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Genetic predisposition to hypertension sensitizes
borderline hypertensive rats to the hypertensive effects
of prenatal glucocorticoid exposure
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An adverse intrauterine environment can increase the incidence of hypertension and other

cardiovascular disease risk factors. However, in clinical and experimental studies the magnitude

of the effect is variable. Possibly, the relative influence of the prenatal environment on cardio-

vascular disease is determined in part by genetic factors that predispose individuals to the

development of environmentally induced hypertension. We tested this hypothesis by comparing

the effects of prenatal dexamethasone treatment (Dex, 300 μg kg−1
I.P. on days 15 and 16 of

gestation) in borderline hypertensive rats (BHR) and control Wistar–Kyoto (WKY) rats. Blood

pressure, heart rate and plasma corticosterone values were measured at rest during the middle of

the day, and during 1 h of restraint stress in the adult offspring using indwelling arterial catheters

implanted at least 4 days prior to data collection. Compared with the saline (vehicle) control

treatment, prenatal dexamethasone significantly (P < 0.05) increased baseline mean arterial

pressure in male (123 ± 2 versus 131 ± 3 mmHg, saline versus Dex) and female (121 ± 2 versus

130 ± 2 mmHg, saline versus Dex) BHR, but not in male (108 ± 3 versus 113 ± 2 mmHg, saline

versus Dex) or female (112 ± 2 versus 110 ± 2 mmHg, saline versus Dex) WKY rats. Relative to

saline treatment, prenatal Dex also significantly increased baseline heart rate (328 ± 6 versus

356 ± 5 beats min−1, saline versus Dex) and plasma corticosterone (5 ± 2 versus 24 ± 4 μg dl−1,

saline versus Dex), and prolonged the corticosterone response to acute stress, selectively in female

BHR. However, prenatal Dex significantly enhanced the arterial pressure response to acute stress

only in female WKY, while Dex augmented the elevation in heart rate during stress only in male

rats. We conclude that prenatal dexamethasone increased baseline arterial pressure selectively

in BHR, and plasma corticosterone only in female BHR. In contrast, prenatal Dex enhanced

cardiovascular reactivity to stress in both BHR and WKY rats.
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Numerous studies have documented that prenatal
programming can increase baseline arterial pressure and
modulate cardiovascular and endocrine responses to acute
stress (Barker, 2000; Doyle et al. 2000; Dodic et al.
2002; Ward et al. 2003; Igosheva et al. 2004; Jones
et al. 2007). In humans, prenatal programming has
been suggested as an alternative to genetic mechanisms
to explain the correlation of racial background with
the incidence of hypertension (Forrester, 2004). Other
investigators have proposed that prenatal programming
might be an epiphenomenon; genetic factors that
predispose individuals to cardiovascular disease might also
program placental insufficiency (Henriksen & Clausen,
2002). A synthesis of the two hypotheses suggests the

importance of genetic background in the susceptibility to
prenatal programming in humans (Szitanyi et al. 2003;
Fowden et al. 2006). Therefore, we performed the present
study to test the hypothesis that the genetic predisposition
to environmentally induced hypertension in borderline
hypertensive rats (BHR) can exacerbate adverse effects
of prenatal programming on arterial pressure and stress
responsiveness.

In most epidemiological studies, programming is
indexed by low birth weight (Huxley et al. 2000; Szitanyi
et al. 2003). Experimental models of programming include
several interventions that can result in low birth weight,
the most common being prenatal administration of
glucocorticoids to the dam or manipulation of her diet
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during pregnancy (Moritz et al. 2005). We selected the
model of glucocorticoid administration because of its
clinical relevance and evidence that elevated fetal exposure
to glucocorticoids is a primary mediator of programming
in several experimental models (Moritz et al. 2005;
Alexander, 2006). Additionally, prenatal glucocorticoid
administration has specifically been associated with
elevated blood pressure in humans (Doyle et al. 2000).

Experiments were performed in BHR and Wistar–Kyoto
rats (WKY; control strain). BHR are the first generation
offspring of spontaneously hypertensive rats (SHR) and
WKY; previously only the male offspring have been
studied (Lawler et al. 1988). They exhibit moderate
hypertension under baseline conditions and are
susceptible to environmentally induced hypertension
(Lawler et al. 1988; Sanders & Lawler, 1992). In the present
experiments, SHR or WKY (genetic control strain) dams
were mated with WKY males to produce BHR and WKY
offspring. On days 15 and 16 of gestation pregnant dams
were treated with the glucocorticoid dexamethasone
(Dex) or saline by subcutaneous injection. Baseline
mean arterial pressure and heart rate were determined in
conscious freely moving adult male and female offspring
instrumented with indwelling arterial catheters. To
determine if stress responses were enhanced by prenatal
treatment, cardiovascular and endocrine (corticosterone,
insulin and glucose) responses were determined in rats
prior to and during 1 h of restraint stress.

