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Uteroplacental Insufficiency and Lactational Environment
Separately Influence Arterial Stiffness and Vascular

Function in Adult Male Rats
Marianne Tare, Helena C. Parkington, Kristen J. Bubb, Mary E. Wlodek

Abstract—Early life environmental influences can have lifelong consequences for health, including the risk of
cardiovascular disease. Uteroplacental insufficiency causes fetal undernutrition and impairs fetal growth. Previously we
have shown that uteroplacental insufficiency is associated with impaired maternal mammary development, compro-
mising postnatal growth leading to hypertension in male rat offspring. In this study we investigated the roles of prenatal
and postnatal nutritional environments on endothelial and smooth muscle reactivity and passive wall stiffness of
resistance arteries of male rat offspring. Fetal growth restriction was induced by maternal bilateral uterine vessel ligation
(restricted) on day 18 of pregnancy. Control offspring were from mothers that had sham surgery (control) and another
group from mothers with their litter size reduced (reduced; litter size reduced to 5 at birth, equivalent to the restricted
group). On postnatal day 1, offspring (control, restricted, and reduced) were cross-fostered onto control or restricted
mothers. At 6 months, mesenteric and femoral arteries were studied using wire and pressure myography. In
restricted-on-restricted rats, wall stiffness was increased, and sensitivity to phenylephrine and relaxation evoked by
endothelium-derived hyperpolarizing factor and sodium nitroprusside were impaired in mesenteric arteries. In femoral
arteries, relaxation to sodium nitroprusside was reduced, whereas wall stiffness was unaltered. Cross-fostering restricted
offspring onto control mothers alleviated deficits in vascular stiffness and reactivity. Control or reduced offspring who
suckled a restricted mother had marked vascular stiffening. In conclusion, prenatal and early postnatal environments
separately influence vascular function and stiffness. Furthermore, the early postnatal lactational environment is a
determinant of later cardiovascular function. (Hypertension. 2012;60:378-386.) ● Online Data Supplement

Key Words: uteroplacental insufficiency � lactational environment � artery � arterial stiffness � endothelium
� smooth muscle

Adverse environmental conditions during early life in-
crease the risk for the development of chronic diseases

in adulthood, including cardiovascular disease (CVD).1 Fetal
growth restriction is associated with increased risk of isch-
emic heart disease, stroke, and hypertension.1–4 Abnormali-
ties in vascular function often precede the development of
CVD, although the mechanisms have yet to be resolved.
Vascular mechanisms that may contribute to adverse cardio-
vascular sequelae include alterations in endothelial and
smooth muscle reactivity and arterial wall stiffness. In hu-
mans of low birth weight, endothelium-dependent vasodila-
tion is generally impaired.5–7 Arterial stiffness has been
identified as an important independent risk factor for CVD.8

An inverse relationship exists between birth weight and
arterial stiffness.9 Prepubertal children born small have in-
creased stiffening of carotid arteries.6

Intrauterine growth restriction occurs in �10% of pregnan-
cies and is commonly attributed to placental dysfunction in

Western societies.10 Experimental models of uteroplacental
insufficiency where uterine perfusion is reduced during the
last third of pregnancy in rats yield growth restricted off-
spring (�10%) that develop hypertension, and there is
increasing evidence for altered vascular function.11,12 The
early postnatal environment has also been identified as a
critical period, such that rapid childhood growth in infants
born small or thin is associated with endothelial dysfunction13

and heightened cardiovascular risk.14,15 The early lactational
environment may also influence cardiovascular risk.16 Breast-
feeding, particularly in the early postnatal period, is associ-
ated with reduced adulthood cardiovascular risk,14 although
paradoxical, extended durations of breastfeeding (�4
months) may be associated with increased vessel stiffening.17

Uteroplacental insufficiency in rats impairs mammary
development in the mother, resulting in lower milk produc-
tion with altered composition.18 Growth-restricted male off-
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spring born to uteroplacentally restricted mothers developed
high blood pressure, and this was prevented after cross-
fostering onto control mothers with normal lactation and
improved postnatal nutrition and offspring growth.19 Al-
though prenatal and early postnatal environments are deter-
minants of adulthood cardiovascular risk, their separate
influences on vascular function and underlying mechanisms
have yet to be elucidated. Here we used cross-fostering to
investigate the roles of growth restriction and lactational
environment in male rats on artery stiffness and endothelial
and smooth muscle function.

Materials and Methods
An expanded Materials and Methods section is available in the
online-only Data Supplement.

