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Abstract
Endothelial dysfunction can develop at an early age in children with risk factors for cardiovascular
disease. A clear understanding of the nature of this dysfunction and how it can worsen over time
requires detailed information on the normal growth-related changes in endothelial function on
which the pathological changes are superimposed. This review summarizes our current
understanding of these normal changes, as derived from studies in four different mammalian
species. Although the endothelium plays an important role in controlling vascular tone from birth
onward, the vasoactive molecules that mediate this control often change during postnatal or
juvenile growth. The specifics of this transition to an adult endothelial cell phenotype can vary
depending on the vascular bed. During growth, the contribution of nitric oxide to endothelium-
dependent dilation generally increases in the lung, cerebral cortex and skeletal muscle, but
decreases in the intestine. Endothelial capacity for release of other vasoactive factors (e.g.,
cyclooxygenase products, hydrogen peroxide, carbon monoxide) can also increase or decrease
during growth. Although these changes have been well documented, there is less information on
their underlying cellular or molecular events. Further research is required to clarify these
mechanisms, and to evaluate the functional significance of such shifts in endothelial phenotype.
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INTRODUCTION
Over the past few decades, the incidence of cardiovascular disease in children has been
increasing due to rising obesity rates and other risk factors [25,90]. The vascular deficits that
develop in these children often involve severe endothelial dysfunction [1,30,39,89,94].
Numerous other conditions can lead to endothelial dysfunction in the newborn [65,91]. To
clearly define the mechanisms underlying the progression of this dysfunction, it is first
necessary to understand the changes in endothelial phenotype that normally take place soon
after birth and during subsequent growth. The rapid postnatal enlargement of many organs is
accompanied by extensive growth of their arteriolar, capillary and venular networks
[54,83,86,95,98] as well as increases in microvascular wall mass [16,98]. These structural
changes are associated with progressive increases in microvascular pressure and network
blood flow, often with an attendant increase or decrease in hemodynamic shear stress
[55,56,98,110] (Figure 1). Because such alterations in the local environment of endothelial
cells can modify many aspects of their function [27,46,84], it is not surprising that growth is
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accompanied by marked changes in the endothelium-dependent regulation of arteriolar
diameter and blood flow. In some vascular beds, a maturational shift in tissue metabolic
requirements may also contribute to changes in local flow regulation over this period
[42,67].

Differences in endothelium-dependent dilation between young and adult animals were first
demonstrated in large arteries [24,43,44], but more information has since become available
on growth-related changes in smaller resistance arteries and microvessels. The intent of this
review is to summarize the current state of our knowledge of changes in endothelial function
that occur in both arteries and resistance vessels during rapid postnatal or juvenile growth,
and where possible, to address the impact of these changes on local blood flow control. To
illustrate the consequences of deviation from these normal growth-related changes in
humans, the role of endothelial dysfunction in the pathogenesis of newborn pulmonary
hypertension and in necrotizing colitis is also briefly explored.

To date, most of the information on changes in endothelial function during growth has come
from studies on the pulmonary, intestinal, cerebral and skeletal muscle vascular beds in
different species.

PULMONARY CIRCULATION
At birth, the transition of gas exchange from the placenta to the lungs requires a large
decrease in pulmonary vascular resistance and an 8- to10-fold increase in pulmonary blood
flow [38,85]. These changes are due to a number of physical and chemical stimuli that
interact in a complex and incompletely understood manner. In addition to an increase in
arterial blood oxygen content, which directly relaxes pulmonary vascular smooth muscle
and can also stimulate endothelial nitric oxide (NO) release [22], pulmonary vasodilation at
birth is partially due to vasoactive molecules released in response to lung expansion, such as
prostacyclin (PGI2) and mast cell-derived prostaglandin D2 (PGD2) or histamine [22,47].
Some of these factors contribute not only to the initial fall in pulmonary vascular resistance
at birth, but also to the maintenance of this lower resistance over the following days and
weeks. If pulmonary vascular resistance is not appropriately reduced throughout this early
postnatal period, this will give rise to persistent pulmonary hypertension of the newborn
(PPHN), a condition associated with significant morbidity and mortality [91] (see below).
Consequently, there has been much interest in the mechanisms that underlie pulmonary
vascular control during the first 2-3 weeks of extrauterine life. Studies to clarify these
mechanisms have been carried out in least three different species.