Methods

Ethical approval

Experimental protocols were approved by the Institutional
Animal Care and Use Committee, and were performed
with strict adherence to all American Association for
Accreditation of Laboratory Animal Care International
(AAALAC), National Institutes of Health and National
Research Council guidelines.

Animals

BHR and WKY rats were bred in-house from SHR and
WKY rats (Charles River Laboratories) and housed in
an AAALAC accredited animal care facility on a 12 : 12 h
light/dark cycle. Rats were maintained on a normal sodium
diet, and food and water were provided ad libitum.

Prenatal treatment

Female WKY (n = 8) and SHR (n = 11) rats were mated
with male WKY rats during the estrous phase of their
cycle as identified by vaginal smear. Females were housed
overnight with males and pregnancy was confirmed by
sperm positive vaginal smear the following day (day 0 of

pregnancy). Pregnant dams were each housed separately
and assigned to either Dex or saline treatment groups.
On days 15 and 16 of gestation Dex (300 μg kg−1)
or saline (vehicle) was administered by subcutaneous
injection. In preliminary experiments higher doses of Dex
(400–600 μg kg−1 day−1) resulted in decreased viability
in BHR pups, therefore these doses were not studied
further. The number of litters per treatment group was as
follows: WKY-Saline (3), WKY-Dex (5), BHR-Saline (5)
and BHR-Dex (6). Not all pups were used in this study.

Body weight

Since prenatal Dex has been reported to decrease body
weight at birth (Ortiz et al. 2003; O’Regan et al. 2004), rat
pups were weighed on day 1 of birth. Pups were sexed and
weaned at 3 weeks of age. Body weight was also measured
at 10 weeks of age to determine if prenatal Dex treatment
altered adult body weight. Subsequent experiments were
performed in adult male (n = 63) and female (n = 61)
BHR and WKY offspring (see Table 1 for ages and numbers
of animals in each group).

Surgical procedures

All surgical procedures were performed using aseptic
technique. At least 72 h prior to performing experimental
protocols the rats were instrumented with indwelling
arterial catheters for measurement of arterial pressure
as previously described (Scheuer et al. 2004). Briefly,
rats were anaesthetized with inhaled isoflurane (2–4%
isoflurane in oxygen at a 1 l min−1 flow rate), with the
depth of anaesthesia maintained such that there was no
reflex withdrawal to hind paw pinch. A small skin incision
was made, then the femoral artery was isolated and a
catheter was inserted and advanced into the abdominal
aorta. The distal end of the catheter was tunnelled under
the skin to exit between the scapulae and sutured in place.
The subcutaneous and cutaneous layers of the incision in
the leg were individually sutured closed and the arterial
catheter was filled with sterile heparin (1000 U ml−1) and
plugged. For recovery from surgery rats were placed in
warm padded cages and monitored until they could move
about and groom normally. Following implantation of
the arterial catheter the rats were singly housed for the
duration of the experiment.

Experimental protocols

Baseline arterial pressure measurement. Each day the
animals were brought to the laboratory in their home
cages and remained there throughout the baseline period.
The arterial catheter was connected via extension tubing
to a pressure transducer (Maxxim Medical), then the
rat was free to move normally within the cage until it
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Table 1. Age, oestrous cycle day, plasma insulin, thymus weight and numbers of animals per group

Females Males

WKY–saline WKY–Dex BHR–saline BHR–Dex WKY–saline WKY–Dex BHR–saline BHR–Dex

Age (weeks) 13.2 ± 0.2 13.4 ± 0.5 14.1 ± 0.6 14.1 ± 0.3 13.7 ± 0.5 13.1 ± 0.2 13.2 ± 0.3 13.7 ± 0.4
(n = 10) (n = 16) (n = 14) (n = 21) (n = 10) (n = 20) (n = 14) (n = 19)

Oestrous cycle day 1.6 ± 0.3 2.5 ± 0.3 2.5 ± 0.3 2.5 ± 0.2 N/A N/A N/A N/A
Thymus wt/body wt
(mg kg−1) 966 ± 55 1023 ± 84 1134 ± 67 1010 ± 62 647 ± 44 609 ± 37 803 ± 42a 768 ± 42