Animals and Cross-Fostering Protocol
Surgery was performed on day 18 of pregnancy in Wistar-Kyoto
rats.19,20 Pregnant rats were allocated to control (sham surgery) or
restricted groups. The restricted group underwent bilateral uterine
vessel (artery and vein) ligation to induce uteroplacental insuffi-
ciency.20 All of the litters delivered at term on day 22 of pregnancy.
At birth, half of the litters from the control group had their litter size
reduced to 5 to match the restricted group (reduced litter; control
reduced from 10–14 to 5 pups; see Figure S1).18,21 A cross-fostering
at birth approach was used because the key aim of the study was to
determine the relative contributions of the prenatal and postnatal
environments in programming vascular dysfunction. Pups from each
of the 3 groups, control, reduced, and restricted, were cross-fostered
1 day after birth onto a different control or restricted mother.19,22

Descriptions of cross-foster groups indicate pup type–cross-fostered
on–mother type (ie, restricted-on-control refers to a restricted pup
cross-fostered onto a control mother; refer to Figure S1). Six
experimental groups were studied, including control-on-control
(n�12 mothers), control-on-restricted (n�11 mothers), reduced-on-
restricted (n�7 mothers), reduced-on-control (n�11 mothers),
restricted-on-control (n�9 mothers), and restricted-on-restricted
(n�12 mothers). One male offspring per litter per measure was
studied. Systolic blood pressure was measured at 5 months by the
tail-cuff method.19

Tissue Collection and Vascular Testing
When the rats were 6 months of age, small mesenteric and femoral
arteries were isolated. Arteries were mounted onto a wire myograph
for testing of smooth muscle and endothelial reactivity and onto a
pressure myograph for assessment of passive mechanical wall
properties, as described previously.23–25 Endothelial function was
tested using acetylcholine (ACh; 10�10 to 10�6 M) in submaxi-
mally constricted (60% to 70% of maximum, with the level of
preconstriction not different across all of the groups) arteries.25

The contributions of NO and endothelium-derived hyperpolariz-
ing factor (EDHF) were assessed (see the online-only Data
Supplement).23,26

Statistical Analysis
Please see the online-only Data Supplement. Data are presented as
mean�SEM with “n” representing the number of animals. Data were
analyzed using ANOVA with Bonferroni correction for multiple
comparisons or unpaired Student t testing, and differences were
accepted as significant when P value was �0.05.

Results
Offspring Growth and Blood Pressure
Uteroplacental restriction resulted in a halving of litter size
(from 10 to 5) compared with controls, as published previ-
ously.19 On postnatal day 1, body weights of restricted male

offspring were lower than controls (Table). Toward the end of
lactation, body weights of males from all of the groups were
not different except for the restricted-on-restricted group,
which were �26% lighter. Restricted-on-control males expe-
rienced accelerated growth during early lactation, and
reduced-on-restricted males had slowed growth during lacta-
tion. All of other groups were not different from the control-
on-control group during lactation.19,22 At 6 months of age,
restricted-on-restricted males were lighter (�7%) than
control-on-control offspring (Table).

By 5 months of age, restricted-on-restricted and reduced-
on-restricted offspring had developed increased blood pres-
sure (by 18 and 9 mmHg, respectively) compared with
control-on-control offspring. Cross-fostering restricted males
onto control mothers resulted in blood pressures that were not
significantly different from those of control-on-control males
(Table), similar to our previous report for this model.19

Passive Mechanical Wall Properties

Mesenteric Artery
The stress-strain relationship for arteries from the male
restricted-on-restricted group was shifted to the left, indicat-
ing increased wall stiffness (P�0.0002; Figure 1A). Wall
stiffness was restored in arteries from restricted offspring
cross-fostered onto control mothers (Figure 1B). Mesenteric
arteries from all of the offspring cross-fostered onto restricted
mothers (ie, control-on-restricted, reduced-on-restricted, or
restricted-on-restricted) were stiffer. Strikingly, wall stiffness
was particularly exacerbated in offspring born of normal
weight but cross-fostered onto a restricted mother (ie, control-
on-restricted or reduced-on-restricted; Figure 1C and 1D).
Arteries from reduced-on-control offspring were stiffer than
those from the control-on-control group (P�0.01; Figure 1E).

Femoral Artery
In contrast to the mesenteric artery, the stress-strain relation-
ship for femoral arteries from restricted-on-restricted off-
spring was not different versus control-on-control offspring
(Figure 1F). As observed with mesenteric artery, wall stiff-
ness was significantly increased in arteries from offspring
born of normal weight but cross-fostered onto a restricted
mother, that is, control-on-restricted (Figure 1H; P�0.02)
and reduced-on-restricted (Figure 1I; P�0.002). Stress-strain

Table. Offspring Body Weight and Blood Pressure

Pup-on-Mother
Day 1

Weight, g
Body Weight

6 mo, g

5 mo Systolic
Blood Pressure,

mm Hg

Control-on-control 5.83�0.18* 372�8* 129�2*

Control-on-restricted 5.56�0.16* 366�6*† 128�4*†

Reduced-on-restricted 5.51�0.21*† 371�4*† 138�4†‡

Reduced-on-control 5.28�0.25*§ 361�8*†‡ 133�4*†

Restricted-on-control 4.92�0.20†‡§ 345�11†‡ 136�4*†

Restricted-on-restricted 4.41�0.22‡ 347�6‡ 147�3‡

Data are mean�SEM (n�6–12).
Significant differences (P�0.05) across groups for each parameter are

indicated by different symbols, for example, “*” is different from “†” but not
different from “*†.”
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relationships of femoral arteries from reduced or restricted
offspring cross-fostered onto control mothers were not dif-
ferent (P�0.06 and P�0.09, respectively) from those from
control-on-control offspring (Figure 1J and 1G).

