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THE SCOPE OF THE REVIEW 

Our understanding of the numerous factors that control vascular smooth muscle 
tone in the adult has advanced considerably in the last ten years. Salient points 
to emerge from the considerable amount of work done on the subject include a 
remarkable heterogeneity in vascular smooth muscle reactivity among different 
vascular beds and among different species and the variation in mechanisms and 
intensity of adrenergic control of different blood vessels (1). This explosion of 
knowledge about factors controlling blood vessel tone has only recently led 
investigators to explore in detail the way these mechanisms might change at 
different ages. A few exploratory studies have been done that point the way 
toward more intensive analysis. 

This review has two purposes. The first is to summarize what is currently 
known about variations in factors that control vascular smooth muscle tone in 
the first few weeks of life. The second is to highlight methodological considera­
tions that must be taken into account in order to optimize future studies in this 
area. 

This review will focus on alterations in reactivity of vascular smooth muscle 
to neuronal influences and circulating substances during the first few weeks of 
life. The emphasis will be on in vitro studies because this approach allows one 
to study vascular smooth muscle reactivity without interference from reflex 

effects, differences in pharmacokinetics, etc. This does not imply that in vivo 
studies are not important or useful. Studies in vitro allow one to distinguish 

65 

0362-1642/84/415-0065$02.00 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

4.
24

:6
5-

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



66 DUCKLES & BANNER 

specific mechanisms that may be changing during growth. A basic knowledge 
of these mechanisms should make possible an improved design for in vivo 
studies in order to determine the physiological and pathological importance of 
changes in vascular smooth muscle reactivity. Indeed, a general overview of 
the in vivo approach is also included here. 

This review will not deal with the dramatic changes in the cardiovascular 
system that occur at the time of birth and shortly thereafter. This aspect has 
recently been reviewed (2). Nor will we deal with studies of the factors that 
influence differentiation of smooth muscle or factors that determine the extent 
and pattern of innervation. Further information on these aspects can be found in 
several other reviews (3-5). 

SPECIES VARIATION 

Significant species differences in vascular smooth muscle reactivity have been 
defined in a single vascular bed (6, 7). However, more critical for studies of 
development are the differences in relative maturity at birth among various 
species. In the commonly used laboratory species this ranges from animals 
born in a highly developed state, such as guinea pigs and sheep, through pigs, 
dogs, and cats, to animals born in a highly immature state-rabbits and rats (8, 
9). Thus, the age of the animal per se does not provide a good index of the stage 
of development when making comparisons between species. Throughout this 
review the age referred to is postnatal age unless otherwise specified. 

Several researchers have claimed that pigs and dogs provide the closest 
model to the newborn human in terms of the stage of cardiovascular develop­
ment (10-13). Indeed, a model of cerebral intraventricular hemorrhage, one of 
the most prevalent causes of morbidity and mortality in premature infants (14), 
has been developed in the newborn beagle (15). 

THE GENERAL SCHEME OF ADRENERGIC NERVOUS 
SYSTEM ONTOGENY 

From studies of the development of adrenergic nervous control of various 
organs a general principle can be derived: the function of the post-synaptic 
component can generally be demonstrated before the presynaptic elements are 
fully functional (16). Aspects of this process can be gleaned from studies on the 
vasculature and the general principle appears applicable to blood vessels. 
However, comprehensive studies are not yet available. Therefore, it is worth­
while to review the sequence of developmental events as they occur in a much 
more carefully studied tissue. The careful work of Slotkin's group, with its 
primary emphasis on the development of autonomic control of the heart, 
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BLOOD VESSEL REACTIVITY 67 

provides an important model for studies of developmental changes in other 
organs. 

Heart 

At birth, activation of �-adrenergic receptors with isoproterenol produces both 
an increase in rate and force of contraction of the rat heart ( 17). However, 
responses to stimulation of sympathetic nerves, as tested using tyramine to 
release adrenergic transmitter, are small in the newborn and increase steadily 
over the first week of life (18). This increased responsiveness to adrenergic 
nerve activation can be correlated with development of the capacity of 
adrenergic nerves to accumulate norepinephrine by an active uptake mecha­
nism (18). Cardiac norepinephrine content also increases steadily over the first 
two weeks of life (19). 

It has been suggested that the key factor involved in the development of 
sympathetic neurotransmission is maturation of neurotransmitter synaptic vesi­
cles' the organelle involved in storage and release of transmitter (20). This has 
been demonstrated both morphologically (20) and by measuring accumulation 
and content of norepinephrine. 