Baseline insulin (ng ml−1) 2.36 ± 0.29 1.72 ± 0.17 1.62 ± 0.22 1.86 ± 0.24 2.11 ± 0.37 2.47 ± 0.25 2.01 ± 0.27 2.54 ± 0.48
10 min insulin (ng ml−1) 2.70 ± 0.18 2.11 ± 0.20 2.17 ± 0.30 2.17 ± 0.25 2.63 ± 0.44 3.18 ± 0.19 2.94 ± 0.64 2.98 ± 0.51
60 min insulin (ng ml−1) 1.82 ± 0.19 1.81 ± 0.20 1.97 ± 0.32 1.90 ± 0.23 1.74 ± 0.32 2.14 ± 0.19 2.18 ± 0.38 2.46 ± 0.28
No. of animals,
baseline values 10 16 14 21 10 20 14

No. of animalsl
Stress MAP & HR 9 & 9 14 & 13 10 & 10 16 & 16 10 & 10 18 & 17 11 & 10 14 & 13

No. of animals
Stress hormones & glucose 7–8 14 10 15–16 6–8 15 9–10 13–14

a, P < 0.05 relative to WKY–saline; MAP, mean arterial pressure; HR, heart rate.

was placed in the restrainer. The signal was processed
using a MacLab system (ADInstruments) connected to
a Macintosh computer. Mean arterial pressure and heart
rate were calculated on-line. Arterial pressure was recorded
continuously for 3 h on two to three separate days to adapt
the rats to the procedure, with the last hour of the final
day used to determine baseline arterial pressure and heart
rate.

Restraint stress. Following the baseline arterial pressure
measurement on the final day, most rats were subjected to
a 1 h restraint stress by placing each rat in a clear Plexiglas
restrainer; restraint stress data were obtained from
53 male and 49 female rats. The number of animals
per group for various parameters is provided in Table 1.
Blood samples (300 μl) were obtained from most animals
from the arterial catheter following the baseline period
prior to restraint and at 10 and 60 min during restraint
for the measurement of blood glucose (One Touch Ultra
glucose meter; LifeScan, Johnson & Johnson) and plasma
corticosterone and insulin (see below). Since this blood
sample was obtained in the middle of the day, basal
morning (nadir) corticosterone concentration was not
assessed. In female rats, a vaginal smear was taken on
the day of restraint stress to determine the phase of the
oestrous cycle. Rats were killed with an overdose of inhaled
isoflurane and the adrenal and thymus glands were
removed and weighed.

Corticosterone and insulin assays

Corticosterone and insulin concentrations were
determined using commercially available radio-
immunoassay (RIA) kits. Corticosterone was assayed

using the MP Biomedicals rat 125I-RIA kit as previously
described (Scheuer et al. 2004). Insulin was assayed with
the Linco Research (St Charles, MO, USA) rat insulin RIA
kit (catalogue no. RI-13K). The insulin assay sensitivity
limit is 0.1 ng ml−1.

Statistical analysis

All data are expressed as mean ± standard error (s.e.m.).
Data analyses were performed separately for males
and females because large between-sex differences in
some variables could mask the main effects of prenatal
treatment and strain. Analyses were performed using
1- or 2-way analysis of variance (ANOVA) for
effect of group (WKY–saline, WKY–Dex, BHR–saline
and BHR–Dex) and, when applicable, time (repeated
measure). When the overall ANOVA detected significant
(P = 0.05) between-group differences, post hoc analysis
was performed using Duncan’s new multiple range and
Fisher’s protected least significant difference tests; if
Duncan’s indicated a significant difference Fisher’s test
was used to calculate the probability value. Effects of
prenatal Dex treatment were determined by post hoc
comparison of WKY–saline- versus WKY–Dex-treated
rats and BHR–saline versus BHR–Dex-treated rats. To
determine the effects of strain that were independent of
prenatal Dex treatment, we examined post hoc analysis
results for saline-treated WKY rats relative to saline-treated
BHR. When the ANOVA detected a significant interaction
between the effects of group and time, 1-way ANOVA was
performed separately for different time points. For the
heart rate changes in response to stress, the total integrated
increase over the hour of stress was calculated relative to
baseline (i.e. area under the curve) and analysed. Adrenal
and thymus weights were normalized to body weight for
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Figure 1. Body weights on day 1 in male and female pups combined (left), and in female (middle) and
male rats (right) at 10 weeks of age
a, P ≤ 0.05 for BHR–saline versus WKY–saline; b, P ≤ 0.05 for WKY–Dex versus WKY–saline; and c, P ≤ 0.05 for
BHR–Dex versus BHR–saline.

quantification and analysis. The stage of the oestrous
cycle on the day of the experiment could affect variables
being studied. To determine if there was a significant
between-group difference for day of oestrous cycle on the
day of the experiment in females, values were assigned
as follows: dioestrous day 1 = 1, dioestrous day 2 = 2,
pro-oestrous = 3 and oestrous = 4. P values less than 0.10
are specified in the Results section.