Mesenteric and Femoral Artery Reactivity

Contraction
For mesenteric arteries, sensitivity to the �1-adrenoceptor
agonist phenylephrine (pD2) was reduced in arteries from
restricted-on-restricted compared with control-on-control off-
spring (pD2, 5.54�0.04, n�10, versus 5.72�0.06, n�9;
P�0.02; Figure 2A). Sensitivity to phenylephrine was re-
stored in mesenteric arteries from restricted offspring cross-
fostered onto control mothers (pD2, 5.69�0.04, n�8; Figure
2A). The sensitivity to phenylephrine in mesenteric arteries
from control-on-restricted males was intermediate (pD2,
5.63�0.03, n�10) and not different from control-on-control
or restricted-on-restricted groups (Figure 2A).

For both reduced litter groups, sensitivity to phenyleph-
rine was intermediate, but not different, from either
control-on-control or restricted-on-restricted groups (pD2

reduced-on-control, 5.62�0.06, n�9; reduced-on-
restricted, 5.62�0.05, n�5; Figure 2B). In contrast, sen-
sitivity to phenylephrine was not altered in the femoral
artery for any of the cross-foster groups (Figure 2C and
2D). Contraction evoked by high K� physiological saline
solution was not different across any of the cross-foster
groups for either the mesenteric or femoral artery (data not
shown).

Relaxation
For the mesenteric artery, the maximal relaxation evoked
by the NO donor sodium nitroprusside (SNP) was reduced
in the male restricted-on-restricted group compared with
the control-on-control group (Figure 3A; please see online-
only Data Supplement). The impairment in maximal relax-
ation was partially restored in arteries from restricted off-
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Figure 1. Passive stress-strain relationships for mesenteric (A through E) and femoral (F through J) arteries from the 6 groups of rats.
For clarity, data are shown over 5 graphs, with control-on-control data appearing in every graph. Data are mean�SEM (n�5–12 rats
per group). *Difference (P�0.05) between groups, ANOVA. Cont indicates control; Rest, restricted; Red, reduced.
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spring cross-fostered onto control mothers (Figure 3B).
Mesenteric arteries from control and reduced offspring cross-
fostered onto restricted mothers did not have impaired max-
imal relaxation, but sensitivity to SNP was increased so that
it was different compared with the restricted-on-restricted

group (Figure 3C and 3D). Reduced-on-control offspring had
enhanced sensitivity to SNP compared with the restricted-on-
restricted group; however, maximal relaxation was interme-
diate between control-on-control and restricted-on-restricted
offspring (Figure 3D).
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Sensitivity to SNP was reduced in femoral arteries of
restricted-on-restricted compared with control-on-control off-
spring (Figure 3E) but was restored in arteries from restricted
offspring cross-fostered onto control mothers (Figure 3E).
Cross-fostering control or reduced offspring onto restricted
mothers did not impair SNP-mediated relaxation in femoral
arteries (Figure 3E and 3F; please see online-only Data
Supplement).

Endothelium-Dependent Relaxation

Mesenteric Artery
Sensitivity to ACh was enhanced in arteries from restricted-
on-restricted compared with those of control-on-control off-
spring (Figure 4A), and this was restored in mesenteric
arteries from restricted offspring cross-fostered onto control

mothers (Figure 4B). Only arteries from groups of offspring
cross-fostered onto restricted mothers exhibited enhanced
sensitivity to ACh (Figure 4A, 4C, and 4D; please see
online-only Data Supplement).

EDHF is an important vasodilator in mesenteric arteries,
and its contribution is revealed in the presence of NG-nitro-
L-arginine methyl ester and indomethacin. Maximal EDHF-
mediated relaxation was reduced in arteries from restricted-
on-restricted offspring compared with control-on-control
offspring (Figure 4A). Sensitivity to ACh was still enhanced
in the restricted-on-restricted group. Cross-fostering re-
stricted offspring onto control mothers did not prevent the
reduction in maximal EDHF-mediated relaxation but normal-
ized the sensitivity to ACh (Figure 5B). Sensitivity to ACh in
the presence of NG-nitro-L-arginine methyl ester and indo-
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methacin was enhanced in arteries from all of the offspring
groups cross-fostered onto restricted mothers regardless of
the prenatal environment (Figure 4C and 4D). However,
maximal EDHF relaxation was impaired in arteries from all
of the restricted offspring groups regardless of lactational
environment (Figure 4A and 4B). Analysis of the area under
the curve for EDHF-dependent and EDHF-independent re-
laxation revealed no differences between groups.