While functional adrenergic nerves appear to be present in the heart of rats by 
one week of age, these nerves do not appear to be active either tonically or to 
play a role in reflex effects until a later stage of development. Treatment with 
the ganglionic blocker chlorisondamine does not affect heart rate in animals 
one week of age or younger, although heart rate is lowered by chlorisondamine 
in rats eleven days of age (17). In adult rats, administration of the vasodilator 
hydralazine causes a depletion of cardiac norepinephrine levels by reflex 
activation of sympathetic nerves. This effect of hydralazine cannot be seen in 
rats until fourteen days of age (19), nor does hydralazine evoke reflex tachy­
cardia before fourteen days of age (21). Thus, immaturity of reflex activation 
must reside either in the afferent or sensory limb of this reflex or within the 
central nervous system itself. 

The ability of the enzyme ornithine decarboxylase to respond to �-adrenergic 
activation of the heart has been used to trace the development of cardiac 
adrenergic control systems. The enzyme ornithine decarboxylase has a rather 
short turnover time, so its activity can alter rapidly (22,23). Since this enzyme 
is sensitive to a number of specific hormones and neurotransmitters, it can 
provide a very sensitive index of responsiveness of an organ to direct or indirect 
stimuli. Thus, activity of ornithine decarboxylase has been used as an index of 
functional development of the peripheral nervous system (24). 

In the first five days of life, administration of isoproterenol to rats increases 
ornithine decarboxylase activity, but administration of nicotine, which acts 
through adrenergic nerves, does not affect ornithine decarboxylase activity 
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68 DUCKLES & BANNER 

until animals are older than six days of age (25). In addition, insulin-induced 
hypoglycemia, which stimulates ornithine decarboxylase activity in the adult 
rat heart by reflex sympathetic activation, has no effect in the neonatal rat heart 
until eight days of age (26). This confirms the immaturity of sympathetic 
control of the heart in rats younger than one week. 

Adrenal Medulla 

Maintenance of cardiovascular function in the newborn may be more dependent 
on activity of the adrenal medulla than is true of the adult. In adrenalectomized 
newborn puppies, ability to maintain responsiveness of the heart to repeated 
and prolonged sympathetic stimulation is reduced in comparison to sham­
operated dogs (27). 

In addition, mechanisms of responsiveness of the adrenal medulla in imma­
ture animals appear to be unique. In the immature sheep and calf, hypoxia 
produces an adrenal medullary discharge, primarily of norepinephrine, which 
is not dependent on an intact splanchnic innervation (28). In the sheep, this 
unique response disappears before birth, while in the less mature newborn calf 
it is present until 24 hours after birth. 

The time course of development of adrenal medullary control mechanisms 
has been explored most intensively in the rat (20). Stimulation of the splanchnic 
nerve of the newborn rat does not produce a response in the adrenal. Fur­
thermore, insulin-induced hypoglycemia, which in the adult produces sympa­
thetic activity, does not cause release of adrenal medullary catecholamines 
from the newborn rat. However, direct activation of the adrenal medulla by 
nicotine, which activates cholinergic receptors in the organ itself, does cause 
release of catecholamines in the neonatal rat. Thus, the limiting factor in the 
development of adrenergic control of this organ is not development of reactiv­
ity of the organ itself but rather development of splanchnic nerve function. 

Vascular Smooth Muscle 

Much less work has been done on the development of adrenergic control of 
vascular smooth muscle than of the heart. The situation is further complicated 
by the marked heterogeneity among different vascular beds of mechanisms 
controlling blood vessel tone. Those studies that have been done suggest that 
the same general principle elaborated above applies to vascular smooth muscle: 
the capability of vascular smooth muscle to respond to circulating substances 
develops before functional adrenergic nerves are present (29). Thus, the fetal 
lamb carotid artery contracts in vitro to norepinephrine before responses to 
adrenergic nerve stimulation can be detected. By a gestational age of 115-130 
days responses to adrenergic nerve stimulation can be detected, but their 
magnitude continues to increase until 140-150 days of gestational age. Thus, in 
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BLOOD VESSEL REACTIVITY 69 

the lamb, which is born in a highly developed state, development of blood 
vessel reactivity predates establishment of functional adrenergic nerve connec­
tions. 

