Recognizing the importance of BP monitoring, the National Heart, Lung and
Blood Institute and the American Academy of Pediatrics have long advocated for the rou-
tine monitoring of BP in all children above the age of 3 years on an annual basis (25), or
at least at the time of routine examinations. Consequently BP measurements in children
have become commonplace. However, at the same time, so has the number of different
devices being employed for its measurement, causing confusion and lack of uniformity in
the method of BP determination. This raises important questions regarding the validity and
accuracy of these devices and also highlights the need for a standardized means of testing
and monitoring their performance to avoid errors in measurement that could have egregious
consequences. This is even more important, when one recognizes how much more common
home BP monitoring has become, both for the diagnosis and management of hypertension.

Before we discuss the individual methods for causal BP measurement in children, let us
clarify the term ‘casual’. The use of the term ‘casual’, in this chapter, refers to the more
conventional practice of obtaining BP readings on an episodic or intermittent basis such as
readings during an office visit, as opposed to the more ‘continuous’ technique of ambulatory
BP monitoring, which is addressed in a more comprehensive manner in Chapter 10.

GENERAL ISSUES IN THE MEASUREMENT OF BP

There are certain general issues in the measurement of BP that apply both to children
and to adults. These are discussed quite thoroughly in the American Heart Association
Guidelines for the Measurement of BP (26) and in a review by Gillman and Cook (27).
Basically, these issues can be categorized into those that relate to the equipment, the patient,
and the observer.

Equipment: Obviously, the equipment must be maintained, calibrated, and functional.
All devices for measuring BP require ongoing maintenance. Even mercury columns can be
inaccurate (28).

Perhaps the most important source of error related to the equipment in the measuring
process pertains to selection of the proper size cuff. This remains an area of controversy
since most suggestions as to what constitutes an appropriate cuff size are based on much
opinion and very limited evidence. The present viewpoint is that the ‘proper’ cuff is one in
which the inflatable bladder either has a width that is at least 38% of the arm circumference
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and/or a length that encircles at least 90% if not the entire upper arm (27). Similarly, the
4th Report on the Diagnosis, Evaluation and Treatment of High Blood Pressure in Children
and Adolescents recommends that the bladder of the cuff have a width that is approximately
40% of the arm circumference midway between the olecranon and the acromion; this cor-
responds to a cuff bladder that will cover 80-100% of the arm circumference (25). The
British have suggested that three cuffs with bladders measuring 4 x 13 cm, 10 x18 cm,
and the adult dimensions 12 x 26 cm are sufficient for the range of arm sizes likely to be
encountered in children from O to 14 years of age (29). This degree of standardization of
commercially available cuffs is not the case in the United States. It is interesting to note
that the British cuffs have width/length ratios that (1) are variable and (2) would not allow
the combination of a width/arm circumference ratio of 0.4 at the same time that they allow
a length/arm circumference ratio of 0.9—1.0. It is well established that undercuffing, that is,
the use of too small a cuff, leads to erroneously high BP measurements. Less well estab-
lished is the converse—overcuffing. A few papers suggest that a cuff that is too large for
the arm will underestimate true BP. Too large in this context generally implies widths that
exceed the recommended 0.38-0.4 ratio to arm circumference. Overly long cuffs, which of
necessity will overlap, do not seem to generate significant errors (27,30).

The problem of cuff size selection is aggravated by the lack of standards in the United
States. Although Association for the Advancement of Medical Instrumentation (AAMI) and
AHA standards call for cuffs that allow a cuff width to arm circumference ratio of 0.4, and
also call for a bladder length to arm circumference ratio of 0.8, they do not take the logical
step of establishing a minimal bladder width to length ratio of 0.5. As a result of the lack
of standards, there is a wide variability in commercially available cuffs that are designed
for children. In a 1996 survey of BP cuff manufacturers by one of the authors (BZM), cuff
sizes given names suggesting the population for which they were intended, were tabulated
(see Table 1). The 4th Report did recommend standardization of BP cuff bladder sizes for
children (25).

Patient factors: Several issues relating to the patient are seemingly self-evident and
therefore often overlooked. For a proper BP measurement, the subject should have sat
calmly for 5 min, and not have used caffeine or tobacco products for at least 30 min (alcohol
and food are also often included on this list). In addition, the use of vasoactive medications
should be noted. In children this includes decongestants, while for adolescents nutritional
supplements, some of which contain ephedrine or related compounds, should be kept in
mind.