Femoral Artery
Total endothelium-dependent relaxation in the femoral was
not altered between restricted-on-restricted and control-on-
control groups, although there was a tendency toward in-
creased sensitivity in the restricted-on-restricted group
(P�0.055; Figure 5A) that was restored in arteries from
offspring cross-fostered onto control mothers (Figure 5B;
please see the online-only Data Supplement). Sensitivity to
ACh was increased in arteries from control offspring cross-
fostered onto restricted mothers (Figure 5C) and from re-
duced offspring cross-fostered on control mothers (Figure
5D). In femoral arteries, endothelium-dependent relaxation
was abolished in NG-nitro-L-arginine methyl ester and indo-
methacin (Figure 5), indicating the lack of involvement of
EDHF, as described previously.23,26 The contribution of
NO-dependent mechanisms to total endothelium-dependent
relaxation (area under the curve) was not different between
groups.

Discussion
This study demonstrates that vascular stiffness and function
in adulthood can be separately programmed by prenatal and
early postnatal environments. Growth restriction in late preg-
nancy gives rise to changes in resistance artery wall stiffness
and endothelial and smooth muscle function in adulthood that
are not the same across all arterial beds (please see Table S4).
When this prenatal insult is coupled with a poor postnatal
lactational environment, alterations in vascular function are
exacerbated, and these offspring develop higher blood pres-
sures19 (please see Table S4). Importantly, improvement in
the lactational environment in growth-restricted offspring
restores vascular function and, as reported previously, pre-
vents the development of high blood pressure and nephron
deficit.19 This study reveals that vascular stiffness is a
relatively sensitive indicator of pertubations that have oc-
curred in the prenatal and/or the postnatal environment.

Vascular stiffness is a key independent and predictive
marker of cardiovascular risk. Humans of low birth weight
have increased arterial stiffness.6,9 The present study demon-
strates that uteroplacental insufficiency is associated with
regional differences in arterial wall stiffness in male off-
spring. Interestingly, we have reported previously that female
restricted-on-restricted offspring do not have increased arte-
rial wall stiffness in mesenteric and femoral arteries and are
normotensive.25 The passive mechanical wall properties of
the arterial wall are mainly determined by the deposition and
organization of the major extracellular proteins collagen and
elastin27,28 and are likely to be vulnerable to early life
insults.29,30 In the present study we demonstrate that both
prenatal and postnatal nutritional environments separately

influence vascular stiffness. A poor prenatal environment is
associated with increased arterial wall stiffening. Lactational
environment also had a critical role in determining vascular
stiffness. A poor lactational environment, underpinned by
poor quality and quantity of milk and slowed postnatal
growth,18 resulted in enhanced vascular stiffening. Further-
more, offspring born of normal weight but raised in reduced
litters had increased vascular stiffening. The reduced suckling
stimulus on the mammary gland of otherwise control mothers
reduces milk production and slows postnatal growth of the
offspring.18 This has implications for developmental pro-
gramming studies that routinely use reduced litter groups as
controls.

A striking finding to emerge from this study was that
stiffness in both mesenteric and femoral arteries was in-
creased when there was a change in prenatal versus postnatal
nutritional environments but was exacerbated when the early
postnatal environment was poor. Improvement of postnatal
environment generally attenuated vascular stiffness in both
mesenteric and femoral arteries. Alteration in postnatal nu-
tritional factors may directly impact on vascular stiffness.29,31

In children born small for gestational age, exposure to
overnutrition during the lactation period is associated with
increased cardiovascular risk.16 Mismatch between prenatal
and postnatal nutrition results in altered cardiovascular func-
tion in the offspring.19,32 The developmental origins of health
and disease hypothesis proposes that the adaptive responses
made by the fetus to adverse environments to ensure survival
in utero may be detrimental for long-term postnatal survival.
Our results here suggest that the “predictive-adaptive re-
sponse” appears to be strong for arterial wall stiffness,
particularly for the femoral artery in male offspring. Indeed,
we have shown that a poor prenatal environment coupled
with a poor postnatal environment or a good prenatal and
postnatal environment is not associated with increased stiff-
ening in the femoral artery. However, exposure to a poor
lactational environment in normally grown offspring results
in marked stiffening of the femoral artery, and this was also
the case for mesenteric arteries. However, mesenteric arteries
did respond slightly differently compared with the femorals
in that any insult, whether it be prenatal or postnatal, did
result in stiffening. Improvement of the lactational environ-
ment alleviated increased arterial wall stiffness in mesenteric
arteries. This study has demonstrated that, apart from the
prenatal environment, the lactational period is a critical time
in the determination of vascular wall stiffness, a risk factor
for CVD. This is consistent with human studies indicating
that lactational nutrition and duration can influence cardio-
vascular health of the offspring.13,16,17,33