Results

The average age at which the rats were studied and the
average stage of oestrous cycle in female rats did not differ
significantly between groups (Table 1).

Figure 2. Baseline mean arterial pressure in mmHg (top) and heart rate in beats min−1 (bpm; bottom)
in female (left) and male (right) rats
a, P ≤ 0.05 for WKY–saline versus BHR–saline; and c, P ≤ 0.05 for BHR–Dex versus BHR–saline.

Effects of prenatal Dex

Prenatal Dex treatment significantly reduced body weight
in 1-day-old WKY (P < 0.01), but not BHR pups (Fig. 1,
left). At the age of 10 weeks, Dex-treated rats weighed less
than saline-treated rats (P < 0.01) with the exception of
the female BHR (Fig. 1, middle and right). Prenatal Dex
increased baseline arterial pressure in male and female
BHR (P < 0.01, Fig. 2, top), and significantly increased
heart rate only in female BHR (P < 0.01, Fig. 2, bottom).
Stress significantly increased both arterial pressure and
heart rate (P < 0.01 for time, Figs 3 and 4). In WKY
females only, arterial pressure was significantly greater at
the 35 min time point (Fig. 3 left, top), and the change in
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Figure 3. Mean arterial pressure during 60 min of restraint stress in female (left) and male (right) rats
Absolute values are shown in the top panels, changes from baseline are below. a, P ≤ 0.05 for BHR–saline versus
WKY–saline; and b, P ≤ = 0.05 for WKY–Dex versus WKY–saline. Stress significantly (P < 0.01) increased arterial
pressure above baseline; for clarity this is not noted within the figure.

Figure 4. Heart rate in beats min−1 (bpm) during 60 min of restraint stress in female (top) and male
(bottom) rats
Absolute values for WKY (left panel) and BHR (middle panel) are shown separately for clarity. Right panel shows
the integrated change in heart rate over 60 min of restraint. a, P ≤ 0.05 for BHR–saline versus WKY–saline; b,
P ≤ 0.05 for WKY–Dex versus WKY–saline; and c, P ≤ 0.05 for BHR–Dex versus BHR–saline. Stress significantly
(P < 0.01) increased heart rate above baseline; for clarity this is not noted within the figure.
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Figure 5. Plasma corticosterone (Cort)
concentration during the baseline period
and after 10 and 60 min of restraint stress
in WKY (top) and BHRs (bottom)
a, P ≤ 0.05 for BHR–saline versus WKY–saline;
b, P ≤ 0.05 for WKY–Dex versus WKY–saline;
and c, P ≤ 0.05 for BHR–Dex versus
BHR–saline. Stress significantly (P < 0.01)
increased plasma corticosterone concentration;
for clarity this is not noted within the figure.

pressure from baseline was significantly greater at several
time points in the Dex-treated relative to the saline-treated
rats (Fig. 3 left, bottom). Heart rate during stress was
significantly higher in prenatal Dex- versus saline-treated
BHR males at multiple time points, and in WKY males
at the 35 min time point (Fig. 4, bottom left and middle).
Prenatal Dex did not alter the integrated change in heart
rate during stress (Fig. 4, right panel).