In the pig, pulmonary arteries do not dilate when challenged with endothelium-dependent
agonists immediately after birth, but then begin to exhibit endothelium-dependent dilation
within 2-3 days [4,5,14,57], with the magnitude of these responses generally increasing over
the next 7-10 days [108] (Figure 2). This is partly attributable to a progressive increase in
vascular smooth muscle responsiveness to NO, as judged by relaxation to NO donors such
as sodium nitroprusside (SNP) [57,60,76,104,108], which in turn correlates with increased
expression of soluble guanylyl cyclase (sGC) [60]. However, a recent study also suggests
that NO production may actually be absent in these vessels at birth, with endothelial
capacity for basal and stimulated NO release emerging in the first postnatal week largely
because eNOS begins to interact with heat shock protein 90 (Hsp90), a key chaperone
protein that facilitates eNOS phosphorylation and activation [5].

In sheep, acetylcholine (ACh) triggers more cGMP production and endothelium-dependent
relaxation in pulmonary arteries from adults than in those from newborns, and as in the pig,
at least part of this difference is due to greater smooth muscle sGC expression in the adults
[45]. Steinhorn et al. [92] found no change in the responsiveness of pulmonary artery
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smooth muscle to NO between birth and 5-6 weeks of age (juvenile sheep), suggesting that
any increase in smooth muscle sGC expression or activity, and therefore in the overall
influence of NO on vascular tone, must occur between 6 weeks of age and adulthood.
Findings from this latter study also indicate that the dilation of these vessels to ACh is
mediated entirely by endothelial prostaglandin release in newborns, with NO assuming an
equal role in this dilation by 5-6 weeks. However, there are contradictory findings from
other laboratories. O’Donnell et al. [72] reported that treatment with an L-arginine analog
attenuates endothelium-dependent relaxation to ACh and bradykinin (BK) in pulmonary
arteries from newborn (2 day-old) sheep but not in those from 1-month-old sheep,
suggesting that the contribution of NO to these responses declines with age. Furthermore, in
contrast to the studies cited above, these investigators found less relaxation to SNP in
vessels from1-month-old sheep than in those from newborns [72].

In the rat, the expression of eNOS in pulmonary resistance vessels does not change between
7 and 14 days of age, but over this period there is a marked increase in the modulating effect
of NO on the constriction of these vessels [18]. This change is attributable to both an
increase in vascular NO production (via increased eNOS activity) and an increase in
vascular smooth muscle responsiveness to NO (via increased sGC expression).

Taken in aggregate, the above findings offer some insight into how the endothelium-
dependent control of pulmonary vascular tone can change during postnatal growth.
Although not a consensus, the majority of studies suggest that across different species, the
days and weeks immediately following birth are characterized by a general increase in the
influence of NO on vascular tone due to an increase in smooth muscle responsiveness to
NO, often coupled with an increase in endothelial NO production.

Persistent pulmonary hypertension of the newborn
Severe PPHN occurs in approximately 0.2% of live-born term infants [91]. This condition is
multifactorial in origin, but there is evidence that disruption of the endothelial NO-cGMP
pathway contributes to the pulmonary vasoconstriction that underlies PPHN in some cases
[91,106]. Reduced expression and activity of eNOS has been found in pulmonary arteries of
lambs with experimentally-induced PPHN [88], and eNOS expression is reduced in
umbilical vein endothelial cells from infants with PPHN [96]. Reduced NO availability in
these infants may also result from the postnatal persistence of relatively high circulating
levels of the endogenous NOS inhibitor asymmetric dimethylarginine (ADMA). These
levels are relatively high in the fetal blood, but then normally drop to undetectable levels
soon after birth [106]. However, abnormally high levels of ADMA have been found in the
urine of infants with PPHN [75]. A relative deficiency of the NOS substrate L-arginine may
also occur with PPHN [97].