Vascular smooth muscle and endothelial dysfunction are
important factors in the etiology of CVD. As with undernu-
trition models of growth restriction,34 the type and timing of
the insult leading to placental insufficiency determine the
extent and severity of vascular dysfunction and hypertension
in the offspring. Growth restriction induced by clipping the
maternal abdominal aorta and ovarian arteries at the begin-
ning of the last third of pregnancy produces offspring that
already have significantly increased blood pressure by 4
weeks of age.11,35 With maturity, sex differences emerged in
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blood pressure, where growth-restricted males remained hy-
pertensive but females did not. Aortas of growth-restricted
offspring have enhanced �-adrenoceptor–mediated contrac-
tion and impaired NO-mediated endothelium-dependent re-
laxation, with unaltered smooth muscle guanylate cyclase
function.11 Using a similar model, hypertension was main-
tained in both sexes with maturity, and mesenteric artery
contraction was enhanced, with maximal endothelium-
dependent relaxation unaltered in males but sensitivity in-
creased in females.12 Guanylyl cyclase function was unal-
tered in arteries from male but was enhanced in female
growth-restricted offspring.12 This model is associated
with the development of maternal hypertension during
pregnancy, which is known to adversely affect fetal
development and may further influence the extent of
vascular dysfunction in the offspring. The model of growth
restriction used in the present study was induced later in
pregnancy21 and is not associated with maternal hyperten-
sion (unpublished observations).

In this study there was no enhancement of vascular
contraction to �-adrenoceptor stimulation, but the reduction
in sensitivity may reflect downregulation of receptor expres-
sion. Contraction to high potassium was unaltered, revealing
that overall contractile capacity was unchanged. In our model
of growth restriction, mesenteric and femoral arteries of
female offspring had unaltered contraction to �-adrenoceptor
stimulation or to high potassium.25 For some models of
maternal nutrient restriction, impaired contraction to
�-adrenoceptor stimulation has also been reported in femoral
arteries of young male and female offspring36 and carotid
arteries of fetuses.37 Evidence from growth restriction and
maternal undernutrition models indicates that the effect on
offspring vascular contraction is variable, region specific, sex
dependent, and sometimes agonist specific.34,36–38

The endothelium plays a central role in the regulation of
vascular tone. Endothelial dysfunction is evident in humans
born small and in experimental models of growth restriction
and maternal undernutrition.6,34 There are also some reports
in humans that endothelial function is normal in young
individuals of low birth weight.39,40 Endothelium-dependent
relaxation of rat aorta is impaired in growth restriction, and
this is underpinned by reduced NO production.11 Conversely,
total endothelial function was not impaired in mesenteric
resistance arteries, although the role of the important vasodi-
lator in this vascular bed, EDHF, was not assessed.12 In the
present study, total endothelium-dependent relaxation was
not impaired in either mesenteric or femoral arteries, although
there was a small increase in sensitivity to ACh in mesenteric
arteries of growth-restricted offspring. Although maximal
EDHF-mediated relaxation was reduced in mesenteric arter-
ies of restricted-on-restricted offspring, sensitivity to ACh
was increased, and this may contribute to the enhanced
sensitivity to ACh in total endothelium-dependent relaxation.
There was no indication that NO-mediated relaxation was
altered in the mesenteric artery. Endothelium-dependent re-
laxation in the femoral artery is mediated by NO in adult
rats,23,26 and this response was not diminished in restricted
offspring. Some dysfunction was evident in the smooth
muscle guanylyl cyclase pathway, as revealed by reduced

maximal relaxation and sensitivity in the mesenteric and
femoral arteries, respectively, in response to the NO donor
SNP. In contrast, responses to SNP in the aorta and mesen-
teric arteries of male growth-restricted offspring resulting
from the aortic clip model were unaltered.11,12 Reductions in
fetal nutrient and/or oxygen supply are factors that contribute
to growth restriction in complicated pregnancies. Interest-
ingly, these insults have differential effects on SNP relaxation
in fetal rat aorta, with undernutrition associated with en-
hanced maximal relaxation and hypoxia having no effect.41

Furthermore, total endothelium-dependent relaxation was
unaltered with either insult.41 That total endothelium-
dependent relaxation was not impaired in either artery in the
present study may also reflect an increased role of endothelial
NO to maintain tissue perfusion in the presence of reduced
smooth muscle responsiveness. Adult offspring exposed to
40% maternal nutrient restriction during prenatal life showed
unaltered mesenteric artery endothelium-dependent relax-
ation or smooth muscle response to SNP,42 whereas those
exposed to 50% to 70% maternal nutrient restriction showed
impaired endothelium-dependent relaxation attributable to
reduced NO contribution,38 and this may reflect the increase
in vascular oxidative stress and, hence, reduced NO bioavail-
ability in such models.43

