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Abstract

Numerous findings demonstrate that there is a strong association between maternal health during 

pregnancy and cardiovascular disease in adult offspring. The purpose of the present study was to 

test whether maternal gestational hypertension modulates brain renin-angiotensin-aldosterone 

system (RAAS) and proinflammatory cytokines that sensitizes angiotensin II-elicited hypertensive 

response in adult offspring. Also, the role of renal nerves and the RAAS in the sensitization 

process was investigated. RT-PCR analyses of structures of the lamina terminalis and 

paraventricular nucleus indicated upregulation of mRNA expression of several RAAS components 

and proinflammatory cytokines in 10-week old male offspring of hypertensive dams. Most of these 

increases were significantly inhibited by either renal denervation performed at 8 weeks of age or 

treatment with an angiotensin converting enzyme inhibitor, captopril, in drinking water starting at 

weaning. When tested beginning at 10 weeks of age, a pressor dose of angiotensin II resulted in 

enhanced upregulation of mRNA expression of RAAS components and proinflammatory 

cytokines in the lamina terminalis and paraventricular nucleus and an augmented pressor response 

in male offspring of hypertensive dams. The augmented blood pressure change and most of the 

increases in gene expression in the offspring were abolished by either renal denervation or by 

captopril. The results suggest that maternal hypertension during pregnancy enhances pressor 

responses to angiotensin II through overactivity of renal nerves and the RAAS in male offspring, 

and that upregulation of the brain RAAS and proinflammatory cytokines in these offspring may 

contribute to maternal gestational hypertension-induced sensitization of the hypertensive response 

to angiotensin II.
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Introduction

Preeclampsia and gestational hypertension are common conditions affecting 5% to 7% of all 

pregnancies.1 Multiple case-control and cohort studies have demonstrated that offspring of 

hypertensive pregnancies have higher blood pressure (BP) in childhood and adolescence and 

are at increased risk for developing adult hypertension.2–7 Studies investigating the 

mechanisms that contribute to the development of hypertension in the offspring of mothers 

with preeclampsia and gestational hypertension found that male adolescents had increased 

aldosterone levels, a trend for increased circulating renin activity8 and increased sympathetic 

activity before and during isometric exercise.9 These results suggest the renin-angiotensin-

aldosterone system (RAAS) and sympathetic nerve activity (SNA) are involved in the 

development of higher BP in the offspring of mothers with high BP during pregnancy.

Animal experiments have shown that uteroplacental insufficiency, protein restriction, 

chronic secondary hypertension or glucocorticoid treatment during pregnancy leads to 

hypertension in the offspring.10 Consistent with the RAAS and SNA playing a role in 

mediating the fetal programming of hypertension, several studies have demonstrated that 

both captopril, an angiotensin converting enzyme (ACE1) inhibitor, and losartan, an 

angiotensin (ANG) II receptor blocker, administered in the drinking water reduced increased 

BP in the offspring of dams fed low protein diet,11,12 and of spontaneously hypertensive 

rats, 13 while renal denervation (RD) abolished hypertension in the offspring from diabetic 

rats14 or from pregnant rats with reduced uterine perfusion.15,16 Moreover, Mizuno and 

colleagues demonstrated that the RAAS contributes to the enhancement of the renal 

sympathetic and pressor responses to physical stress in male offspring exposed to maternal 

protein restriction.17,18 Recent studies also indicate that activation of inflammatory 

pathways is present early in the kidney of offspring from diabetic dams,19 and that early life 

NF-κB dyshomeostasis in conduit arteries induced by prenatal inflammatory exposure plays 

a role in the development of hypertension through triggering RAAS overactivity.20 Most of 

these previous studies have focused on the roles of the peripheral RAAS and SNA in the 

development of hypertension in prenatally programmed hypertensive rats. Whether the 

RAAS, proinflammatory cytokines or SNA in the central nervous system (CNS) is affected 

during the prenatal period to predispose the offspring to higher BP is not clear.