Stress significantly increased blood glucose and plasma
corticosterone concentrations (P < 0.01 for time, Figs 5

Figure 6. Blood glucose concentration
during the baseline period and after 10
and 60 min of restraint stress in WKY (left)
and BHRs (right)
a, P ≤ 0.05 for BHR–saline versus WKY–saline;
and c, P ≤ 0.05 for BHR–Dex versus
BHR–saline. Stress significantly (P < 0.01)
increased blood glucose concentration; for
clarity this is not noted within the figure.

and 6). In female BHR, prenatal Dex significantly
(P < 0.01) increased midday baseline plasma cortico-
sterone, but did not alter the absolute values for cortico-
sterone at either 10 or 60 min of restraint (Fig. 5, bottom
left). Prenatal Dex prolonged the corticosterone response
to stress in female BHR as evidenced by the significant
attenuation of the reduction in plasma corticosterone
between 10 and 60 min of restraint (P = 0.01). In contrast,
in males prenatal Dex reduced plasma corticosterone at
60 min only in WKY rats (P = 0.04, Fig. 5, right panel).
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Plasma glucose was unaffected by prenatal Dex in female
rats (Fig. 6, left panel). In male BHR, Dex treatment
significantly attenuated the glucose response to stress at
10 min (P = 0.01, Fig. 6, bottom right), and attenuated
the subsequent fall in glucose between 10 and 60 min of
stress (P < 0.01). Overall, stress increased plasma insulin
concentration (P < 0.01 for time, Table 1). However,
prenatal Dex did not significantly alter insulin levels during
stress (Table 1). Adrenal weight normalized to body weight
was increased by prenatal Dex only in female WKY rats
(P < 0.01, Fig. 7), while thymus weight was unaffected by
prenatal Dex (Table 1).

Differences between WKY and BHR

Data from WKY and BHR saline-treated rats were
compared. Body weights at day 1 and 10 weeks of age were
significantly lower in BHR relative to WKY rats (P < 0.01,
Fig. 1). Baseline arterial pressure was significantly greater
in both male and female BHRs relative to WKY rats
(P < 0.01, Fig. 2), while heart rate was reduced in BHR
females only (P < 0.01, Fig. 2). The change in arterial
pressure during stress was not significantly different
between rat strains (Fig. 3). The integrated heart rate
response to stress was greater (P = 0.02) in female BHR
relative to WKY rats, but was unaffected by strain in male
rats (Fig. 4). Unexpectedly, baseline plasma corticosterone
was lower in female BHRs relative to WKY rats (P = 0.05,
Fig. 5). There were no other between-strain differences
in plasma corticosterone. Plasma glucose at 10 min of
stress was greater in BHR males relative to WKY males
(P < 0.01, Fig. 5), but there were no effects of rat strain
on plasma insulin concentration (Table 1). Adrenal weight
normalized to body weight was significantly increased in
BHR females relative to WKY females (P < 0.01, Fig. 7),
while thymus weight was significantly increased in BHR
males only (P = 0.04, Table 1).

Figure 7. Adrenal weight normalized to body weight in female (left) and male (right) rats
a, P ≤ 0.05 for BHR–saline versus WKY–saline; and b, P ≤ 0.05 for WKY–Dex versus WKY–saline.

Supplemental analysis

As in many other studies on prenatal programming (Levitt
et al. 1996; McDonald et al. 2003; Igosheva et al. 2007;
Singh et al. 2007), we studied more than one pup from
each litter. However, to ensure that this did not affect the
validity of our data, we performed an additional analysis on
the data for baseline arterial pressure averaging data from
all rats from a single litter and using the average number
as one observation. As with the previous analysis, prenatal
Dex had no significant effect on mean arterial pressure
in WKY rats (111 ± 2 and 109 ± 1 mmHg for saline and
Dex, respectively, in females; 109 ± 3 and 113 ± 2 mmHg,
in males). In BHR, prenatal Dex significantly increased
mean arterial pressure in both females (122 ± 2 versus
130 ± 2 mmHg, saline versus Dex, P < 0.01) and males
(122 ± 3 and 132 ± 3 mmHg, saline versus Dex, P = 0.02).
This supplemental analysis verifies the results reported
above.

Discussion

This study demonstrates that BHR, who have a
genetic predisposition to environmentally induced
hypertension, are more susceptible to the hyper-
tensive effects of dexamethasone-mediated prenatal
programming compared with WKY rats. In female
offspring, the hypertension was associated with elevated
midday baseline heart rate and plasma corticosterone,
in addition to a prolonged corticosterone response to
acute stress. In male rats, the hypertension was associated
with elevated heart rate during acute stress, although
the integrated change in heart rate was not affected.
However, prenatal Dex programmed enhanced cardio-
vascular responses to stress preferentially in WKY rats.
Further experiments using additional strains of rats are
needed to determine if the results reported here are
generalisable to other models and strains of rats, or if the
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influence of genetic background on the effects of the intra-
uterine environment is specific to the BHR.