It has been established in adults and extrapolated to children that the proper position for
the patient to be in during BP measurements is sitting with the back supported and the feet
flat on the floor. Of course, for infants and toddlers, the supine posture, by necessity, is also
appropriate (27). The arm to be used should be elevated to heart level (3/). BPs also vary
with time of day and ambient room temperature (27).

Observer: There are many device/method-specific issues that relate to the observer. Suf-
fice it to state that the observer needs to be trained in the proper use of the device and under-
stand the method sufficiently to recognize valid from invalid readings. It is the observer’s
responsibility to determine if the patient issues listed above are in fact accounted for. The
observer also needs to properly select the cuff and apply it to the upper arm. This includes
making sure that the cuff is placed on the bare arm, and that no restricting clothes are placed
above the cuff (e.g., a tightly rolled sleeve).
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Table 1
Commercially Available BP Cuffs Available for Infants and Children in 1996
Newborn/Premature
Company Cuff (W x L) Bladder (W x L)
WA/TYCOS 53 x 18.8
BAUM 4.5 %23 25x%x5
SICOA 52 x 18 4x38
GRAHAM FIELD 5.2 x 18.5 4x8
KOSAN/BRESCO 5.5 x 20 (prem) 4x9
4 x 15 (sm prem) 25 x7
K-T-K 5 x 23
5x 16
RIESTER 5 x 15.5 (NB) 3x5
ERKA 4.5 x 25 25 x 15
CREST-PYMA 2.8 x 8.4
ACCOSON 2.5 x10.2
Infant
WA/TYCOS 7.4 x 26.1 56 x 11.9
BAUM 8 x 29 6 x 12
SICOA 7.5 x 26 55x 115
GRAHAM FIELD 7.5 x 26.1 5.5 x 11.5
PROPPER 7.6 x 25.4 57x 114
WINMED 7.5 x 25.4 57x 114
K-T-K 7 x 29
RIESTER 7.2 x 23 5x8
ERKA 7 x 28 55 x 15
CREST-MABIS 6.4 x 12.1
CREST-PYMA 53x 114
ACCOSON 5.1 x10.2
Child
WA/TYCOS 10.4 x 35.3 8.6 x 17.8
BAUM 11 x 41 9 x 18
SICOA 10.5 x 34.2 8.5 x 17
SAMMONS- 10.2 x 17.9
PRESTON
GRAHAM FIELD 10.5 x 34.2 8.5 x 17
PROPPER 10.8 x 34.3 89 x 17.5
KOSAN/BRESCO 11 x 35 (child) 9 x 18
8 x 26 (peds) 6x 12
9.5 x 30 (sm Child) 7.5 x 15
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Table 1
(continued)
Newborn/Premature
Company Cuff (W x L) Bladder (W x L)
WINMED 11 x 33.5 7.6 x 17.7
K-T-K 11 x 40
9.5 x 33
RIESTER 10 x 35.5 8 x 13
ERKA 9 x 39 8 x 20
CREST-MABIS 8.3 x 17.8
CREST-PYMA 79 x 15.2
ACCOSON 10.2 x 19.1

7.6 x 15.2 (young)
8.0 x 18.0 (new)
4 x 13 (new sm)

There is a wide range of bladder sizes for each category. Bladders that do not have a length = twice
the width are unlikely to meet AAMI and AHA criteria for a width to arm circumference ratio of 0.4,
while encircling 80% of the upper arm. (Data reported to Bruce Morgenstern by the manufacturers,
1996.) Dimensions are in centimeters.

METHODS OF BP MEASUREMENT
Auscultatory Methods of BP Measurement

Both mercury and aneroid devices are subject to significant observer issues. Primarily of
course, the observer must be able to hear and interpret the Korotkoff sounds accurately. This
requires training, which is often accomplished with taped recordings of Korotkoff sounds
or stethoscopes with two sets of earpieces. The correct performance of the auscultatory
method requires that the systolic pressure first be approximated by palpation. The proper
bleed rate is suggested to be 2 mmHg/s, something which is even more critical when the
patient’s pulse rate is slow (31).

Although extensive data are lacking, extant data suggest that in children, as in adults,
the auscultatory method be performed with the bell of a stethoscope. The proponents of the
use of the bell feel that this helps to augment the Korotkoff sounds. This brings us to yet
another area of controversy with auscultation-determining which Korotkoff sound, K4 or
K5, represents the diastolic BP more accurately.