Recently, a link between the peripheral RAAS activated in hypertension and the CNS as a 

source of neurohumoral drive has been identified. In this context, structures associated with 

the lamina terminalis (LT) and hypothalamic paraventricular nucleus (PVN) have emerged 

as sites that sense and process information related to humoral signals generated peripherally 

in response to challenges leading to augmented sympathetic drive and hypertension.21,22 An 

earlier study from Pladys et al. demonstrated that intracerebroventricular injection of an 

ACE inhibitor or an AT1R antagonist significantly reduced BP of fetal protein-restricted 
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offspring. Expression of the ANG II receptor type 1 (AT1R) in the subfornical organ (SFO) 

and the vascular organ of the lamina terminalis (OVLT) was increased in these offspring.23 

These data implicate the brain RAAS in hypertension associated with antenatal nutrient 

deprivation.

It has been shown that the risk to the offspring is graded and greatest in those whose mothers 

had more severe hypertensive signs, such as early onset hypertension or preeclampsia.24 

This phenomenon was further confirmed in a recent study from Staley et al. who compared 

the BP of offspring from mothers with hypertension present at the start of pregnancy with 

those from mothers with pregnancy-induced hypertension or preeclampsia. These 

investigators found that a higher BP in early pregnancy was associated with higher BP 

during childhood in the offspring.6

In previous studies in adult animals, we used an Induction-Delay-Expression experimental 

design to study sensitization of the hypertensive response. In these studies, during Induction 
rats were exposed over a relatively short period of time to various types of challenges that 

did not produce by themselves any sustained effect on BP. Then following a period of Delay, 

a sensitized hypertensive response to a slow-pressor dose of ANG II was observed in these 

rats when challenged during a period of Expression.25–28 The present studies addressed the 

question of the permanence of sensitization of the hypertensive response and associated 

CNS changes in expression of RAAS components and proinflammatory cytokines. We did 

this by inducing sensitization of the offspring during the prenatal period by subjecting 

pregnant dams to ANG II-elicited hypertension. Expression of the sensitized hypertensive 

response was studied when the offspring were adult while changes in the mRNA expression 

of components of the RAAS and of proinflammatory cytokines were primarily studied in the 

offspring at the time of weaning and as adults. We also determined whether RD or blockade 

of the RAAS reversed the sensitization and whether these effects were related to changes in 

the RAAS and proinflammatory cytokines in forebrain cardiovascular regulatory nuclei 

associated with the LT and PVN.

METHODS

Twenty-eight female and twenty-eight male rats (Sprague-Dawley, 10-week old, Harlan) 

were used for breeding. The dams were chronically instrumented with telemetry probes 

(TA11PA-C40; DSI) through the femoral artery for continuous monitoring of mean arterial 

pressure (MAP) and heart rate (HR). After baseline MAP and HR recordings were made, 

female dams were given vehicle (saline) or ANG II (sc, 250 ng/kg/min, model 2004, 4 

weeks, Alzet) throughout mating and pregnancy. The offspring were weighed and counted at 

birth and male offspring were used in all experiments. Each experimental group was 

composed of individual subjects that were randomly selected from different litters.

At three weeks of age, male offspring from normotensive (NT) or hypertensive (HT) dams 

were euthanized and had their brains collected for analyses of mRNA expression of the 

RAAS components and proinflammatory cytokines (n=5 per group). Likewise, 10-week old 

offspring from NT or HT dams and offspring with RD performed at 8 weeks of age as 

previously described 29 or application of ACE inhibitor in the drinking water beginning at 
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the time of weaning were also used to determine the changes in RAAS components and 

proinflammatory cytokines in brain (n=5 per group). The structures lying along the lamina 

terminalis [LT, i.e., the SFO, median preoptic nucleus (MnPO), OVLT] and the PVN were 

used for these analyses.

In separate functional experiments, at 10 weeks of age, male offspring of both NT dams and 

HT dams were used to determine whether maternal hypertension during pregnancy 

sensitized the hypertensive response to slow pressor doses of ANG II (120 ng/kg/min, model 

2002; 2 weeks, Alzet) and to evaluate the effects of either RD or ACE inhibition on 

sensitization. The RD experiments included four groups: 1) offspring of NT dam with sham 

surgery plus ANG II (NT dam-offspring/sham+ANG II, n=6); 2) offspring of HT dam with 

sham surgery plus ANG II (HT dam-offspring/sham+ANG II, n=6); 3) offspring of NT dam 

with RD plus ANG II (NT dam-offspring/RD+ANG II, n=6); 4) offspring of HT dam with 