Exogenous NO inhalation has been studied as a standard therapy for infants with PPHN, and
has proved beneficial by increasing oxygenation in some infants [19,68]. Because there is
also evidence that reduced expression and activity of vascular smooth muscle sGC can
contribute to PPHN, compounds that inhibit cGMP-metabolizing phosphodiesterases are
also being explored as possible treatments [10]

INTESTINAL CIRCULATION
Like the lungs, the intestine is for the most part functionally dormant during fetal life. Birth
is marked by a transition from reliance on the placenta to reliance on the gastrointestinal
tract for nutrition. This leads to a large increase in intestinal oxygen uptake, presumably
reflecting the increase in metabolic activity required to support postprandial nutrient
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absorption [15]. Not surprisingly, this transition is also accompanied by a marked decrease
in intestinal vascular resistance and an increase in tissue perfusion [64,79].

Although there are profound increases in both pulmonary and intestinal blood flow at birth,
the changes in intestinal vascular control that take place over the ensuing days and weeks are
notably different from those in the pulmonary circulation. More specifically, studies
conducted in pig intestine indicate that the role of endothelial NO in regulation of vascular
tone declines during postnatal growth. Intestinal vascular resistance is at a minimum
between 3 and 12 days of age, then progressively increases until it reaches a higher plateau
at around 30 days of age (after weaning) [64]. The relatively low resistance in the 3 day-old
pigs is due in part to a large influence of basally released NO on resting vascular tone, with
this influence becoming negligible by 35 days of age [63]. Consistent with this observation,
increased shear stress stimulates endothelial NO release and completely overrides the
myogenic constriction of mesenteric resistance vessels from 3 day-old pigs, but does not
stimulate NO release and exerts no modulating effect on the diameter of vessels from 35
day-old pigs [63,78,79] (Figure 3). Reber et al. [79] have estimated that under basal flow
conditions, the rate of constitutive NO production is approximately 3-fold greater in the
mesenteric resistance vessels of the younger animals than in the older animals. The
endothelium-dependent agonists ACh and Substance P also elicit greater NO-mediated
dilation in the younger vessels than in the older vessels [63], suggesting that the general
capacity for endothelial NO release is greater in the younger animals. This conclusion is
supported by subsequent findings that expression of eNOS protein in the vascular wall is
significantly greater in 1- and 3-day-old animals than in 30-day-old animals [80].

Necrotizing enterocolitis
The vasoconstrictor peptide endothelin-1 (ET-1) also exerts a major influence in the
intestinal circulation of newborns, such that a dynamic balance between the effects of ET-1
and those of NO exists at this early stage [65]. In premature human infants, a shift in this
balance away from NO and towards ET-1 contributes to the ischemic injury associated with
necrotizing enterocolitis (NEC) [69,70]. This shift may be due to an increase in ET-1
expression coupled with decreased NO production due to low L-arginine levels and/or
increased ADMA levels [12,69,82,107]. Administration of L-arginine to premature infants
has been found to decreases the incidence of NEC [2, 87], and ET-1 receptor antagonists
may also prove to be useful therapy for NEC [69].