The BHR model

Essential hypertension results from a complex, poorly
understood, interaction of multiple genetic and
environmental factors (Izzo & Black, 2003). Analogously,
BHR express a genetically based moderate elevation in
baseline blood pressure and are sensitive to environmental
factors known to elevate blood pressure in humans,
although previous studies have been performed only
in male BHR (Sanders & Lawler, 1992). Environmental
factors known to increase blood pressure in BHR include
psychological stress, a high salt diet, a high fructose diet or
exposure to cold (Sanders & Lawler, 1992; Han et al. 1998;
Masai et al. 2001). Susceptibility of BHR to the prenatal
environment was suggested by a study demonstrating
that a maternal high salt diet from conception through
weaning increased arterial pressure in adult male BHR
fed a 1% sodium chloride diet (Hunt & Tucker, 1993).
The present study provides novel evidence that female
BHR also have moderately elevated baseline arterial
pressure, and that prenatal glucocorticoid treatment
programs a further elevation in baseline arterial pressure
in BHR but not WKY rats. The increases in baseline
arterial pressure programmed by prenatal Dex treatment,
when added to the moderate genetic hypertension of
the BHR, results in baseline mean arterial pressures
above 130 mmHg. Previous reports provide no consensus
regarding increased stress reactivity of blood pressure,
heart rate and the hypothalamic–pituitary–adrenal (HPA)
axis in male BHR relative to WKY rats (Woodworth et al.
1990; Sanders & Lawler, 1992; Mansi & Drolet, 1997;
Fuchs et al. 1998; Mansi et al. 1998). We did not observe
any increase in cardiovascular or HPA axis reactivity in
saline-treated male BHR relative to WKY rats, although
the glucose response to stress was enhanced in the male
BHR. Our observation of an enhanced heart rate response
to stress in female BHR has not been reported previously.
Collectively, our data suggest that BHR can be used as
a unique model to study the interactive influences of
genetic predisposition, prenatal environment and the
adult environment on the development of hypertension.

Prenatal programming

Hypertension is one of the most commonly
reported consequences of prenatal exposure to excess
glucocorticoids (Benediktsson et al. 1993; Levitt et al.
1996; Celsi et al. 1998; Langdown et al. 2001; Sugden et al.
2001; Ortiz et al. 2003; O’Regan et al. 2004; Alexander,
2006; Woods, 2006; Singh et al. 2007). Surprisingly,
prenatal Dex treatment did not increase baseline arterial
pressure in male or female WKY rats in the current

study. Several factors could explain this discrepancy
including the Dex dose, timing of treatment, rat strain
used and method of blood pressure measurement. Dex
was administered at the optimal time in gestation to
elicit an increase in baseline arterial pressure (Ortiz et al.
2001), at a dose within the range that glucocorticoids
are used clinically to promote lung maturation prior to
anticipated premature birth (Hardman et al. 2006). Since
prenatal Dex-induced hypertension has been reported in
rats as early as 3 weeks (Ortiz et al. 2003) any elevation in
baseline arterial pressure should have been evident when
we measured arterial pressure in adult rats. BHR are the
F1 generation of an SHR–WKY cross, therefore WKY are
the most appropriate control animals for comparison of
Dex programming effects. However, nearly all previous
studies have utilized the Sprague–Dawley or Wistar rat
strains (Benediktsson et al. 1993; Levitt et al. 1996; Celsi
et al. 1998; Langdown et al. 2001; Martins et al. 2003;
Ortiz et al. 2003; O’Regan et al. 2004; Dagan et al. 2006;
Woods, 2006; Igosheva et al. 2007; Singh et al. 2007).
Although we would expect similar effects of Dex in
WKY as in Wistar and Sprague–Dawley rats, we cannot
rule out the possibility that differences in sensitivity to
the programming effects of Dex may exist even among
normotensive strains.