RD plus ANG II (HT dam-offspring/RD+ANG II, n=6). The ACE inhibition experiments 

were comprised of four groups: 1 and 2) offspring of NT or HT dams were given tap water 

alone (vehicle) and ANG II infusion at 10 weeks of age (NT dam-offspring/vehicle+ANG II, 

HT dam-offspring/vehicle+ANG II, n=6 per group); 3 and 4) offspring of NT or HT dams 

were given an ACE1 inhibitor, captopril (Cap, 0.5 mg/ml), in the drinking water 

continuously until baseline recording began. Then ANG II infusion was started at 10 weeks 

of age (NT dam-offspring/Cap+ANG II, HT dam-offspring/Cap+ANG II, n=6 per group). 

Upon completion of the studies, the offspring were anesthetized and brains and kidneys were 

harvested. The kidneys were assayed for tissue norepinephrine (NE) content; and the brains 

were analyzed for mRNA expression of the RAAS components and of proinflammatory 

cytokines in the LT and PVN.

All experiments were conducted in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals, and approved by the University of Iowa 

Animal Care and Use Committee.

Data Analysis

MAP and HR are presented as mean daily values. Differences for MAP and HR were 

calculated for each animal based on the mean of the 5-day baseline subtracted from the 

mean of the final 5 days of ANG II treatment. Two-way ANOVA for the experimental 

groups was then conducted on daily MAP, HR or the means of calculated differences. After 

establishing a significant ANOVA, post-hoc analyses were performed with Tukey multiple 

comparison tests between pairs of mean changes. One-way ANOVAs and post-hoc Tukey 

analyses were used to analyze the differences in NE content, mRNA or protein expression of 

the RAAS components and proinflammatory cytokines in the LT and PVN. All data are 

expressed as means ± SE. Statistical significance was set at P < 0.05.

Additional Methods: Please see the online-only Data Supplement.
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RESULTS

Effects of hypertension during gestation on the dams and neonates

There were no differences in baseline BP and HR between NT and HT dams. During 

pregnancy, BP was significantly increased in dams receiving ANG II infusions when 

compared to female treated with saline, but there were no differences in HR (Fig. 1A and 

1B). ANG II-induced hypertension did not impair reproduction and all females conceived. 

Fourteen hypertensive dams produced total 147 pups including 71 males and 76 females 

while fourteen normotensive dams produced a total of 166 pups including 77 males and 89 

females. Although there was a tendency for the normotensive dams to have more pups than 

the hypertensive dams, there were no significant differences in litter sizes (10.7±1.4 pups vs. 

11.8±0.6 pups, p>0.05) or birthweights of the pups (5.98±0.44 g/pup vs. 5.96±0.36 g/pup, 

p>0.05) from HT dams and NT dams, respectively.

mRNA and protein expression of RAAS components and proinflammatory cytokines in the 
brain of young and adult offspring without ANG II treatment

In brain tissues collected from pups at 3 weeks of age, offspring from HT dams exhibited 

increased mRNA expression of RAAS components (ACE1 in the LT and AT1R in the PVN) 

and the proinflammatory cytokines (i.e. TNF-α, IL-6, IL-1β in both the LT and PVN) when 

compared with offspring of NT dams (p<0.05, Fig. 2A and 2B). In contrast, in brain tissues 

collected at 10 weeks of age, the offspring of HT dams showed upregulation of mRNA 

expression of the RAAS components (renin, AGT, AT1R, ACE1 and MR) only in the LT and 

of the proinflammatory cytokines (i.e. TNF-α, IL-6, IL-1β) only in the PVN (p>0.05, Fig. 

2C and 2D), which were significantly inhibited by either RD or captopril treatment. Western 

blotting analysis confirmed the upregulated effects of maternal hypertension during 

pregnancy on genomic expression in the adult offspring by determining the protein 

expression for one of RAAS components (ACE1) or for one of components of TNF-α 
proinflammatory pathway (TNF-α receptor I). The increased protein expression of ACE1in 

the LT and TNF-α receptor I in the PVN was evident (p<0.05, Fig. 2E and 2F).