CEREBRAL CIRCULATION
In the pig, the dilation of cerebral arterioles to a variety of stimuli (including BK) and
hypercapnia) is largely mediated by the release of endothelial prostanoids in newborns (age
1-3 days), with endothelial NO assuming a progressively greater role in these responses
during subsequent growth to the juvenile stage (age 3-4 months) [3,102,103,109] (Figure 4).
This is consistent with a report that cerebral microvessels display a 2-3 fold increase in both
the expression and activity of eNOS over this period, with no corresponding increase in the
expression or activity of cyclooxygenase (COX) [73]. In newborn pigs, carbon monoxide
(CO) generated in the endothelium and/or vascular smooth muscle also plays an important
role in regulating cerebral arteriolar diameter. This CO has been found to modulate
constrictor responses to hypocapnia and hypertension [105], and to contribute to the dilation
induced by hypoxia, excitatory amino acids, and a reduction in cerebral perfusion pressure
[23,41,50]. Endothelium-derived NO and PGI2 can play permissive roles in these responses
by activating intracellular pathways that allow CO to increase smooth muscle KCa channel
activity [11,48]. Recent findings suggest this influence of CO may also change during
growth; juvenile maturation in the pig is accompanied by a reduction in arteriolar smooth
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muscle responsiveness to CO and loss of the permissive effect of endogenous NO on CO-
induced dilation [37].

In contrast to the pig, the endothelium-dependent dilation of cerebral arteries in newborn
(age 0-7 days) sheep is mediated almost exclusively by NO, not COX metabolites [100,101].
However, the capacity of these vessels for NO release continues to increase during growth,
despite a modest decrease in eNOS expression [101]. This could be explained by a growth-
related increase in eNOS activity, as has been suggested for the sheep carotid artery based
on responses to shear stress [99]. There is some evidence that differences in the contribution
of NO to endothelium-dependent dilation in newborns between these studies and those
discussed above are related to species differences (pig vs. sheep) rather than differences
between cerebral arterioles (in pig) and the larger upstream arteries (in sheep). For example,
the influence of endothelial NO on myogenic tone and vascular wall Ca2+ levels in smaller
(~ 150 μm) cerebral arteries is greater in near-term fetal sheep than in adult sheep [29].

In cerebral microvessels of the mouse, the modulation of myogenic tone by endogenous NO
and vasodilator prostanoids is almost non-existent at 4-8 days of age but considerably
greater at 42-56 days of age [28], although the mechanisms that underlie these changes have
not been explored.

The above findings indicate that the extent to which NO contributes to the endothelium-
dependent dilation of cerebral vessels soon after birth can vary widely depending on the
species. However, regardless of whether this early contribution is large or small, there is in
all species a further increase in the size of this NO component during subsequent growth due
to an increase in either eNOS expression or activity.

SKELETAL MUSCLE CIRCULATION
Measurements in rat spinotrapezius muscle indicate that between 31 days of age (1 wk post
weaning) and 52 days of age (early adulthood) there is a 25% increase in total network
blood flow but more than a doubling of muscle mass, such that blood flow per gram of
tissue decreases by approximately 40% over this period [56]. This is consistent with
evidence that tissue metabolic demand peaks in early life, but then begins to decline as
juvenile growth continues [42,67]. There is little or no change in the resting tone of
spinotrapezius muscle arterioles over this period [55,56], which agrees with findings in the
cremaster muscle of growing hamsters and rats [77,98]. However, the capacity for active
adjustments in arteriolar tone, and the specific mechanisms responsible for these
adjustments, can change profoundly during juvenile growth.