BLOOD VESSELS 

Adrenergic Innervation 

There are a number of different approaches to assessing the density or function­
al capacity of sympathetic innervation. These include histological assessment 
using catecholamine fluorescence (30, 31); measurement of cocaine-sensitive 
accumulation of 3H-norepinephrine (32) or an unmetabolized analog, 3H_ 
metaraminol (33, 34); and measurement of endogenous norepinephrine content 
and assessment of activities of catechol-o-methyl transferase and monoamine 
oxidase, enzymes that metabolize norepinephrine. The unique localization of 
adrenergic nerves to the adventitia and advential-medial border of blood vessels 
makes it difficult to determine what is the most appropriate index for evaluating 
the density of adrenergic innervation. Since the adrenergic nerve plexus 
approaches a two-dimensional form, comparisons based on tissue weight may 
be misleading if the smooth muscle cell layer differs greatly in thickness, as 
may be true at different stages of growth. The best solution to this problem is to 
include more than one index of nerve density. A histochemical approach using 
quantitative image analysis has proved particularly productive (35). 

In the rabbit at one week before birth adrenergic nerves appear straight, 
smooth, and faintly fluorescent in the blood vessel wall, with few varicose 
swellings (35). By one day before birth, the number of nerves has increased 
markedly and more varicosities can be seen. A period of rapid nerve growth in 
the large arteries then occurs until one day after birth, with large increases in 
number of varicosities in the carotid, renal, and femoral arteries. 

The time of development of adrenergic innervation varies considerably 
among blood vessels. The femoral artery has almost reached the adult level of 
varicosity number by one day after birth. Smaller arteries, such as the mesen­
teric artery and the basilar artery, have very sparse nerve plexuses at one day 
after birth, and adrenergic nerves in these vessels show a rapid growth period 
between one day after birth and six weeks of age. 

Similar conclusions about the developmental pattern of vascular adrenergic 
innervation can be drawn from other studies. In the rat portal vein, develop­
ment of the two layers of muscle characteristic of this tissue can be observed at 
four days after birth. At this point, adrenergic nerves are restricted to the outer 
layer of the vessel wall. For the next two weeks adrenergic nerve fibers 
penetrate through the outer longitudinal muscle layer to establish a two­
dimensional plexus between the two muscle layers (36). 
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70 DUCKLES & BANNER 

Studies of three rat arteries, the tail, superficial epigastric, and saphenous, 
show patterns of nerve development similar to what was found in the rabbit 
(37). A comparison of rabbit and guinea pig renal arteries shows a decline in 
adrenergic nerve density in the guinea pig renal artery from birth to four weeks, 
while rabbit renal arteries continue to gain in adrenergic nerve density for up to 
six months (35, 38). 

These differences in time course of nerve development have been primarily 
studied in large arteries and it is difficult to extrapolate from this to true 
resistance vessels. Despite this limitation, such studies make it clear that at 
least three phases of nerve growth can be distinguished (35). The first phase 
involves outgrowth of new axons, which in the rabbit may take place either 
before or after birth. In the second phase of growth, regions of intense 
fluorescence appear along the nerve. This presumably corresponds to develop­
ment of transmitter synthesis and storage capacity. This is followed by a period 
of rapid growth and differentiation of adrenergic nerve varicosities. In large 
arteries of the rabbit, this takes place shortly after birth, but in many blood 
vessels this period may extend for several weeks after birth. 

In Vitro Studies 

MECHANICAL PROPERTIES Changes that occur in the structure and mechan­
ics of arteries during development have been reviewed previously (39). In some 
specialized vessels, for example the pulmonary artery, the time of birth pro­
duces profound specific changes in structure and function, including a slight 
thickening and a decline in mechanical stiffness. In most vessels, however, 
development is associated with a marked thickening of the vessel wall and 
progressively increasing mechanical stiffness. 

The structure of the rat aorta has been carefully studied during development 
(40). During the first ten to fifteen weeks of life, the rat aorta increases in length 
to correspond with a rapid increase in total body weight and crown rump length. 
The bulk of cell division in the rat aorta as measured by autoradiographic 
incorporation of 3H-thymidine occurs during the first weeks of life in the 
thoracic segment and during the first eighteen days in the abdominal segment. 
Total DNA and RNA content of the developing rat aorta increases markedly in 
the first five weeks of life, although when expressed as a function of dry weight 
there is a marked decrease in both DNA and RNA content (41). This corre­
sponds to a decrease in number of cells per unit dry weight during growth; thus, 
there is a decrease in cellularity of the entire aorta during the first month of life. 
Both collagen and elastin, as total amounts and when expressed per unit dry 
weight, show increases during development in the rat aorta (41). The amount of 
collagen continues to increase up to fifteen weeks of age, while elastin content 
per unit dry weight reaches a peak by eighteen days of life and then shows a 
progressive decline to twenty-two weeks of age. 
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BLOOD VESSEL REACTIVITY 71 

Similar results were found in a study of the dog carotid artery (42). Collagen 
content as a function of wet weight increased from two to twenty -eight weeks of 
age, while elastin content increased slightly from two to seven weeks and then 
declined to reach a constant level by twenty-eight weeks. This corresponds to 
an increase in collagen-to-elastin ratio between seven and twenty-eight weeks 
of life. 