Effects of maternal hypertension on the hypertensive response of adult offspring and 
effects of renal denervation on sensitization of ANG II-induced hypertension

At 10 weeks of age (baseline), there were no significant differences in MAP (108.6±1.6 vs. 

110.2±1.9 mmHg) and HR (345.7±8.9 vs. 342.8±10.5 beats/min) between RD sham 

offspring of NT and HT dams. However, during infusion of the slow pressor dose of ANG II, 

the male offspring of HT dams showed a significantly enhanced hypertensive response 

(43.7±3.1 mmHg) compared with the male offspring of NT dams (23.6±5.4 mmHg, p<0.05, 

Fig. 3A and 3B).

RD significantly reduced baseline MAP in both offspring of NT (108.6±1.6 to 103.2±1.2 

mmHg, p<0.05, Fig. 3A) and HT dams (110.2±1.9 to 103.7±0.6 mmHg, p<0.05, Fig. 3A), 

but did not alter baseline HR. Bilateral RD significantly reduced the ANG II-elicited pressor 

response including daily MAP and the means of difference score for MAP, in the offspring 

of the HT dams (28.7±4.7 mmHg, p<0.05, Fig. 3A and 3B). In RD offspring of NT dams, a 

declining trend in daily MAP of the final 5 days of ANG II treatment was noticed when 
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compared with sham offspring of NT dams. However, RD did not result in a significant 

reduction in the ANG II-induced pressor response because of a lower baseline BP produced 

by RD (the means of difference score for MAP, 17.2±5.5 mmHg, p>0.05, Fig. 3A and 3B).

Effect of renal denervation on ANG II-induced mRNA expression of RAS components and 
proinflammatory cytokines in the brain

In LT tissues, the slow-pressor ANG II infusion resulted in a significant increase in mRNA 

expression of ACE1 and proinflammatory cytokines (i.e. TNF-α, IL-6, IL-1β) in the 

offspring of NT dams when compared with the saline group (p<0.05, Fig. 4A). The mRNA 

expression of renin, AGT, AT1R and MR was not higher after ANG II (p>0.05). Compared 

with the NT dam offspring treated with ANG II, the offspring of HT dams exhibited 

enhanced expression of AT1R, MR, ACE1, TNF-α and IL-6 (p<0.05), but not IL-1β 
(p>0.05) after ANG II treatment (Fig. 4A). RD significantly attenuated the increased mRNA 

expression of ACE1, MR, TNF-α and IL-6 (p<0.05), but AT1R and IL-1β expression 

remained high in both offspring of NT and HT dams following slow-pressor ANG II 

administration (p>0.05). Even mRNA expression of AT1R was upregulated in RD offspring 

of NT dams when compared with RD sham offspring of NT dams (p<0.05, Fig. 4A).

In PVN tissues, ANG II infusion elicited a significant increase in the mRNA expression of 

renin, AGT, ACE1, IL-6 and IL-1β in the offspring of NT dams when compared with the 

saline group (p<0.05, Fig. 4B). The mRNA expression of MR and TNF-α was not higher 

after ANG II (p>0.05). The offspring of HT dams showed enhanced mRNA expression of 

renin, ACE1, MR, TNF-α, IL-1β and IL-6 after ANG II treatment (p<0.05, Fig. 4B). RD 

significantly attenuated increased gene expression produced by the slow-pressor ANG II 

infusion (p<0.05, Fig. 4B) in offspring of both NT and HT dams.

Effect of captopril treatment on prenatal gestational hypertension-induced sensitization of 
ANG II hypertension

Captopril administered in the drinking water after weaning significantly reduced baseline 

MAP in both offspring of NT (108.6±1.4 to 95.8±1.7 mmHg, p<0.05, Fig. 5A) and HT dams 

(107.8±1.1 to 96.5±3.4 mmHg, p<0.05, Fig. 5A), but had no effect on basal HR. 

Furthermore, the captopril treatment significantly attenuated the enhanced hypertensive 

response produced by the slow-pressor dose of ANG II as compared to animals without 

captopril treatment in the offspring of HT dams (40.3±4.8 vs. 25.6±5.8 mmHg, p<0.05, Fig. 