Perspectives
Improving the early postnatal lactational environment and
postnatal growth may, in general, be of benefit in reducing
the extent of vascular dysfunction and wall stiffening. Inter-
estingly, in normally grown offspring, compromise of the
lactational environment and postnatal growth results in
marked stiffening of the vessel wall. Thus, lactational envi-
ronment plays an important role in shaping the vascular
phenotype of the offspring, whether they are born small or
normally grown. This could have implications for the ante-
natal nutrition of preterm neonates in intensive neonatal care
units. Even in the absence of overt hypertension, the adverse
changes in wall stiffness and vascular function brought about
by poor prenatal or lactational environments may render the
offspring vulnerable to increased CVD risk when challenged
with a “second hit,” including such lifestyle factors as
high-salt or high-fat diets, metabolic syndrome, obesity, or
even with inevitable ageing. In the absence of safe and
effective interventions during prenatal life that can reduce the
extent of growth restriction, a focus on the early postnatal and
lactational environments may be beneficial in reducing adult-
hood CVD risk.
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Novelty and Significance

What Is New?
● The lactational environment plays an important role in influencing the

vascular phenotype, whether offspring are born small or normally
grown.

What Is Relevant?
● Even in the absence of hypertension, the adverse changes in wall

stiffness and vascular function programmed by poor prenatal or

lactational environments may render offspring vulnerable to increased
CVD risk when challenged with a “second hit.”

● Early postnatal and lactational environments interventions may reduce CVD risk.

Summary

Prenatal and early postnatal environments separately influence
vascular function and stiffness. Early postnatal lactational environ-
ment determines later cardiovascular function.
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Materials and Methods 
 
Animals and cross-fostering protocol 
Experiments were approved by The University of Melbourne Pharmacology, Physiology, 
Biochemistry & Molecular Biology and Bio21 Institute Animal Ethics Committee (AEC no. 
05120). Wistar Kyoto rats (9-13 weeks of age) were mated and surgery was performed on day 18.1, 2 
On day 18 of gestation, pregnant rats were randomly allocated to Control (sham surgery) or 
Restricted groups (Fig. S1). The Restricted group underwent bilateral uterine vessel (artery and 
vein) ligation to induce uteroplacental insufficiency.1 All pregnant rats delivered naturally at term 
(22 days). At birth, half of the litters from the Control group had their litter size reduced to five to 
match the Restricted group (Reduced litter, Control reduced from 10-14 to 5 pups) as we have 
previously demonstrated that reducing litter size at birth programs nephron deficits and 
hypertension.3, 4 Pups from each of the three groups – Control, Reduced and Restricted were cross-
fostered 1 day after birth onto a different Control or Restricted mother.2, 5 Descriptions of cross-
foster groups indicate pup type – cross-fostered on – mother type (i.e. Restricted-on-Control refers 
to a Restricted pup cross-fostered onto a Control mother) (Fig. S1). Six experimental groups were 
studied: Control-on-Control (n=12 mothers), Control-on-Restricted (n=11 mothers), Reduced-on-
Restricted (n=7 mothers), Reduced-on-Control (n=11 mothers), Restricted-on-Control (n=9 
mothers) and Restricted-on-Restricted (n=12 mothers)  (Fig. S1). Pups were allowed to wean 
naturally when 35 days of age.2 
 
Body weight and blood pressure measurements 
Body weight was measured on postnatal day 1 and at 6 months. Growth rates of the male offspring 
during lactation have been previously published.2 Systolic blood pressure was measured at 5 
months by an indirect, tail-cuff method.2 One male offspring per litter per measure was studied. 
 
Tissue collection 
At 6 months of age, rats were anaesthetized with an intraperitoneal injection of a solution 
containing Ketamine (Parnell Laboratories, Pty. Ltd., Alexandria, NSW, Australia, 50 mg/kg body 
weight) and Ilium Xylazil – 20 (Troy Laboratories, Pty. Ltd., Smithfield, NSW, Australia, 10 mg/kg 
body weight). Second and third order mesenteric arteries and distal branches of the femoral artery 
were isolated. Ring segments were mounted onto a Mulvany-style wire myograph for measurement 
of isometric tension. 6, 7 Arteries were superfused with physiological saline solution (PSS, mM: 120 
NaCl, 5 KCl, 25 NaHCO3, 1 KH2PO4, 11 glucose, 1.2 MgSO4, 2.5 CaCl2), bubbled with 95% O2 – 
5% CO2 at 35°C. Endothelial function was tested using acetylcholine (ACh, 10-10-10-6M, Sigma) in 
submaximally constricted (60-70% of maximum, with the level of pre-constriction not different 
across all groups) arteries. The contributions of different factors to endothelium-dependent 
relaxation was evaluated by repeating the protocol in the presence of the nitric oxide (NO) synthase 
inhibitor Nω-nitro-L-arginine methyl ester (L-NAME, 2×10-4M, Sigma) and cyclooxygenase 
inhibitor indomethacin (10-6M, Sigma). Prostanoids make only a minimal contribution to 
endothelium-dependent relaxation in these arteries,23 thus NO synthase and cyclooxygenase were 
blocked simultaneously. The remaining relaxation was attributed to endothelium-derived 
hyperpolarizing factor (EDHF). 
 