Analysis of extracellular and intracellular water and electrolyte contents 
shows that in the canine carotid artery there is a decrease in total water content, 
primarily due to a decrease in extracellular water space as measured by 
distribution of 6OCO-EDT A (42-44). Intracellular water space does not change 
during development. Total electrolyte content of the canine aorta and carotid 
artery, including sodium, potassium, chloride, magnesium, and calcium, also 
declines in the ftrst few weeks of life (43, 44). In addition, with increasing age, 
efflux of 42K+ slows in both the canine aorta and carotid artery. 

The effect of these developmental changes in structure and connective tissue 
content on mechanical properties of large blood vessels has also been studied 
(42,43). Because of the rapid alteration in tissue diameter during growth, in 
order to compare mechanical properties of vessels from animals of different 
ages diameter at each pressure is nonnalized by dividing by the diameter at zero 
pressure. Passive tangential stress-strain curves are shifted progressively with 
increasing age so that for a given normalized external diameter the passive 
tangential stress is increased in older animals. This has been shown for canine 
iliac, renal, carotid, and mesenteric arteries, and aorta. These changes have 
been interpreted as indicating an increase in arterial wall stiffness with age, 
corresponding to a decrease in cellularity and increase in connective tissue 
content. 

SMOOTH MUSCLE RESPONSIVENESS Several different approaches can be 
used for investigating vascular smooth muscle responsiveness in the tissue 
bath: vessel segments can be perfused or isometric or isotonic contractions can 
be measured using ring segments or strips (45). For determination of receptor 
characteristics in vascular smooth muscle, isometric recording is widely used. 
Effects of drugs or transmitter substances added to the bath can be determined, 
or nerves in the vessel wall can be stimulated using transmural electric pulses 
(46). 

For studies of isometric contraction, the resting tension placed on the vessel 
is critical, since the active force developed is dependent on the passive force 
applied to the tissue (39). In order to maintain vessels of different sizes or 
mechanical properties at the same point on the length tension curve, these 
should all be studied at the optimum resting tension. This is defined as the 
resting tension at which active contractile responses are maximized. 

Once the appropriate resting tension for a given vessel is detennined, one 
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72 DUCKLES & BANNER 

must then decide how to control for changes in structure, orientation of smooth 
muscle cells, etc. In this regard, a measure of contractile ability that is not 
specific for a single receptor mechanism has been useful. For example, activa­
tion with a high concentration of potassium has been used as a non-specific 
contractile stimulus. If one wishes to examine changes in responsiveness to 
activation of a specific receptor type, for example the l3-adrenergic receptor, 
then it is important to select experimental conditions that involve activation of 
that receptor alone, without interference from other mechanisms (47). Methods 
for analysis of dose-response data and for determination of receptor character­
istics using smooth muscle responses have been reviewed (48). 

In the last ten years powerful radioligand binding methods have been 
developed that make it possible to look at characteristics of receptors them­
selves (49). While these techniques are extremely useful, one should remember 
that they give little indication of alterations in the multiple processes involved 
in receptor-contraction coupling. 

I3-Adrenergic stimulation One of the best defined age-dependent alterations 
in vascular smooth muscle reactivity is the change in magnitude of the 13-
adrenergic response (50). In both rabbit and rat aorta, as well as several other 
arteries, l3-adrenergic relaxation declines with advancing age. For example, in 
rabbit aorta isoproterenol-induced relaxation declines from 56-70 days of age, 
so that in aortae from animals three to five years of age there is no relaxation 
response to isoproterenol (51, 52). This age-related change has been shown to 
be altered by variation in diet (53). Aortae from rats fed a restricted diet (60% of 
amount consumed by controls) showed a greater decline in the magnitude of 
l3-adrenergic relaxation than aortae from control rats. 

Since the magnitude of drug-induced relaxation depends on the level of 
initial smooth muscle tone, it is important in such studies to use equivalent 
levels of contraction in vessels from animals of different ages (54). One way to 
demonstrate specificity of alterations in relaxation magnitude is to use several 
different drugs that act by different mechanisms to produce relaxation. For 
example, if a specific change in �-adrenergic stimulation occurs, then relaxa­
tion responses to nitroglycerin, nitrite, or papaverine should not change (51, 
54). Studies of the rat aorta showed that when the level of smooth muscle tone 
was equated on the basis of percent maximal tension, the magnitude of 
nitroglycerin-induced relaxation was not constant. Only when a similar level of 
grams force was maintained did the nitroglycerin-induced relaxation remain 
constant in aortic strips from animals of different ages. 