5A and 5B). In captopril-treated offspring from NT dams, a declining trend in daily MAP of 

the final 5 days of ANG II treatment was evident when compared with the non-captopril 

treated offspring of NT dams. However, the alteration in the ANG II-induced pressor 

response produced by captopril treatment was not significant (the means of difference score 

for MAP, 18.7±1.7 vs. 20.1±3.6 mmHg, p>0.05, Fig. 5A and 5B).

Effect of captopril treatment on ANG II-induced mRNA expression of RAS components and 
proinflammatory cytokines in the brain

In LT tissues, captopril treatment significantly attenuated ANG II-induced increases in 

mRNA expression of TNF-α and IL-1β (p<0.05, Fig. 6A), but not ACE1 and IL-6 (p>0.05) 

in offspring of NT dams. mRNA expression of AT1R was also upregulated in the captopril-
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treated offspring of NT dams. In contrast, the enhanced mRNA expression of ACE1, MR, 

TNF-α, IL-1β and IL-6 after ANG II were significantly reduced by captopril treatment in 

the offspring of HT dams (p<0.05, Fig. 6A).

In PVN tissues, the slow-pressor ANG II infusion elicited enhanced increases in the mRNA 

expression of renin, ACE1, MR, TNF-α, IL-6 and IL-1β in the offspring of HT dams when 

compared with those in the offspring of NT dams (p<0.05, Fig. 6B). Captopril treatment 

reversed most of the increased expression in both offspring of NT and HT dams.

Surprisingly, in the offspring of NT dams, captopril treatment did not attenuate the increased 

mRNA expression of AGT in the PVN, but upregulated mRNA expression of MR in the 

PVN and mRNA expression of AT1R in both the LT and PVN after delivery of the slow-

pressor dose of ANG II. In contrast, the increased mRNA expression of AGT and MR in the 

PVN and AT1R in the LT were not altered, and mRNA expression of AT1R in the PVN was 

upregulated in the offspring of HT dams (Fig. 6A and 6B).

DISCUSSION

The major findings of the present study are: 1) The offspring of HT dams exhibited normal 

BP at 10 weeks of age, but had a significantly enhanced hypertensive response to a slow-

pressor dose of ANG II; 2) Prior to challenging adult offspring with a slow-pressor dose of 

ANG II, the ten-week old offspring of HT dams showed upregulated expression of both 

RAAS components and proinflammatory cytokines in the LT and PVN when compared with 

the offspring of NT dams; 3) Either RD or captopril treatment blocked sensitization of the 

hypertensive response and reversed the changes in RAAS and proinflammatory cytokine 

mRNA expression of the offspring of HT dams. Taken together, these results indicate that 

maternal hypertension during the prenatal period produces long lasting sensitization of the 

hypertensive response, perhaps lasting a lifetime, and suggest that these alterations are 

mediated by changes in CNS factors located in the neural network contributing to the 

regulation of BP.

The predisposition of the offspring of HT dams to display an enhanced hypertensive 

response appears to be very similar to sensitization of this response produced by prior 

challenges that we have found in adult animals.25–28 In these previous studies, we used an 

Induction-Delay-Expression experimental design to investigate whether peripheral or central 

pretreatment with non-pressor doses of ANG II, aldosterone, leptin or TNF-α, or feeding of 

high dietary fat sensitized the hypertensive response to a slow-pressor dose of ANG II. We 

found that these mild physiological or dietary challenges upregulated mRNA expression of 

several components of the RAAS and proinflammatory cytokines in the brain, whereas 

central inhibition of AT1-R, MR and inflammation reversed the changes in gene expression 

and prevented the sensitization of ANG II-elicited hypertension. The results suggest that the 

sensitization of hypertension depends on the functional integrity of the brain RAAS and 

proinflammatory cytokines.25–28 In the present studies, Induction during the prenatal period 

was sufficient to sensitize the hypertensive response observed during Expression after an 

intervening 10-week postnatal Delay. Also, at ten weeks of age, before administering a 

pressor challenge, the adult offspring showed evidence of long-term neurochemical changes 
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in brain regions implicated in the control of BP. The present experiments demonstrate that 

reprogramming of the mechanisms controlling BP during a sensitive prenatal period 

produces long lasting phenotypic changes in the CNS and increased responsiveness to a 

hypertensinogenic challenge.