A more likely explanation for the differences between
this study and those of previous investigators is that
the blood pressure effects reported following prenatal
glucocorticoid treatment depend on the method used
to measure blood pressure. Most previous studies have
relied on the tail cuff plethysmography to estimate
baseline arterial pressure, with many of these studies
reporting elevations in blood pressure at similar or
lower doses of Dex than were used in the current study
(Celsi et al. 1998; Langdown et al. 2001; Ortiz et al.
2001, 2003; Sugden et al. 2001; O’Regan et al. 2004).
However, the tail cuff method requires restraining and
heating animals, usually measures only systolic blood
pressure at only one or a limited number of time
points and assumes that there are no differences in
cardiovascular responses to restraint and/or heat stress
between treatment groups (Kurtz et al. 2005; Nathanielsz,
2006). This assumption is challenged by recent studies
in other models of prenatal programming known to be
dependent on elevated glucocorticoids that have reported
enhanced cardiovascular responses to acute stress but
no elevation in baseline blood pressure when blood
pressure is assessed by radiotelemetry (Tonkiss et al. 1998;
Igosheva et al. 2004, 2007). Relatively few investigators
have directly measured blood pressure with indwelling
arterial catheters, and they have often measured pressure
for only brief (minutes) or unspecified time periods
(Benediktsson et al. 1993; Levitt et al. 1996; Martins et al.
2003; McDonald et al. 2003). McDonald et al. (2003)
reported no effect of prenatal glucocorticoid treatment on
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blood pressure under true baseline conditions in freely
moving rats in which blood pressure was measured over
24 h. Martins et al. (2003) also failed to detect an elevation
in baseline arterial pressure with prenatal betamethasone
treatment. Conversely, Levitt et al. (1996) observed
elevated arterial pressure in Dex-treated rats, although they
used brief (10 min) recordings with indwelling arterial
catheters, and Benediktsson et al. (1993) reported elevated
blood pressure when assessed with three measurements
of unspecified length. The values for arterial pressure
reported here were obtained using indwelling arterial
catheters in rats that were freely moving within their home
cages at least 4 days following survival surgery. To obtain
an accurate resting baseline, blood pressure was measured
in the animal’s home cage continuously for 3 h on two to
three consecutive days, with the final hour of recording
on the final day used to determine the reported base-
line values. This recording duration was selected based on
preliminary experiments in our laboratory demonstrating
that blood pressure continued to stabilize during the first
2 h of recording. Even in the absence of an effect on base-
line blood pressure, this and previous studies report other
programming effects such as reduced body weight at birth
and enhanced stress reactivity with prenatal glucocorticoid
treatment (Martins et al. 2003; McDonald et al. 2003).
Thus, it seems likely that variations in methods of blood
pressure measurement techniques account for differences
in reported effects of prenatal glucocorticoids on base-
line arterial pressure between studies (Benediktsson et al.
1993; Ortiz et al. 2001, 2003; Armitage et al. 2004; O’Regan
et al. 2004; Nathanielsz, 2006). The validity of the present
results is supported by a recent statement from the
Subcommittee of Professional and Public Education of
the American Heart Association Council on High Blood
Pressure Research that recommends that baseline blood
pressure be determined by direct measurement of blood
pressure by indwelling catheters or by radiotelemetry
whenever feasible (Kurtz et al. 2005).

Enhanced cardiovascular responses to acute stress, even
in the absence of elevated arterial pressure, are associated
with the development of cardiovascular disease later
in life (Izzo & Black, 2003) and may be programmed
prenatally in humans (Ward et al. 2003). In rats, prenatal
stress (Igosheva et al. 2004) or dietary protein restriction
(Tonkiss et al. 1998) increased arterial pressure during
or following acute stress. Here we reported that prenatal
Dex increased heart rate in male rats and arterial pressure
in female WKY rats during acute restraint; however, we
did not monitor blood pressure and heart rate during
the post-stress recovery period. Furthermore, there might
have been greater effects of prenatal Dex on the cardio-
vascular response to a stressor that elicits smaller elevations
in arterial pressure and heart rate than does restraint.
It is also possible that prenatal Dex could differentially
modulate the stress response in females during different

phases of the oestrous cycle; however, this cannot be
addressed by the present study for two reasons. First,
oestrous cycle phase was determined on only one day, so
it is not clear that the female rats were cycling normally.
Second, there were not sufficient numbers of rats to
subdivide the females into groups according to phase of the
cycle. Therefore, additional experiments would be needed
to address this issue.