Arterioles from the gracilis muscle of 25-28 day-old rats exhibit robust endothelium-
dependent dilation to receptor-dependent agonists (ACh, simvastatin, VEGF) as well as the
Ca2+ ionophore A23187 [6,7,9]. However, these vessels lack the general capacity for
endothelial NO production, as judged by the ineffectiveness of the NOS inhibitor Nω-nitro-
L-arginine methyl ester (L-NAME) in reducing the responses [6]. In contrast, L-NAME
greatly reduces the responses in vessels from 42-46 day-old rats, suggesting there is a large
contribution of NO to the dilation by this age [6] (Figure 5). We have verified this age-
related difference in capacity for NO production through direct measurements of NO with
polarographic sensors [40]. In that study, we also found no difference between age groups in
arteriolar wall eNOS expression, implying that there must be a change in the regulation of
eNOS activity sometime between 28 and 42 days of age. The details of this transition are not
yet clear, but our earlier findings in rat spinotrapezius muscle suggest this is a complex
process. In those studies, ACh or A23187 could stimulate arteriolar NO release at 32 days of
age, but other stimuli (shear stress, VEGF, simvastatin) could not stimulate NO release until
approximately 1 week later [56,71]. We have found no differences between 25-28 and 42-46
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day-old rats in arteriolar wall tetrahydrobiopterin (BH4) or L-arginine (L-Arg) levels, ruling
out the possibility of an age-related increase in the availability of eNOS substrate or
cofactors [40]. There is little information on how other determinants of eNOS activity may
change over this period, but among the many possibilities are a change in the interaction of
eNOS with key regulatory proteins (e.g., Hsp 90 [5]) or in the pattern of eNOS
phosphorylation [61]. Another interesting possibility is that circulating levels of the
endogenous NOS inhibitor asymmetric dimethylarginine (ADMA) could be relatively high
at an early age and then drop during subsequent growth, as recently reported in humans
[33,59].

In rat gracilis muscle arterioles, the change in endothelial function between 28 and 42 days
of age encompasses more than simply a change in NO production. For example, the COX
inhibitor indomethacin has no effect on dilation to A23187, VEGF or simvastatin in 25-28
day-old arterioles, but greatly reduces these responses in 42-46 day-old arterioles [6]. This
suggests that COX metabolites initially do not contribute to endothelium-dependent dilation,
but then emerge as important contributors to these responses over the same period as NO.
We also found no evidence for a contribution of hydrogen peroxide (H2O2) to endothelium-
dependent dilation of the younger arterioles. However, as with NO and COX metabolites, a
role for H2O2 in mediating these responses emerges by 42-46 days of age [7].

After ruling out NO, prostanoids and H2O2 as possible mediators of endothelium-dependent
dilation in the arterioles of young rats, we did find that these responses were reduced by the
heme oxygenase inhibitor chromium (III) mesoporphyrin IX, implicating CO as an
important endothelial vasoactive factor in the younger vessels [9]. This is similar to the
above-mentioned findings in the cerebral circulation of young pigs [23,41,50]. It is clear that
other endothelium-derived molecules also contribute to regulation of arteriolar tone in young
animals, but these have not yet been identified.

The above findings indicate that during juvenile growth, the endothelium of skeletal muscle
arterioles develops the capacity for generation of NO, prostanoids and H2O2 in response to
various stimuli. This transition of the endothelium to an adult phenotype occurs over a
relatively brief time span (2 weeks), and may have important functional consequences (see
below). The mechanism(s) that underlie this transition are presently unclear.

IMPACT OF GROWTH-RELATED CHANGES IN ENDOTHELIAL FUNCTION
As mentioned above, endothelium-derived PGI2 and/or NO contribute importantly to the
decreases in pulmonary and intestinal vascular resistance that occur at or immediately
following birth, as well as the maintenance of low resistance in these organs during the first
few weeks of extrauterine life. Because the specific changes in endothelial phenotype that
accompany growth can vary widely from one vascular bed to another, it is likely that there is
also some variability in the functional impact of these changes among vascular beds that do
not undergo a large perinatal flow increase. Insight into such variability can be gained from
in vivo studies in which the integrated behavior of arterioles is assessed at different time
points during rapid growth. To date, most of these studies have been focused on the
microcirculation in skeletal muscle.