Increased basal BP has been shown in childhood and adolescence of preeclamptic or 

hypertensive mothers,2–7 or in the offspring of rat dams with diabetes,19 protein 

restriction,11 and uteroplacental insufficiency16 during pregnancy. Alterations of the RAAS 

and proinflammatory cytokines in peripheral tissues and plasma have been implicated as 

important mediators in the fetal programming of increased BP. 30 Washburn et al. found 

increased plasma aldosterone levels in male adolescents born to mothers with preeclampsia.8 

In animal experiments, the offspring from dams with protein restriction,11,12 diabetes19 or 

inflammation20 showed significant increases in intrarenal RAAS components such as 

angiotensinogen and ANG II, renal and arterial proinflammatory cytokines and pulmonary 

and plasma ACE activity, which were associated with higher BP in these offspring. 

However, not all studies involving treatments increasing the BP of pregnant dams have 

reported increased basal BP in the offspring. For example, there was no increase in basal BP 

in adult male offspring from dams with aldosterone-induced31 or two-kidney-1kidney-

wrapped hypertension32 during pregnancy. The absence of changes in resting BP in these 

models is similar to the finding of a normal basal BP seen in the present study.

It has been shown that hypertension is associated with exaggerated sympathetic activity 

which is due to an imbalance between inhibitory and excitatory mechanisms within specific 

areas in the CNS including the LT and PVN, two forebrain regions involved in regulation of 

BP and sympathetic activity.22 Based on previous evidence, it is reasonable to hypothesize 

that elevated activity of RAAS components and proinflammatory cytokines and a synergistic 

interaction between the RAAS and proinflammatory cytokines in these forebrain nuclei play 

a pivotal role in the process of sensitization of sympathetic nerve activity and the 

hypertensive response.25–28,33 In the present study, we found an up-regulation of mRNA 

expression of several RAAS components and proinflammatory cytokines in both LT and 

PVN at 3 weeks age, whereas at 10 weeks age, upregulation of RAAS components was 

evident only in the LT and upregulation of proinflammatory cytokines was seen only in the 

PVN. It is unclear why the pattern of expression of message and protein of these RAAS 

components and proinflammatory cytokines changes over the ontogenetic period studied, but 

considering the dynamic developmental changes that occur in progressing from early 

childhood through puberty into adulthood, such effects might be expected. The important 

point to recognize is that exposure to hypertension during pregnancy results in a distinct 

brain phenotype which might predispose offspring to develop high BP in response to 

challenges or pressor stimuli that come into play later in life. As expected, we did find that 

the gestational hypertension induced by a high dose of ANG II sensitized the ANG II-

induced hypertension in male offspring resulting in an augmented increase in BP.

Increased renal SNA and overactivity of RAAS and proinflammatory cytokines have been 

implicated as causal mechanisms in prenatal programming of hypertension. RD or chronic 

blockade of the RAAS and inflammation has been demonstrated to reduce elevated BP 

through restoration of renal and arterial function in offspring of dams after different types of 
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insult to the mother during pregnancy.11,12,14–16,20 Mizuno et al. demonstrated that the 

RAAS plays a significant role not only in the generation of increased basal BP but also in 

the development of the enhanced renal sympathetic and pressor responses to physical stress 

in prenatally programmed adult hypertensive rats.17,18 Based on such observations, we 

investigated whether disrupting the integrity of the renal nerves or of the RAAS would alter 

the maintenance of sensitization of ANG II-induced hypertension in offspring of HT dams. 

The results of these experiments showed that either bilateral RD or captopril treatment in the 

offspring of HT dams reduced the sensitized hypertensive response to a level seen in the 

offspring of NT dams.