Closer examination of the first few weeks of life shows that �-adrenergic 
mechanisms are not fully developed in the newborn. In aortic strips from 
rabbits 1-2 days old, only small relaxations to isoproterenol are seen, and these 
reach a maximal level by one month of age. In contrast, the magnitude of 
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BLOOD VESSEL REACTIVITY 73 

relaxation to sodium nitrite or papaverine stays constant at all ages. Relaxation 
responses to adenosine also show an age-related decline, so that aortae from 
rabbits 360 days old show very little relaxation response to this substance (55). 

a-Adrenergic stimulation The magnitude of j3-adrenergic relaxation changes 
with age, and many substances, such as norepinephrine, that stimulate 0.­
adrenergic receptors also activate j3-adrenergic receptors. Therefore, in many 
studies where j3-adrenergic responses are not blocked it is difficult to draw 
conclusions about changes in a-adrenergic mechanisms per se. For example, it 
has been shown that the j3-adrenergic antagonist propranolol potentiates re­
sponses to norepinephrine in aortae from immature (2-12 days) rabbits, but to a 
much lesser extent in aortae from rabbits 90 days of age (55). Thus, the much 
greater j3-adrenergic relaxation present in aortae from young animals has a 
greater impact on responses to norepinephrine than in aortae from older 
animals, where there is much less l3-adrenergic response. 

A more fundamental problem in the interpretation of many studies is that no 
control of the profound changes in blood vessel size and mechanics is included. 
Since in some cases data are not normalized to the maximum contractile 
response of the tissue, it is difficult to decide whether increased responses to 
a-adrenergic stimulation are due to growth of the vessel or to a relative increase 
in development of a-adrenergic responsiveness. 

In most studies, however, there appears to be an increase in maximal 
responses to norepinephrine in the first few weeks of life when these are 
corrected for the contractile ability of the tissue. In canine iliac, carotid, renal, 
and mesenteric arteries, vessels from animals younger than two weeks of age 
showed smaller responses to a-adrenergic stimulation relative to responses to 
KCl compared to adults (43). However, in the canine aorta one study showed 
no change in a-adrenergic responsiveness with age (56). In fetal sheep, the 
maximum response to norepinephrine as a percent of maximum response to 
serotonin increases when animals 115-130 days of gestation are compared to 
fetuses at 140-150 days (29). 

When sensitivity to a-adrenergic stimulation is examined, there is much 
more disagreement among studies. In several studies no change in the norepi­
nephrine ECso (concentration for 50% of the maximal response) has been noted 
[sheep fetus (29), sheep ear artery (57), guinea pig and rabbit renal arteries 
(38), rat portal vein (58)]. However, a decrease in ECso for both norepinephrine 
and phenylephrine has been found in the canine aorta and for norepinephrine in 
the sheep carotid (56,59). In guinea pig and rabbit renal arteries, there was no 
difference in norepinephrine ECso when newborn and adult animals were 
compared. However, the slope of the concentration-response curve was dif­
ferent. At low concentrations the newborn guinea pig renal artery was more 
sensitive to norepinephrine than the adult, while the adult rabbit renal 
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artery was more sensitive than the newborn at low norepinephrine concentra­
tions (38). The phentolamine pA2' an estimate of the antagonist dissociation 
constant, did not change for the sheep ear artery from animals of five age 
groups ranging from 110 day-old fetuses to adults (57). 

Examination of the rabbit mesenteric and intestinal microvasculature 
showed no change in the ability of norepinephrine to produce arteriolar con­
striction from day 23 of gestation to the adult (60). However, the duration of the 
response was longer in older fetuses and the adult. 

Responses to adrenergic nerve stimulation show clear-cut developmental 
changes that correspond to the growth of adrenergic nerves during this time 
period. In the sheep ear artery and carotid artery, responses to nerve stimulation 
show a progressive increase from 110 days of gestation to the adult (29, 57). 
Newborn rabbit renal arteries also have a relatively smaller response to nerve 
stimulation than vessels from the adult (38). Responses to nerve stimulation 
have also been studied using tyramine, which releases transmitter from 
adrenergic nerves, showing a similar pattern of development of adrenergic 
responsiveness (56, 58). 

Significant species differences have been highlighted in studies of the portal 
vein (8). The newborn guinea pig portal vein responds as well as the adult's to 
nerve stimulation, while the newborn rat portal vein does not contract to nerve 
stimulation. Intermediate are portal veins of rabbits and cats, which do have a 
small response to nerve stimulation that becomes much larger in the adult. 