In the original report of the Task Force on Blood Pressure control in children (32), K4
was accepted as the measure of diastolic BP for children less than 13 years of age. In the
most recent report (25), this was changed to K9, since data were available to report normal
K5 values in younger children, and since this obviated the step in BP values that otherwise
occurred at age 13 years. However, this recommendation has not been universally accepted
(33-35). One study, in fact, has suggested that K4 diastolic BP measured in childhood is a
better predictor of adult hypertension (36).

A final and critical observer issue is observer bias. At it is simplest, this occurs when
the observer has a terminal digit preference, and tends to report many BP values ending in
that number (e.g., if it is zero, the majority of reported systolics and diastolics will end in
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zero). Also, there is the matter of whether K5, disappearance, is the last sound heard, or
2 mmHg below that value. More complex observer biases can occur when the observer has
been informed of his or her digit preference and then overcompensates, avoiding reporting
values with that digit. Finally, there is the bias introduced by the knowledge of a patient’s
previous values, described more fully in the section on random-zero sphygmomanometers
(RZSs) below.

Conventional Mercury Sphygmomanometry

Mercury sphygmomanometry has been considered the ‘gold standard’ against which
other noninvasive measures are compared. The process is straightforward, but not neces-
sarily easy. The components of the system include the bladder and cuff, tubing, a bulb with
a screw-controlled bleed valve, a mercury reservoir, and the manometer, which has a filter
at the top. Regular maintenance of the tubing, the bulb, the mercury in the reservoir, and
the manometer is necessary to maintain accuracy. If the filter atop the manometer becomes
clogged, the mercury will not move well in the column (28).

Despite its status as the gold standard, mercury manometers, when systematically eval-
uated, have a significant number of problems that may preclude accurate use, even if the
observer and patient issues are overcome. In a study at the St George’s Hospital Medical
School in London, UK, of 444 devices studied, 167 (38%) had dirty columns. Ninety-five
(21%) of these were due to oxidization of the mercury so that the calibration markings were
obscured, making it difficult to read the level of the mercury column. In 81 (18%) the col-
umn containing the mercury had either been rotated or the markings on the columns were
badly faded, again making it difficult to read the level of the mercury meniscus. In three,
mercury had leaked into the metal box. One machine had so little mercury in the column
that when it was inflated, air bubbled through the mercury in the column, yet it was still in
use (28).

In a number of other studies, between 12 and 21% of evaluated mercury
sphygmomanometers were not accurate when tested, but they were still being used clin-
ically (37,38). In a systematic evaluation of sphygmomanometers in a health district in the
UK, none of the 356 instruments tested met all of the standards compiled for the project
(project standards) or all of the relevant British regulatory standards; 14 (39.3%) met less
than half of the British standards. Only 220 (61.8%) instruments tested were accurate at all
six pressure levels in a calibration check; 12 sphygmomanometers met the accuracy stan-
dard at only three pressure levels, while 13 were inaccurate at all pressure levels tested.
The authors also developed health and safety standards for the use and handling of mercury
manometers. Eighty-six percent of the devices studies did not meet all five health and safety
related standards (39).

It appears that mercury manometers are likely to be phased out over the next few years,
not for reasons of inaccuracy or device failure, although these are not all that uncommon
(28), but more for environmental reasons. This process is already taking place to greater or
lesser degree in Europe, and several states in the United States have passed regulations con-
cerning the handling of mercury that make it far too expensive to use mercury manometers
(40). Although the American Heart Association has taken a position against the elimination
of the mercury manometer, it remains to be seen if they can slow this movement (417).

Aneroid Manometry

The aneroid manometer functions in the process of auscultatory BP measurement in
essentially the same way as the mercury column. The system comprises of a metal bellows,
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a mechanical amplifier, springs, and a gauge that displays the pressure in the cuff and tubing
of the sphygmomanometer. Aneroid devices are often felt to be less accurate than mercury
columns (42,43).

Aneroid manometers were evaluated in many of the same studies cited for the assessment
of mercury manometers. Mion and Pierin (38) demonstrated that 44% of devices in the
hospital and 61% of devices in outpatient settings differed by more than 3 mmHg from
the standard. In the Canadian study of Vanasse, 17.7% of aneroid manometers were off
by > 5 mmHg, and 15% had at least one malfunctioning component (but 52.3% of the
mercury devices did) (37). Knight et al. (39), as part of the same systematic study in the
UK described for mercury manometers, found that none of the aneroid instruments tested
met all of the project standards or all of the British regulatory standards. Seven (6.1%) of
114 devices met fewer than half of the British regulatory standards. The authors combined
14 standards against which aneroid manometers were compared for accuracy. Twenty-nine
(25%) of the instruments met all 14 standards and two (1.7%) met 7 or less (39).