The protective effects of both RD and blockade of the RAAS were accompanied by 

attenuation of the enhanced expression of LT and PVN RAAS components and 

proinflammatory cytokines induced by either prenatal gestational hypertension or ANG II 

treatment. The results indicate that RD and ACE1 inhibition appear to have similar effects 

and that the renal nerves and the RAAS affect neural activity of cardiovascular nuclei that 

have been implicated the sensitization of ANG II-induced hypertension.22 The central 

changes observed in our study are consistent with previous work showing that maternal 

dietary protein restriction induced an increase in brain AT1R expression in the offspring and 

central blockade of ACE or AT1R abolished increased BP.23 Also, the present findings are 

reinforced by a recent study showing that RD ameliorated heart failure through down-

regulation of the brain RAAS and markers of inflammation in rats.34

In contrast to the consistency of RD and ACE1 inhibitor abrogating the sensitizing effects on 

BP, the alterations of mRNA expression found in the LT and PVN after 2 weeks of infusion 

of a slow-pressor dose of ANG II did not provide a consistent pattern of change. For 

example, at the end of Expression, the AT1R was significantly increased in the LT in the RD 

offspring from NT dams and in the PVN of the RD offspring from HT dams. Also there was 

the increased expression of IL-1β in the LT that was not reduced by RD in both types of 

offspring (Fig. 4). Likewise, captopril treatment did not attenuate the increased mRNA 

expression of several RAAS components, and some of these RAAS components were 

actually upregulated (Fig. 6). At present there is no clear explanation for these changes 

except to speculate that the increased level of message and proteins in key brain nuclei may 

reflect compensatory mechanisms necessary for maintaining viable BP following RD or 

captopril treatment.

There are some potential limitations to our study. 1) Age may serve as an important factor 

determining the impact of the development of adverse cardiovascular function in offspring 

of dams after prenatal programming.15,31,32 We only examined basal BP and HR at 10–12 

weeks of age in the offspring of HT dams and saw no difference from those of offspring of 

NT dams. Studying BP in older offspring (e.g. 6–12 months of age) may show differences in 

basal BP and warrants further investigation. 2) The elevated maternal RAAS activity has 

been demonstrated to influence development of renal sympathetic nerves and contribute to 

programming of adult hypertension.35 Besides this, alterations in gene expression and the 

delayed evolution of hypertension seems to be linked to the epigenetic changes induced 

during pregnancy.10 Epigenetic mechanisms involved in altering brain RAAS and 

proinflammatory cytokines of offspring in the ANG II maternal hypertensive programming 
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model also need to be investigated in the future. 3) We have considered the effects of 

maternal ANG II-induced hypertension per se, increased circulating ANG II, ANG II-

induced cytokines or combination of these factors to produce sensitization of the 

hypertensive response due to factors operating while the pup is in utero.36 However, since 

the pups were raised to the time of weaning by their natural mothers, it cannot be ruled out 

that maintained changes in the mother’s physiology or behavior may also have played a role 

in the process of sensitization. Future studies employing cross-fostering of pups need to be 

conducted to determine if there are potential effects of mothering on sensitization of the 

hypertensive response.

Perspectives

The present study demonstrated the influence of prenatal hypertensive programming on BP 

in adult offspring. Such programming was associated with altered gene expression of the 

RAAS and proinflammatory cytokines in the CNS that may, at least in part, explain the 

increased sensitization of ANG II-induced hypertension. The protective effects of RD and 

RAAS blockade on the sensitization of ANG II-induced hypertension in these offspring 

suggest that maternal hypertension-induced sensitization of male offspring can be reversed 

by interventions delivered between the time of weaning and testing for the expression of the 

hypertensive response. This new model of sensitization opens up many possibilities to 

investigate interventions that will reverse presumed epigenetic and other molecular changes 

that mediate nervous system plasticity and the long-term maintenance of sensitization.
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Novelty and Significance

What is New?

These studies demonstrate that maternal hypertension during pregnancy sensitized the 

hypertensive response to angiotensin (ANG) II in adult male offspring through 

upregulation of message for components of the brain renin-angiotensin-aldosterone 

system (RAAS) and proinflammatory cytokines. Either earlier renal denervation (RD) or 

prior RAAS inhibition prevents the prenatal gestational hypertension-elicited 

sensitization of ANG II hypertension.

What is Relevant?

The demonstration that maternal hypertension during pregnancy facilitated mRNA 

expression of the central RAAS components and of proinflammatory cytokines in the 

offspring indicates that the neurohumoral systems are likely to play an important role in 

the pathogenesis of prenatal programming of hypertension. Also, of importance is the 

findings that either RD or postnatal administered ACE inhibitor reversed the effects of 

fetal programming of the sensitized hypertensive response.