Other vasoactive substances There is considerable variability in the develop­
mental profile of other types of vasoactivity. For example, the spontaneous 
activity seen in the portal vein is present at birth in the guinea pig but absent in 
the newborn rabbit and cat (8). In the rat portal vein, spontaneous activity does 
not develop until 15-20 days of age (58). 

Responses to serotonin show a decrease in ECso during development in the 
sheep carotid artery (29, 59), but no change in the sheep ear artery (57). The 
maximal response to serotonin declined in the sheep carotid artery from 250% 
of the norepinephrine response at 53-90 days gestation to 112% at 140-150 
days (57). In the rabbit aorta, the maximal contractile response to serotonin 
declined relative to the norepinephrine response from 5 to 360 days of age (55). 

The EC50 for angiotensin was shown to be higher in the newborn sheep 
carotid artery than in the adult (59), while responses to vasopressin did not 
change during development in the sheep ear artery (57). The ECso for acetyl­
choline did not change with age in the rat portal vein (58). 

In Vivo Studies 

In some species, depending on the state of maturity at birth, reflex responses of 
the vasculature mediated by adrenergic nerves may be incompletely developed 
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in the newborn. In other species, however, responses may be indistinguishable 
from the adult. In pigs, fully integrated vascular responses to reflex activation 
of the adrenergic nervous system are not fully developed until two weeks of age 
(61,62). 

In the mature-at-birth sheep, the magnitude of neurohumoral control was 
assessed by the change in blood pressure produced by a-adrenergic blockade 
with phenoxybenzamine or ganglionic blockade with trimethaphan. Responses 
to blockade of neurohumoral control were greater in the term fetus than in the 
neonate and declined with age to the adult (63), suggesting more intense 
sympathetic control of blood pressure in the tenn fetus and newborn than in the 
adult. 

In the dog, on the other hand, some studies seem to demonstrate that vascular 
responses to adrenergic nerve stimulation are not fully developed in the new­
born. Sympathetic nerve stimulation of the isolated perfused hindquarters of 
the newborn dog produced a vasodilator response that was blocked by atropine. 
Not until two weeks of age was a vasoconstrictor response to nerve stimulation 
seen (64). Bilateral carotid occlusion produced an increase in blood pressure in 
newborn dogs, although the magnitude of this increase was smaller than that in 
dogs ten days old or in adults (65). In contrast, though. the indirectly acting 
adrenergic agonist tyramine produced similar pressor effects in newborn and 
adult dogs (66). 

Arterial blood pressure in the newborn is low and increases progressively to 
the adult level in a number of species that have been studied (65, 67,68). This 
makes it difficult to decide how to compare blood pressure responsiveness in 
animals of different ages, since the absolute amount of change in blood 
pressure produced by a given stimulus would be expected to alter just on the 
basis of differences in resting blood pressure. To circumvent this problem, 
some authors have expressed changes as percent of resting blood pressure. 

Despite these difficulties in interpretation of in vivo data, studies of re­
sponses to adrenergic drugs confirm conclusions reached from in vitro studies. 
In the newborn pig, higher doses of isoproterenol are necessary to produce a fall 
in systemic blood pressure. and for a given dose of isoproterneol there was a 
smaller decrease in resistance as calculated from femoral and carotid arterial 
flows (69). Thus, in pigs �-adrenergic responsiveness of vascular smooth 
muscle is apparently still developing during the second postnatal week. In­
travenous injections of isoproterenol also had much smaller effects on blood 
pressure in the term fetus of the sheep than in the adult (63). 

Confounding effects of differences in drug disposition and metabolism are 
illustrated by the study of Boatman et al (64). Injections of epinephrine and 
norepinephrine produced similar increases in pressure in the isolated perfused 
hindquarters of the dog at all ages studied. However, the effective concentra­
tion of the drug was less in the adult due to its much larger size. These authors, 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

4.
24

:6
5-

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/1
2/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



76 DUCKLES & BANNER 

therefore, concluded that newborn dogs were much less sensitive to adrenergic 
drugs than the adult. In addition, they noted that the duration of the response in 
the newborn was much longer than in the adult and suggested that there are 
differences in metabolism of adrenergic agonists perhaps related to immaturity 
of adrenergic nerves. In another study of the dog, there was no change in blood 
pressure response to norepinephrine, although, again, the response duration 
was longer in the newborn than in the adult (66). 

In newborn pigs, higher doses of norepinephrine were necessary to produce a 
significant change in blood pressure compared to adults (69). In addition, the 
absolute magnitude of blood pressure change was greater in the adult, although 
the significance of this observation is difficult to interpret. 