Additional data also demonstrate that aneroid devices can be inaccurate. In one study,
using the very rigid standard of 3 mmHg concordance with the mercury standard, 35%
of devices were considered ‘intolerant’ at two of five pressures measured (44). In another
assessment of accuracy, Jones et al. (45) found that 34% of devices were not accurate to
within 4 mmHg, but only 10% were not accurate to within 8§ mmHg. In a recent study, using
10 mmHg as the criteria for accuracy, 1% of mercury manometers and 10% of aneroid
devices were deemed inaccurate (46).

The underlying reason for this apparent inaccuracy of aneroid devices is likely the lack
of a regular program of calibration and maintenance. When practitioners in Humberside
and Yorkshire were surveyed in 1988, 23.5% of the 1223 respondents admitted to never
servicing the sphygmomanometers in their practices over a mean of 5.75 years (47). How-
ever, it has been established that with proper calibration, aneroid devices are quite accurate
manometers, and therefore subject only to the errors inherent to the auscultatory method
(44,48). Accuracy rates with mean differences from a mercury standard of 0.2 mmHg
have been reported (49). In the Mayo Clinic experience, with a program of regular main-
tenance and calibration, more than 99% of actively used aneroid devices remain within
3 mmHg of a digital pressure gauge standard over 6 month periods (48).

Random-Zero Sphygmomanometry

The RZS was devised in 1970 as a modification of Garrow’s ‘zero-muddler
sphygmomanometer’, in an attempt to eliminate observer biases related to terminal digit
preference and to previous knowledge of recorded BPs, both of which are common during
conventional sphygmomanometry (50). Therefore it has been considered by many to be the
‘gold standard’ for epidemiological studies, and has been employed in studies such as the
Multiple Risk Factor Intervention Trial (MRFIT) (517), and the Hypertension Prevention
Trial (52) in adults.

The machine works on the basic principle that each time a BP reading is obtained, the
observer is ‘blinded’ to the reading until after the measurement has been completed. This
comes about as a result of the incorporation of a mercury reservoir that fills randomly and to
a variable degree during each inflation of the cuff, and adds a random amount of mercury to
the manometer column. The amount of mercury added to the reservoir and to the column is
unknown to the person using the machine until after the BP cuff has been deflated, at which
point in time this ‘random-zero’ number can be read and subtracted from the uncorrected
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systolic and diastolic readings. While experience with the RZS is more limited in children,
at least one group of investigators has used it for the ‘Study of Cardiovascular Risk in Young
Finns’ (53).

The RZS does indeed reduce observer bias, but it does not completely eliminate it. Both,
the Hypertension Prevention Trial and the MRFIT demonstrated a marked reduction in ter-
minal digit preference of the corrected BP readings (compared to the uncorrected measure-
ments), and also a roughly bell-shaped distribution of the ‘random-zero’ values (51,52).
Compared to conventional sphygmomanometry, use of the RZS in adults has also been
shown to result in a greater intraobserver variability in BP readings (54). While this may
seem counterproductive to some, in fact, it more likely indicates the elimination of the bias
caused by observer prejudice with the conventional sphygmomanometer that artificially
causes multiple BP readings by a single observer to be very close to each other due to
knowledge of the prior reading. Identical findings have been reported in children, albeit in
a smaller study, when the RZS was compared head to head with the conventional sphygmo-
manometer (27). While the ‘Study of Cardiovascular Risk in Young Finns’ did not simul-
taneously compare the RZS to any other casual method of BP measurement, the design of
this longitudinal study was such that on the first two occasions BPs were measured, in a
cohort of randomly selected children between 6 and 18 years, using a conventional sphyg-
momanometer. For the third survey, which was conducted on a subset of the original cohort,
the RZS was used (55). Therefore, while the study does not allow one to comment directly
on the comparability of the two methods, the results are quite interesting and are in line
with the previously mentioned adult data. First of all, this study also demonstrated that,
in spite of adequate training, terminal digit preference was almost universally observed in
all personnel obtaining BPs (using the conventional sphygmomanometer) during the ini-
tial two surveys, while this was almost completely eliminated using the RZS in the third
trial. Second, the investigators made an interesting observation that the age-related curves
obtained by the two methods differed significantly, with an apparently nonlinear rise in BP
(as measured by the conventional method) with age, probably related to observer bias. A
more continuous rise in BP with age, as might be expected on a biological basis, was seen
when the RZS data was plotted; this was especially noticeable at low BP values. Based
on these findings, the study investigators concluded that BPs in children, especially in the
lower ranges, are measured more accurately with the RZS compared to the conventional
sphygmomanometer, and that the RZS should be the preferred instrument used for epi-
demiological surveys of BP in this age group.