Passive mechanical wall properties 
Segments of mesenteric and femoral arteries were mounted onto a servo controlled pressure 
myograph (Living Systems, Burlington, VT, USA) and superfused with Ca2+-free PSS, containing 
1mM EGTA to prevent active changes in smooth muscle tone.7 Each artery was pressurized in 
10mmHg increments from 0-200mmHg and vessel length, wall thickness and outside diameter 
measured at each pressure in order to calculate wall stress and strain as described previously.7 
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Smooth muscle and endothelial function 
To assess contraction, phenylephrine (10-9-10-5M, Sigma Aldrich, Castle Hill, NSW, Australia) was 
added cumulatively. Contractions were expressed as a percentage of the contraction evoked by high 
K+ PSS (isotonic replacement of Na+ with 100mM K+) at the end of the experiment. Endothelium-
independent smooth muscle relaxation was tested using sodium nitroprusside (SNP, 10-10-10-6M, 
Ajax Chemicals, Auburn, SA, Australia) applied cumulatively to arteries submaximally constricted 
with phenylephrine.  
 Endothelial function was tested in arteries submaximally constricted with phenylephrine.8 
Increasing concentrations of acetylcholine (ACh, 10-10-10-6M, Sigma) were applied cumulatively. 
To determine the contribution of different factors to endothelium-dependent relaxation, the 
endothelium was subsequently stimulated in the presence of the nitric oxide (NO) synthase inhibitor 
Nω-nitro-L-arginine methyl ester (L-NAME, 2×10-4M, Sigma) and cyclooxygenase inhibitor 
indomethacin (10-6M, Sigma). Prostanoids make only a minimal contribution to endothelium-
dependent relaxation in these arteries,6 thus NO synthase and cyclooxygenase activities were 
blocked simultaneously. Relaxation remaining in the presence of L-NAME and indomethacin was 
attributed to endothelium-derived hyperpolarizing factor (EDHF).6, 9 
 

Statistical analysis 
Data are presented as mean ± standard error of the mean (S.E.M.) with n representing the number of 
animals. Concentration-response curves were generated for the constrictors and vasodilators using 
Prism (GraphPad Software, San Diego CA, USA) and sigmoidal curves fitted to the data using the 
least squares method.7 The concentration of agonist that evoked half maximal response (EC50) and 
the pD2 (-logEC50) and maximal response (Emax) were determined and compared between groups. 
Endothelium-dependent relaxation was also compared by calculating the area under the curve using 
Prism, and as described.10 Stress-strain relationships were determined as described previously.11 
Data were analysed using ANOVA with Bonferroni correction for multiple comparisons or 
unpaired Student’s t-testing and differences were considered significant when P < 0.05. 

 
Results 
Stimulation of the endothelium evoked concentration-dependent relaxation in mesenteric and 
femoral arteries. Values for pD2 and maximal relaxation (Emax) for total endothelium-dependent 
relaxation and for relaxation in the presence of L-NAME and indomethacin are shown in Tables 
S1&2.  The responses evoked by the NO donor sodium nitroprusside are summarised in Table S3. 

The effects of late gestation uteroplacental insufficiency and the lactational environment on 
blood pressure and smooth muscle reactivity, endothelial function and passive wall stiffness in 
mesenteric and femoral arteries are summarised in Table S4. Additional information pertaining to 
the cardiovascular phenotype of the offspring based on results reported previously2 is also included 
in Table S4. 
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Table S1. Endothelial function in mesenteric arteries 

Group Total L-NAME & Indo n 

 pD2 Emax (%) pD2 Emax (%)  

Control-on-Control 8.28±0.02 0.7±0.3 7.41±0.03 2.7±0.7 9 

Control-on-Restricted 8.38±0.01† 0.2±0.2 7.54±0.02† 4.6±2.5 9 

Reduced-on-Restricted 8.45±0.02§ 0.4±0.3 7.66±0.03§ 3.4±1.6 5 

Reduced-on-Control 8.24±0.03║ 0.6±0.3 7.39±0.04 5.0±1.7║ 10 

Restricted-on-Control 8.35±0.02 0.3±0.2 7.37±0.05 11.6±4.0‡ 9 

Restricted-on-Restricted 8.41±0.03* 1.4±0.8 7.55±0.05* 9.8±2.6* 10 
 

*P<0.05 Control-on-Control vs Restricted-on-Restricted. †P<0.05 Control-on-Control vs Control-
on-Restricted. ‡P<0.05 Control-on-Control vs Restricted-on-Control. §P<0.05 Control-on-Control 
vs Reduced-on-Restricted. ║P<0.05 Reduced-on-Control vs Reduced-on-Restricted.  
 