In addition to the negligible amount of agonist-induced NO release in skeletal muscle
arterioles from young rats in vitro [6,40], there also appears to be no basal NO release from
these vessels in vivo. In rat spinotrapezius muscle, the NOS inhibitor NG-monomethyl L-
arginine (L-NMMA) has no effect on resting arteriolar diameters or network blood flow at
31-32 days of age but causes arteriolar constriction and reduced blood flow at 52-55 days of
age [55,56,71]. The responsiveness of arteriolar smooth muscle to NO does not change over
this period [56], implicating an absence of endothelial NO release as the reason for the lack
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of effect of L-NMMA on arterioles in young rats. Since flow-related shear stress is the main
stimulus for basal NO release in these vessels [26], this is consistent with a report that the
arteriolar endothelium is insensitive to shear stress at this age [56]. Basally released NO
normally serves to temper arteriolar responses to increased sympathetic nerve activity in a
number of vascular beds [34,66]. We have confirmed that this moderating effect of NO is
present in spinotrapezius muscle arterioles at 52-55 days of age but not at 31-32 days of age
[55]. Therefore, the skeletal muscle microcirculation in young rats lacks this potential
mechanism for preventing an excessive reduction in local blood flow during periods of
elevated sympathoadrenal activity, such as might occur with hemorrhage or stress.

Because NO can contribute importantly to arteriolar dilation and active hyperemia in
contracting muscles of adult rats [21,36,62], low arteriolar NO production in skeletal muscle
of young rats could also lead to less effective coupling between tissue metabolism and blood
flow in these animals. Consistent with this possibility are findings that the magnitude of
vascular smooth muscle relaxation during muscle contraction is reduced in mice with
targeted disruption of the eNOS gene (eNOS-/- mice) [32]. If this scenario is correct, then
the emergence of NO as an important endothelial factor during growth would improve the
overall capacity of the resistance vasculature for increasing blood flow and oxygen delivery
during periods of increased metabolic demand. Alternatively, this capacity may not be
compromised in young animals if the actions of some other locally-produced vasodilator(s)
are sufficient to ensure appropriate arteriolar dilation during contraction in the absence of
NO release. This possibility is consistent with a report that oxygen delivery in the
contracting cremaster muscle of young hamsters is actually superior to that in adult
hamsters, although this could simply reflect shorter intercapillary distances in the young
animals [77]. However, another study in this muscle indicates that despite a progressive
reduction in some key determinants of oxygen delivery (capillary erythrocyte content and
erythrocyte flux), the overall capacity for microvascular oxygen delivery remains constant
during maturation, possibly due to a greater capacity for network recruitment [13].
Additional studies are clearly needed to rigorously investigate the impact of growth-related
changes in arteriolar NO production on active hyperemia in skeletal muscle.

GROWTH-RELATED CHANGES IN VASCULAR SMOOTH MUSCLE
FUNCTION

For any vascular bed, the physiological impact of growth-related changes in endothelial
function can be difficult to predict because these changes are sometimes superimposed on
changes in vascular smooth muscle as well. As with the endothelium, these changes can be
highly species- or organ-specific. For example, juvenile growth in the rat is accompanied by
an increase in the myogenic responsiveness of skeletal muscle arterioles [8], but a decrease
in the myogenic responsiveness of cerebral arteries (due to a reduction in stretch-induced
Ca2+ influx across the smooth muscle membrane) [17]. In the pig, the myogenic behavior of
mesenteric resistance vessels is greatest at 1 day of age, declines between 3 and 10 days of
age, and is completely absent by 35 days of age [64,78,93]. This eventual loss of myogenic
activity may be related to a progressive decrease in the contribution of the α and ε isoforms
of protein kinase C to myogenic signaling [93].

During myogenic constriction, activation of smooth muscle Ca2+-activated K+ (KCa)
channels and membrane hyperpolarization represents an important negative feedback
mechanism for modulating myogenic behavior [35]. In newborn rat and pig, this mechanism
is sometimes absent in cerebral arteries due to a low frequency of the Ca2+ sparks that
normally activate KCa channels [30] or an insensitivity of these channels to Ca2+ sparks
[51]. However, in sheep cerebral arteries, KCa channel activity is greater at birth than in
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adults due to a shift in the pattern of channel phosphorylation, leading to a lower Ca2+

setpoint [52,53,58].