Notwithstanding all the advantages of the RZS, especially in clinical epidemiology,
several concerns have been raised about the accuracy of this instrument including its
impracticality due to the bulky design, expense, extent of training needed for personnel
to use it accurately, and high maintenance costs. From a practical standpoint, it also shares
with the conventional sphygmomanometer the disadvantage of having mercury as an intrin-
sic component of its design. Many studies have also shown that the RZS, when compared
to the conventional sphygmomanometer, systematically underestimates diastolic and sys-
tolic BPs, both in adults and in children (57,55). The degree of underestimation varies quite
considerably from one study to another, with several studies demonstrating a small and con-
sistent difference of 1-3 mmHg between the two methods (56,57), while others finding a
much larger and significant difference (58). This has resulted in contentious debate among
investigators; some find the instrument acceptable for use according to the guidelines of
the British Hypertensive Society (56), while others strongly advise against its use without
further study (58). Whether the ‘underestimation’ of BP by the RZS is real, or rather is
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due more to an ‘overestimation’ of BP by the conventional sphygmomanometer, is unclear.
Numerous reports have emphasized that these differences can be minimized or even elimi-
nated by rigorous attention to the details of the measurement technique, intensive training
of personnel (59), and meticulous maintenance of the equipment, which is prone to subtle
malfunction (57,60).

In conclusion, although the ‘blinded’ nature of BP readings using the RZS makes it an
ideal candidate instrument for epidemiological studies, the limited data in children and the
aforementioned contradictory findings of its accuracy among different investigators, along
with the practical issues related to expense, maintenance costs, and need for intensive per-
sonnel training, make the use of the RZS very impractical, certainly for routine clinical care,
and perhaps also for epidemiological studies pending further research. Ultimately, however,
the demise of this instrument will probably be more due to environmental concerns rather
than any issues related to its accuracy.

Oscillometric BP Measurement

Oscillometric devices have all but replaced the mercury manometer in a large number of
medical centers, especially in European countries where concern about environmental con-
tamination with mercury has been greater (40). Background information on these devices
and a discussion related to the advantages and disadvantages of oscillometry are discussed
comprehensively in a recent review article (6/). In brief, development on the first commer-
cial oscillometric device for BP measurement started in the early 1970s and resulted in the
‘Dinamap’, an acronym for ‘device for indirect noninvasive mean arterial pressure’ (62).
Since that time, a plethora of oscillometric devices for automated BP measurement have
flooded the market, including several new modifications of the original Dinamap model 825
(Critikon division of GE Healthcare, Waukesha, WI). The basic principle underlying these
devices is the same as that of other cuff-based BP measuring devices, in that compression
of the arm by an inflatable cuff allows indirect determination of the intra-arterial vascular
pressure. The difference between conventional sphygmomanometry and the oscillometric
devices is that in the latter, cuff inflation and deflation are automated and that BP determi-
nation is made by a microprocessor using information sent to it from a pressure transducer;
this potentially is tremendously advantageous by eliminating all observer biases. Only a
short summary of the process of BP measurement is described herein. More details are
available in the articles by Ramsey (62), and Jilek and Fukushima (63). In brief, the BP
cuff gets automatically inflated to between 160 and 180 mmHg (or 70 and 125 mmHg in
the neonatal mode), depending on the specific device, for the first BP determination and
subsequently to 35 mmHg above the previously recorded systolic value. After a brief hold-
ing period, the cuff pressure is reduced in a stepwise manner in 5—-10 mmHg decrements.
As the cuff pressure decreases, oscillations of the arterial wall increase in amplitude and
reach a maximum when the cuff pressure approaches the mean arterial pressure. With fur-
ther deflation of the BP cuff, oscillations of the arterial wall diminish and eventually stop
altogether. The monitor uses this information to compute and display values for the mean,
systolic, and diastolic BP. The precise method of BP determination is far more compli-
cated and is determined by a complex algorithm that varies from one device to another.
It is important to point out here that systolic and diastolic BP readings in oscillometry do
not correspond to the point of first appearance and disappearance, respectively, of arterial
wall oscillations. The pressures displayed on the monitor, therefore, may be ‘calculated’
rather than actually ‘measured’ values, at least for some of the oscillometric devices in the
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market. These algorithms have been considered proprietary information and are therefore
kept in confidence, making it impossible for investigators to verify the accuracy of their
underlying physiological principals. In addition, since the algorithms are proprietary, the
devices may not be interchangeable. Some algorithms are based on the ratio of the oscillo-
metric waveform amplitudes, while others are based on the change in slope of the amplitude
of oscillations. Supporting this observation is the finding, in one study, that two different
oscillometric devices used simultaneously yielded different BP results (64).