 
Table S2.  Endothelial function in femoral arteries 

Group Total L-NAME & Indo n 

 pD2 Emax (%) pD2 Emax (%)  

Control-on-Control 7.26±0.03 4.8±1.7 - 93.2±3.2 10 

Control-on-Restricted 7.40±0.02† 2.4±0.6 - 90.9±2.4 9 

Reduced-on-Restricted 7.27±0.04 7.0±3.1 - 94.2±2.7 5 

Reduced-on-Control 7.36±0.04§ 3.2±1.1 - 95.3±2.3 10 

Restricted-on-Control 7.24±0.03 2.5±0.5 - 96.6±1.5 8 

Restricted-on-Restricted 7.33±0.02*,‡ 5.0±0.6 - 96.6±1.6 11 
 

*P<0.05 Restricted-on-Control vs Restricted-on-Restricted. †P<0.05 Control-on-Control vs Control-
on-Restricted. ‡P<0.05 Control-on-Restricted vs Restricted-on-Restricted. §P<0.05 Control-on-
Control vs Reduced-on-Control. – indicates that a sigmoid curve could not be fitted to the data.  
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Table S3. Sodium nitroprusside induced relaxation in mesenteric and femoral arteries 

Group Mesenteric Artery  Femoral artery  

 pD2 Emax (%) n pD2 Emax (%) n 

Control-on-Control 7.93±0.02 4.5±1.1 9 7.90±0.04 4.1±1.1 10

Control-on-Restricted 8.06±0.05† 5.1±2.5 8 7.93±0.04 2.7±0.5 9 

Reduced-on-Restricted 8.00±0.03 4.7±1.6 5 7.90±0.04 3.5±1.1 5 

Reduced-on-Control 8.03±0.06 8.7±2.9 10 7.94±0.06 3.3±1.4 9 

Restricted-on-Control 7.97±0.07 9.2±3.4 9 7.89±0.05 4.3±1.5 8 

Restricted-on-Restricted 7.86±0.05‡,§,║ 13.4±3.1*,§ 10 7.73±0.05*,¶,‡,§,║ 7.7±2.6 10
 

*P<0.05 Control-on-Control vs Restricted-on-Restricted. †P<0.05 Control-on-Control vs Control-
on-Restricted. ‡P<0.05 Control-on-Restricted vs Restricted-on-Restricted. §P<0.05 Reduced-on-
Restricted vs Restricted-on-Restricted. ║P<0.05 Reduced-on-Control vs Restricted-on-Restricted. 
¶P<0.05 Restricted-on-Control vs Restricted-on-Restricted.  
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Table S4. Summary of the effects of late gestation uteroplacental insufficiency and the lactational environment on cardiovascular 
function* 

Early environment Cardiovascular function in adulthood 

Prenatal Postnatal (lactation) 
Blood 

pressure 
Nephron 

endowment 

Smooth muscle 
function 

Endothelial vasodilator 
dysfunction Arterial wall stiffness 

               (Pup-on-Mother) 
Mes Fem Mes Fem Mes Fem 

 

Good Good ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔          (Control-on-Control) 

Good Reduced litter on Good ↔ ↔ ↔ ↔ ↔ ↔ ↑↑ ↔         (Reduced-on-Control) 

Good Reduced litter on Poor ↑ ↔ ↔ ↔ ↔ ↔ ↑↑↑↑ ↑↑↑↑         (Reduced-on-Restricted) 

Good Poor ↔ ↔ ↔ ↔ ↔ ↔ ↑↑↑↑ ↑↑↑          (Control-on-Restricted) 

Poor Good ↔ ↔ ↔ ↔ ↓EDHF ↔ ↑ ↔       (Restricted-on-Control) 

Poor Poor ↑ ↓ ↓P, ↓S ↓S ↓EDHF ↔ ↑↑ ↔       (Restricted-on-Restricted) 

 
* Cardiovascular phenotype based on results of present study and those reported previously.2 EDHF, endothelium-derived hyperpolarizing 
factor; Mes, mesenteric artery; Fem, femoral artery; P, phenylephrine; S, sodium nitroprusside; ↑ response increased, ↓ response reduced, ↔ 
response not statistically different, compared with control. More arrows indicate greater relative severity.  
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Figure S1. 
Schematic representation of the experimental model. On embryonic day 18 (E18) rats designated to the Restricted group underwent bilateral 
uterine vessel (artery and vein) ligation to induce uteroplacental insufficiency (UPI) and rats in the Control group underwent sham surgery. At 
birth, half of the litters from the Control group (10-14 pups/litter) were randomly reduced to 5 pups/litter. Pups from each of the three groups – 
Control, Reduced and Restricted were cross-fostered 1 day after birth onto a Control or Restricted mother. Pups were allowed to wean naturally 
at postnatal day 35 and vascular studies were performed when the offspring were 6 months of age. Lit = litter. 
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