Studies of blood pressure in the sheep show no significant alteration in 
maximal responses to norepinephrine with age (63). However, comparison of 
dose response curves to norepinephrine indicate that the term fetus showed 
considerably less sensitivity to norepinephrine than the neonate. 

Examination of blood pressure responses to angiotensin in the lamb showed 
no alterations in the newborn lamb from birth to 60 days of age, even though 
baseline blood pressure rose progressively (70). In these animals, maintained 
on a carefully monitored sodium intake, the rise in arterial pressure with age 
could not be accounted for by a change in vascular sensitivity to angiotensin. 

To this date, most in vivo studies have focused on changes in systemic blood 
pressure. However, as shown by morphological and in vitro studies, there are 
significant differences among vascular beds in the rat of maturation of 
adrenergic mechanisms. Therefore, it will be important in future studies to 
carefully analyze regional variations in vascular adrenergic mechanisms. 

CLINICAL CORRELATES 

From the clinician's standpoint, a major impetus to understanding the way in 
which the vascular system develops is the important role that this system plays 
in the adaptation of the newborn to the extrauterine environment. With ad­
vances taking place in the management of the pulmonary components of 
hyaline membrane disease, the major clinical challenges facing us in the care of 
premature and full-term infants are vascular disorders of adaptation. Three 
disorders in which the vasculature appears to play a major role are persistent 
fetal circulation, intraventricular hemorrhage, and necrotizing enterocolitis. 

Persistent Fetal Circulation 

The transition occurring at the moment of birth is the single most dramatic 
physiologic event in the life of a human (71). In those few seconds the pattern of 
circulation must change from one based on placental transfer of oxygen to one 
allowing pulmonary exchange of gases. These changes are primarily vascular 
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in origin, resulting in vasodilation of the pulmonary vessels and constriction of 
the umbilical arteries. They are uniquely characteristic of the infant bom after 
37 weeks' gestation. At younger ages, or in cases where the birth process is 
complicated by severe asphyxia , these vascular transitions may not occur or 
may be altered. This abnormal circulatory state has been termed persistent fetal 
circulation and is manifest primarily as pulmonary hypertension and failure of 
the ductus arteriosus to close (72). 

During the normal birth process, at the instant of the first breath the resis­
tance in the pulmonary vasculature drops dramatically and the ductus arteriosus 
closes. The mediators of this process have not been defined, although the 
compounds most commonly implicated are the prostaglandins. Evidence for a 
partial role of prostaglandins in "first-breath" vasodilation has been described 
(73). However, the failure of indomethacin to completely inhibit the "first­
breath" effect suggests that other mediators may also be involved. 

Following an acute episode of asphyxia, the normal pulmonary vasodilation 
associated with the "first breath" fails (72), While factors such as hypoxia and 
systemic acidemia have been implicated as contributing factors, the cellular or 
chemical mediators that cause pulmonary vasoconstriction to persist have not 
been identified. In the pretenn infant, unknown chemical mediators associated 
with prematurity and hyaline membrane disease may contribute to decreased 
pulmonary blood flow. 

The various approaches to treatment of this disorder further underline our 
lack of basic infomlation as to etiology. Tolazoline is one frequently recom­
mended drug for persistent fetal circulation (74). This drug has histaminergic, 
a-adrenergic, and cholinergic properties (75). In some species, the vasodilator 
properties of tolazQline have been attributed to stimulation of histamine type 1 
and 2 receptors (76), while in other species it has been suggested that the 
efficacy of this drug is related to a-adrenergic antagonism (77). Without some 
basic understanding of the mechanisms involved in the human neonatal re­
sponse to a drug such as tolazoline, it will be impossible to predict or design 
drug regimens that would be most efficacious in treating this disorder. 

Intraventricular Hemorrhage 

Until the 36th week of gestation in the human infant, there exists an area in the 
brain at the level of the caudate nucleus that is referred to as the subependymal 

germinal matrix layer (78). This layer gives rise to cells that migrate out and 
further develop the neuronal elements of the central nervous system. In its role 
as a center of growth, this area is richly supplied with a network of capillary 
blood vessels . Thus, the premature infant has a unique vascular structure that is 
absent at full-term nonnal birth . On the basis of cumulative evidence (79-81), 
it appears that this vascular bed is predisposed to hemorrhage into the ventricu­

lar system when subjected to asphyxial conditions followed by surges of 
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cerebral blood flow. In a prospective study (82), evidence of hemorrhage in the 
subependymal area was present in 78 % of all premature infants admitted into an 
intensive-care nursery. This process of acute hemorrhage is associated with a 
high incidence of nonobstructive hydrocephalus as well as focal and global 
neurologic deficits. 