Elevated HPA axis function in adulthood is proposed as
one mechanism mediating effects of an adverse prenatal
environment to increase risk for cardiovascular and other
diseases in adulthood (Clark, 1998; Phillips et al. 1998;
Owen et al. 2005). In the present study, prenatal Dex
treatment induced an increase in adrenal weight in female
WKY, and an increase in midday baseline corticosterone
and an attenuated recovery from peak corticosterone
concentration in female BHR, suggesting that HPA feed-
back inhibition was impaired. In humans, birth weight
has been linked to elevated cortisol levels in adulthood
(Clark, 1998; Phillips et al. 1998; Kapoor et al. 2006). In
animal studies, others have reported increased HPA axis
function resulting from prenatal programming (Kapoor
et al. 2006). The gender specificity of the HPA axis
programming is variable, with the vulnerability of the
HPA axis to programming depending on the timing
and duration of the exposure to an adverse intrauterine
environment in addition to the age at which the adult
animal is studied (Owen et al. 2005; Kapoor et al. 2006).
While we found evidence for elevated HPA axis function
only in female rats, we did not measure sensitivity to the
effects of glucocorticoids, which can also be affected by
prenatal programming (Bertram & Hanson, 2001; Seckl
& Meaney, 2004; Kapoor et al. 2006). Furthermore, we
measured baseline corticosterone values in the middle of
the day, and at only one time point at rest and two time
points during stress. Although BHR females in general
had increased adrenal weights, prenatal Dex did not cause
a significant further increase in adrenal weight in these
rats, suggesting that the 24 h average adrenocorticotropic
hormone concentration was not elevated by prenatal Dex.
Clearly, additional studies focusing on the assessment of
the HPA axis are required to fully evaluate HPA axis
function in this model.

Insulin resistance, altered glucose handling and
increased risk for diabetes are reported metabolic effects
of prenatal programming (Phillips et al. 1998; Barker,
2003; Armitage et al. 2004; Fagerberg et al. 2004; Sloboda
et al. 2005; Stocker et al. 2005), and are risk factors for
cardiovascular disease (Izzo & Black, 2003). In the present
study, Dex-treated BHR males had a reduced peak glucose
response to stress, followed by an attenuated recovery, and
there were no effects of Dex on insulin in either male or
female rats. However, we did not measure fasting glucose
and insulin or glucose tolerance, which may have been
altered by the prenatal Dex treatment.
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Prenatal programming by glucocorticoids and birth
weight

Most clinical studies use birth weight as a biomarker
for prenatal programming (Huxley et al. 2000).
Correspondingly, a reduction in birth weight is commonly
observed in animal models of programming, including
prenatal glucocorticoid exposure (Gardner et al. 1998;
Louey & Thornburg, 2005). Some studies report sub-
sequent catch-up growth postnatally (Cleasby et al. 2003;
O’Regan et al. 2004). In both humans (Huxley et al. 2000)
and rats (O’Regan et al. 2004) high rates of catch-up growth
are associated with higher blood pressure. In the current
study Dex decreased birth weight in the WKY, but not
BHR rats, although even without prenatal Dex exposure
BHR pups were smaller than WKY saline-treated controls.
Dex-treated male and female WKY remained smaller at
10 weeks compared with the saline controls, indicating
they did not undergo complete catch-up growth. This
may be one additional factor that could account for
the lack of effect of prenatal Dex on baseline blood
pressure in WKY rats. Nonetheless, prenatal Dex treatment
altered cardiovascular and endocrine function in BHR
though mechanisms independent of a further reduction
in birth weight. This supports the hypothesis that low
birth weight is simply an indicator of adverse intrauterine
environment rather than the mechanism of intrauterine
programming (Louey & Thornburg, 2005; Nathanielsz,
2006).

Perspectives

An adverse prenatal environment can raise the risk of
cardiovascular disease later in life by multiple mechanisms
that include increasing the risk for hypertension and
enhancing stress reactivity (Barker, 2000; Doyle et al.
2000; Eriksson et al. 2000; Huxley et al. 2000; Ward et al.
2003; Fagerberg et al. 2004; Jones et al. 2007). However,
the magnitude of the effect is variable. For example,
prenatal glucocorticoid exposure increased adolescent
systolic arterial pressure by 4.1 mmHg (Doyle et al.
2000), and a review of the literature reported that
the relationship between increased blood pressure and
decreased birth weight averages about 2 mmHg kg−1,
with a wide range of between-study values (Huxley
et al. 2000). Furthermore, the incidence of cardiovascular
disease mortality is only partially accounted for by birth
weight (Barker, 2000). The present study contributes two
important findings. First, in BHR, who have a genetic
predisposition to environmentally induced hypertension,
there is an exacerbation of the hypertensive effects of
prenatal programming. Second, relatively moderate effects
of both genetic background and prenatal programming
on baseline blood pressure are additive in BHR, and thus
combine to exacerbate cardiovascular disease risk in both

males and females. In addition, this study shows the female
BHR have elevated baseline arterial pressure and adrenal
weights, and enhanced changes in heart rate in response
to stress compared with female WKY rats. Future basic
and clinical studies should examine the role of genetic
factors on the deleterious effects of an adverse prenatal
environment.
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