Other growth-related changes in K+ channel activity can also occur in vascular smooth
muscle. In small cerebral arteries of sheep (125-200 μm i.d.), ATP-sensitive (KATP)
channels are less sensitive to activation in newborns than in adults [74]. The responsiveness
of sheep pulmonary arteries to acute hypoxia increases with maturation due to an increase in
the activity of voltage-gated K+ (Kv) channels in the vascular smooth muscle membrane
[20]. Furthermore, the predominant K+ channel for regulation of resting membrane potential
in these arteries apparently changes from the Kv channel to the KCa channel during postnatal
growth [81].

CONCLUSION
Studies on vessels from different vascular beds have provided us with some understanding
of the extent to which endothelium-dependent control of vascular tone can change during
postnatal or juvenile growth. These changes often involve a shift in the relative influence of
different vasoactive molecules produced by the endothelium in response to physical and
chemical stimuli. With respect to NO, findings from different species indicate that this
molecule becomes increasingly more important as a contributor to endothelium-dependent
dilation in the pulmonary, cerebral and skeletal muscle vascular beds. In contrast, the
contribution of NO to endothelium-dependent dilation decreases with growth in the
intestinal vascular bed. Other endothelial factors that become either more or less important
for vascular control during growth include COX metabolites, H2O2 and CO. Further
investigation of the cellular and molecular underpinnings of these changes is necessary to
provide true mechanistic insight into this transition of the endothelium from an immature to
an adult phenotype. By serving as a point of reference, this basic information will allow for
a more precise identification of the abnormalities in endothelial phenotype that can arise in
the early stages of cardiovascular disease.
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Figure 1.
Effect of age on volume flow and wall shear stress in proximal arterioles of the rat
spinotrapezius muscle. Wall shear stress is calculated using in vivo measurements of vessel
diameters and flow velocities, assuming a parabolic flow profile and an average blood
viscosity of 3.5 centipoise. Values are means ± SEM. *p <0.05 vs. 31-day value. † p < 0.05
vs. 52-day value. Data from Linderman and Boegehold, 1999 (Ref. 56).
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Figure 2.
Effects of NG-monomethyl L-arginine (L-NMMA) and endothelial removal (-Endo.) on
acetylcholine (ACh)-induced relaxation of pulmonary artery rings from pigs aged 5 min.-2
hr. (Neonatal) and 3-10 days. Rings were pre-contracted with prostaglandin F2α. Values are
means ± SEM. *p <0.05, L-NMMA vs. Control. Redrawn from Liu et al., 1992 (Ref. 57).
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Figure 3.
Relationship between flow rate, nitric oxide (NO) production rate and vascular resistance in
the pump-perfused mesenteric vascular bed from pigs at age 3 days (○) and 35 days (●).
Values are means ± SD; n = 5. a P < 0.01 vs. 5 ml/min flow rate; b P < 0.01 vs. 3-day-old
group. From Reber et al., 2001 (Ref. 79), used with permission.
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Figure 4.
Percent of dilator responses to hypercapnia and bradykinin attributable to nitric oxide (NO)
and prostaglandins (PGs) in cerebral arterioles of pigs at age 1-3 days (Newborn) and 3-5
months (Juvenile). Derived from data reported by Willis and Leffler, 1999 (Ref. 102) and
Willis and Leffler, 2001 (Ref. 103).
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Figure 5.
Endothelium-dependent dilation of rat gracilis muscle arterioles in response to receptor-
dependent and -independent agonists before and then after exposure to Nω-nitro-L-arginine
methyl ester (L-NAME). Top panel: arterioles from 25-28 day-old rats. Bottom panel:
arterioles from 42-46 day-old rats. Values are means ± SEM. n = number of vessels. *p
<0.05 vs. Control. Data derived from Balch-Samora et al., 2007 (Ref. 6).
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