Summary

The study indicates that prenatal gestational hypertension results in reprogramming of 

mechanisms involved in the control of BP and that these changes are maintained for a 

long period time in the offspring. Overactivity of renal sympathetic nerve and RAAS as 

well as altered mRNA expression of RAAS and proinflammatory cytokines within 

components of a forebrain cardiovascular control network are associated with the 

sensitizing process.
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Figure 1. 
Changes in mean arterial pressure (MAP, Fig. 1A) and heart rate (HR, Fig. 1B) in 

normotensive (saline) and hypertensive [angiotensin (ANG) II, 250 ng/kg/min, sc] dams 

from beginning of baseline recording to recovery from delivery (n=6/group; +ANG II, 

beginning of ANG II infusion, -ANG II, stop of ANG II infusion; # p<0.05 vs. saline-treated 

dams).
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Figure 2. 
Quantitative comparison of the mRNA expression of renin-angiotensin system components 

and proinflammatory cytokines in the lamina terminalis (LT) and paraventricular nucleus 

(PVN) in male offspring of normotensive (NT) and hypertensive (HT) dams at 3 weeks of 

age (Fig 2A and 2B) and at 10 weeks of age before and after renal denervation (RD) and 

captopril (Cap) treatment (Fig. 2C and 2D). Fig. 2E and 2F show representative Western 

blots and quantitative comparison of protein levels for ACE1 in the LT (Fig 2E) and TNF-α 
receptor I (TNF-RI) in the PVN (Fig 2F) in male offspring of NT and HT dams at 10 weeks 

of age. Values are corrected by β-actin and expressed as mean ± SEM. (n=5/group; * p<0.05 

vs NT-dam offspring; ƚ p<0.05 vs. HT-dam offspring without RD or Cap treatment).
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Figure 3. 
Pressor effects (Fig. 3A and 3B) induced by angiotensin (ANG) II in adult offspring with or 

without renal denervation (RD) from normotensive (NT) and hypertensive (HT) dams. The 

enhanced pressor effect in offspring of HT dams was attenuated by bilateral renal 

denervation (RD). (n=6/group; * p<0.05 vs baseline; # p<0.05 vs RD offspring of HT dams 

and all offspring of NT dams; ‡ p<0.05 vs. offspring with RD).
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Figure 4. 
Quantitative comparison of the mRNA expression of renin-angiotensin-aldosterone system 

components and proinflammatory cytokines in the lamina terminalis (LT, Fig 4A) and 

paraventricular nucleus (PVN, Fig 4B) of adult offspring receiving sham or renal 

denervation (RD) after angiotensin (ANG) II administration. (n=6/group; * p<0.05 vs. NT 

dam-offspring+saline; # p<0.05 HT dam-offspring +ANG II vs. NT dam-offspring+ANG II; 

ƚ p<0.05 RD NT dam-offspring+ANG II vs. sham NT dam-offspring+ANG II; § p<0.05 RD 

HT dam-offspring+ANG II vs. sham HT dam-offspring +ANG II).
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Figure 5. 
Pressor effects (Fig. 5A and 5B) induced by angiotensin (ANG) II in adult offspring with or 

without ACE1 inhibitor, captopril (Cap), treatment from normotensive (NT) and 

hypertensive (HT) dams. The enhanced pressor effect in offspring of HT dams was 

attenuated by pretreatment with Cap. (n=6/group; * p<0.05 vs baseline; # p<0.05 vs Cap-

treated offspring of HT dams and all offspring of NT dams; ‡ p<0.05 vs. offspring treated 

with Cap).
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Figure 6. 
Quantitative comparison of mRNA expression of renin-angiotensin-aldosterone system 

components and proinflammatory cytokines in the lamina terminalis (LT, Fig 6A) and 

paraventricular nucleus (PVN, Fig 6B) of adult offspring with or without captopril (Cap) 

after saline or angiotensin (ANG) II administration. (n=6/group; * p<0.05 vs. NT dam-

offspring+saline; # p<0.05, HT dam-offspring +ANG II vs. NT dam-offspring+ANG II; ƚ or 

§ p<0.05 Cap treated NT- or HT-dam offspring+ANG II vs. non-Cap treated NT or HT-dam 

offspring +ANG II, respectively).
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