Many studies have evaluated the comparability of oscillometric readings with BP
readings obtained by invasive means. Park and Menard (65) compared the Dinamap model
1846 and a conventional mercury sphygmomanometer with radial artery pressures in a
group of infants and children admitted to the intensive care unit. While both the Dinamap
model 1846 and the conventional mercury sphygmomanometer readings correlated well
with intra-arterial BP measurements, the correlation coefficient was better for BP read-
ings obtained using the Dinamap model 1846. The difference between the Dinamap
model 1846 and intra-arterial BP readings was small and ranged from —7 to +7 mmHg,
—9to + 10 mmHg, and —10 to + 8 mmHg for systolic, diastolic, and mean BP, respec-
tively. Similarly, BP readings obtained in infants using the Dinamap model 847 neonatal
and Dinamap model 845 vital signs monitor were found to correlate well with BP values
obtained using a central aortic catheter, with even smaller mean absolute pressure differ-
ences than seen in the previous study (66), as shown in Figs. 1 and 2.

However, comparisons between BP readings using a mercury sphygmomanometer and
some oscillometric devices, especially the newer models, demonstrate that the two meth-
ods are not comparable. A large single-center study evaluating the newer Dinamap model
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Fig. 1. The relation between central aortic (Pap) and Dinamap (Ppyn) measurements for systolic pressure.
The linear regression equation and correlation coefficient (r) are given. The line of identity (solid line) and
least-squares regression line (dotted line) are shown. (Reproduced with permission from (66, figure 2.)
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Fig. 2. The relation between central aortic (PAo) and Dinamap (PoIN) measurements for diastolic pres-
sure. The linear regression equation, correlation coefficient, line of identity, and least-squares regression
line are given as in Fig. 1. (Reproduced with permission from (66, figure 3.)

8100 against the conventional mercury sphygmomanometer in over 7000 children found
that the mean Dinamap model 8100 readings were higher for both systolic (by 10 mmHg)
and diastolic (by 5 mmHg) values. However, the 95th percentile confidence intervals for
differences in systolic and diastolic BPs between the two methods were quite large and
ranged from —4 to +24 mmHg and —14 to +23 mmHg, respectively, making the ‘error’
nonsystematic and unpredictable (67). Similarly, in the Bogalusa Heart Study, significant
differences were noted in BPs obtained using the Dinamap model 8100 and a conventional
sphygmomanometer. While the mean systolic pressure with the Dinamap model 8100 was
higher than that obtained using a conventional sphygmomanometer, similar to the study by
Park et al., the mean diastolic pressure was, in fact, lower with the Dinamap model 8100
(68). Moreover, an age-related difference was noted in the discrepancies between the two
devices for diastolic BP. In children under 8 years of age, the Dinamap model 8100 dias-
tolic BPs were higher compared to the conventional sphygmomanometer readings, while in
children over 8 years, the Dinamap model 8100 underestimated diastolic BP.