Because of the severity of this problem, much effort has been directed 
toward an understanding of the etiology of these acute hemorrhages. In an 
animal model (83), intraventricular hemorrhage can be produced by asphyxia, 
hypertension (secondary to catecholamine infusion), and infusions of sub­
stances causing an increase in plasma volume and/or osmolality. This has led 
investigators (84) to speculate that autoregulation may not be intact in the 
normal premature newborn. Based op work using xenon washout in premature 
infants, it has been suggested that flow to the premature infant's brain is 
pressure passive, with only very limited autoregulatory capabilities. This 
evidence has led Volpe (85) to hypothesize that the richly vascularized sub­
ependymal germinal matrix layer has a poorly developed supportive structure 
and is injured by hypoxia and hypoperfusion. Following this injury, any 
pressure-passive surges in blood flow to the area result in rupture of the 
capillary and precapillary vessels. 

It is apparent that if cerebral blood flow is indeed pressure passive in the 
neonate, then events that alter the systematic arterial blood pressure may have a 
dramatic effect on the central nervous system. Thus, infants with cardiovascu­
lar compromise on the basis of hyaline membrane disease and secondary 
pulmonary vasoconstriction or altered blood flow pathways (such as through a 
ductus arteriosus) may also have associated intraventricular hemorrhage. 

In addition, the implications for therapeutic intervention are great. The use 
of vasoactive substances that have no effect on the cerebral blood vessels but 
cause increases in peripheral resistance and pressure may be deleterious to the 
newborn. Current efforts to minimize the incidence of intraventricular hemor­
rhage have all centered around elimination of high-risk situations (86). These 
attempts, while perhaps able to decrease the incidence of this problem, fail to 
address the underlying etiology of either a lack of or a failure of the cerebral 
autoregulatory mechanisms. Only by understanding the mechanisms associ­
ated with control of cerebral blood flow in the neonate can reasonable thera­
peutic choices be made in emergency situations requiring aggressive support of 
vital signs. 

Necrotizing Enterocolitis 

A third clinical entity of major concern in neonatal intensive care units is 
necrotizing enterocolitis. While the exact etiologic role of vascular smooth 
muscle in this disorder is not clear, epidemiologic evidence points to car­
diovascular disorders as a major risk factor (87). This is primarily a disease of 
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premature infants; the majority weigh less than 2.5. kg at birth and have a 
gestational age of less than 38 weeks (88). For all neonatal intensive care units 
across the United States, an average of about 3000 deaths per year may occur as 
a results of this disorder (89). 

Cardiovascular risk factors associated with the development of necrotizing 
enterocolitis include cyanotic congenital heart disease, patent ductus arte­
riosus, umbilical artery catheterization, and exchange transfusion (87). In 
addition, it has been recognized that unique cardiovascular reflexes present in 
the perinatal period may contribute to hypoperfusion states for the mesenteric 
circulation. It has been noted that asphyxiated newborn infants develop brady­
cardia and an increase in lactate concentration in the blood (90). These re­
sponses are similar to the so-called diving reflex, a phenomenon observed in 
the diving seal where the heart rate drops and the renal, mesenteric, and 
peripheral circulations are vasoconstricted to maintain maximal blood flow to 
the central nervous system (91). This similarity has led to speculation that the 
normal diving reflex may lead to mesenteric ischemia, particularly in the 
preterm infant who is asphyxiated. 

In infants with cyanotic congential heart disease or vascular shunts causing 
rapid runoff of arterial circulation (such as patent ductus arteriosus), this 
mesenteric ischemia may be further exaggerated. In a similar manner, emboli 
associated with procedures such as umbilical artery catheterization may also 
cause mesenteric ischemia. If one accepts mesenteric ischemia as a primary 
event in the development of necrotizing enterocolitis, it follows that ischemic 
breakdown of the mucosal defense barriers may contribute to invasion of 
bacteria and further breakdown of the gut endothelium. 

From an empirical standpoint, the prevention of necrotizing enterocolitis 
should involve prevention of asphyxial states and, thus, the avoidance of the 
diving-seal phenomenon. In addition, care should be taken to prevent other 
vascular embolic events, such as those associated with use of indwelling 
catheters. This provides us with a minimal clinical base from which to operate, 
however. Without an understanding of the underlying mechanisms involved in 
local regulation of the vascular responses of the mesenteric bed, it is impossible 
to rationally treat infants who have been exposed to asphyxial episodes. Basic 
research should be directed at an understanding of the effects of endogenous 
and exogenous vasoactive compounds in order to optimize and restore blood 
flow to critical areas in the asphyxiated neonate. 
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