To ensure accuracy of oscillometric BP measuring devices two different validation stan-
dards are currently in use. These are the British Hypertension Society (BHS) protocol (69)
and the guidelines put forth by the AAMI (70) (Table 2). Since these two protocols can
be reconciled, fulfillment of both sets of criteria should be used in validating any oscil-
lometric device. Briefly, the BHS protocol looks at the absolute difference between BPs
obtained simultaneously by the oscillometric device and a standard sphygmomanometer in
different phases of use (before-use calibration, in-use phase, after-use calibration, and static
validation). As the percentage of paired readings that are close to each other increases, the
better is the grade assigned to the device (Grades A and B are acceptable while Grades
C and D are unacceptable). The AAMI criteria, on the other hand, require that the device
being tested be compared either to a standard sphygmomanometer or to direct intra-arterial
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Table 2
Protocols for Assessment of the Accuracy of BP Measuring Devices
BHS grading criteria

Grade Difference between test and ‘standard’ device readings (%)

<5 mmHg <10 mmHg <15 mmHg
A 60 85 95
B 50 75 90
C 40 65 85
D Worse Worse Worse

AAMI criteria

Grade Mean difference between devices Standard deviation (mm Hg)

(mm Hg)
Pass <5 <8
Fail >5 > 8

readings (especially in neonates, in whom it is often very difficult to hear the Korotkoff
sounds). In order to get a passing grade from the AAMI, the test device measurements
should not differ from the reference standard by a mean of >5 mmHg and a standard devi-
ation of >8 mmHg. These standards are based upon the assumption, albeit unproven, that
the physiological principles that underlie the oscillation of the arterial wall and its relation
to BP are somehow identical to the Korotkoff sounds and their relation to BP. While many
concerns have been raised about the reproducibility, complexity, and cumbersome nature
of these two guidelines, they remain, to date the ‘gold standard’ for testing new devices in
the market (71). As environmental and other pressures increase the prominence of oscillo-
metric devices, it is quite likely that a new set of distinct criteria will be established, much
like the standards applied to direct intra-arterial measurements of BP versus auscultatory
methods.

Based on the aforementioned guidelines, O’Brien et al. (72) recently reviewed several
oscillometric devices available in the market and found that only a few fulfilled accuracy
criteria for both protocols. Some of the devices that are recommended in this report for
use in children are the CAS model 9010 (CAS Medical systems, Branford, CT) for in-
hospital use, the Omron HEM-750CP (Omron Health Care, Inc., Vernon Hills, IL) for self-
measurement and the Daypress 500 (Neural Instruments, Florence, Italy) for ambulatory BP
monitoring, although only at rest. The BHS website (http://www.bhsoc.org/) also lists two
other devices that have been validated in children: the Datascope Accutor Plus (Datascope
Corporation, Mahwah, NJ) (73) and the Omron 705-IT (Omron Health Care, Inc., Vernon
Hills, IL) (74). The latter has not been validated in hypertensive children, nor do the data
support its accuracy in obese children. Such issues, related to the need for validating devices
for children with anthropometric measurements considered outside the realm of ‘normal’,
are significant and worthy of study, considering that we are in the midst of an obesity epi-
demic. One of the more commonly used oscillometric devices in the United States, the
Dinamap model 8100 has yielded varying results when tested for accuracy. Few pediatric
studies have followed the strict guidelines of the AAMI and BHS protocols to evaluate the
Dinamap model 8100. In a small study in a cohort of prepubertal children (8—13 years old),
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compared to the conventional sphygmomanometer, the Dinamap model 8100 was found to
overestimate systolic BP and underestimate diastolic BP. These differences, however, were
within the range acceptable by both the aforementioned validation standards (75). The mean
difference (standard deviation) between the BP readings obtained by the Dinamap model
8100 and the conventional sphygmomanometer was 4.8 (7.5) mmHg for systolic and —1.9
(7.5) mmHg for diastolic BP, making the device acceptable to the AAMI. Similarly, using
the BHS criteria, the Dinamap model 8100 achieved a grade of B since more that 50% of
its readings were within 5 mmHg and more than 90% were within 15 mmHg of the conven-
tionally obtained measurements. However, other studies have not been as flattering of this
device. In a study by O’Brien et al. (76) in 1993, the Dinamap model 8100 was evaluated
for accuracy in an adult population according to the strict guidelines of the BHS protocol,
and found to achieve a grading of D (unacceptable) for diastolic BP and B (acceptable) for
systolic BP. Therefore, in the absence of further study in a larger group of children, the use
of the Dinamap model 8100 cannot be recommended without reservation.

The 4th Report on high BP in children and adolescents recognized the practical issues
related to attempting the auscultatory technique in infants and toddlers and suggested that
the use of oscillometric devices in these youngest of children, that is, those less than 3 years
of age, was acceptable, especially in settings when repeated measurements were felt to be
necessary (25). When oscillometric devices have been studied in neonates, many of the
aforementioned issues become critical. One st