Art|CIes ‘ Basic Science Investigation

nature publishing group

Sex-specific programming of hypertension in offspring

of late-gestation diabetic rats

Ragheed Katkhuda', Emily S. Peterson’, Robert D. Roghair', Andrew W. Norris', Thomas D. Scholz' and Jeffrey L. Segar’

BACKGROUND: The intrauterine environment strongly influ-
ences adult disease susceptibility. We used a rat model of third-
trimester maternal diabetes to test the hypothesis that adult
offspring exposed to hyperglycemia in utero display increased
blood pressure and alterations in vascular responsiveness.
METHODS: Diabetes was induced by streptozotocin injection
to pregnant rats on gestation day 13 (term 21 d) and partially
controlled with insulin injections. Hemodynamic function was
evaluated in 6-12-mo-old offspring.

RESULTS: Male but not female offspring of diabetic mothers
(ODM) had significantly increased blood pressure as compared
with controls; heart rate (HR) was similar. For both sexes, HR
baroreflex responses were similar as were in vivo hemodynamic
responses to angiotensin I, nitric oxide synthase inhibition, and
ganglionic blockade. Aortic contractility to angiotensin Il was
similar in the two groups. Nitric oxide synthase inhibition and
the Cu/Zn superoxide dismutase inhibitor diethyldithiocar-
bamate, but not the superoxide dismutase-mimetic Tempol,
significantly increased contractile responses to angiotensin |l
in controls but not ODM. Reduced nicotinamide adenine dinu-
cleotide phosphate—stimulated superoxide production was
greater in male ODM than in controls (P < 0.05).
CONCLUSION: Exposure to hyperglycemia in utero results in
sex-specific cardiovascular changes in adult offspring. Impaired
nitric oxide—-reactive oxygen species signaling may play a
significant role in the hemodynamic phenotype of ODM.

he number of pregnancies complicated by diabetes mellitus

continues to increase throughout the developed world, a
figure that will rise with the increasing prevalence of type 2
diabetes among young adult women (1,2). Infants of diabetic
mothers represent a group of patients with an increased risk of
perinatal mortality and morbidity, including cardiomyopathy,
macrosomia, hypoglycemia, hypocalcemia, and respiratory
distress syndrome (3). Recently, long-term complications in
offspring of diabetic mothers have been recognized, includ-
ing development of type 2 diabetes, dyslipidemia, and obesity
independently of the genetic background of the offspring (4-8).
Although considerable attention is focused on the increased
metabolic abnormalities in adult offspring of diabetic mothers,
cardiovascular alterations, including hypertension, are also

lifelong consequences of in utero exposure to maternal dia-
betes. In a Pima Indian population, offspring of mothers who
suffered diabetes during pregnancy had higher systolic arte-
rial blood pressure in adolescence as compared with offspring
of mothers who developed type 2 diabetes mellitus after the
index pregnancy, independent of obesity (9). In a separate
population enrolled in the Diabetes in Pregnancy follow-up
study, 10-14-y-old offspring of diabetic mothers (ODM) had
significantly higher systolic and mean arterial blood pressures
(MABPs) than offspring of nondiabetic mothers (10).

The etiology of hypertension in ODM has not been exten-
sively explored. The majority of studies examining cardiovas-
cular dysfunction in ODM have used animals made diabetic
either before pregnancy or early in pregnancy by injection
of streptozotocin (STZ), an alkylating agent with selective
toxicity to the beta cells of pancreatic islets (11). Studies in
rats demonstrate that male but not female offspring of dams
made diabetic before mating or on the 7th day of pregnancy
are hypertensive by 2-3mo of age (12-14). Findings of these
studies and others suggest changes in baroreflex sensitivity,
vascular responsiveness, activity of the renin-angiotensin and
nitric oxide (NO) systems, and arachidonic acid metabolism
may contribute to the development of hypertension in ODM
(15,16). Because gestational-onset diabetes, characterized by
maternal hyperglycemia during the last third of gestation, is
the most common form of diabetes to affect pregnancy, our
laboratory has focused on a rat model whereby maternal hyper-
glycemia is induced by STZ at the beginning of the third and
final week of gestation. Using this model of maternal diabetes,
with hyperglycemia moderated by twice daily insulin, we pre-
viously described significantly enhanced aortic contractility
and endothelial dysfunction in female but not male offspring
(17). We therefore sought to extend studies in this model to
determine whether offspring exposed to short-term (7-day)
maternal hyperglycemia in utero would display sex-specific
increased blood pressure. As studies in animal models sug-
gest abnormalities in autonomic function may precede overt
hypertension, we also analyzed baroreflex control of heart rate
(HR) (18). Finally, we chose to further our previously reported
findings of altered ex vivo aortic vascular responsiveness and
endothelial dysfunction in offspring of hyperglycemic mothers
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and explore potential mechanisms contributing to our previ-
ous observations. Diabetes during pregnancy is associated with
increased markers of oxidative injury in the offspring (19,20).
Therefore, the isolated vessels studies focused on the contribu-
tion of reactive oxygen species to ex vivo aortic vascular dys-
function. Of note, we cross-fostered all pups to nondiabetic
mothers to ensure that any identified pathophysiology would
be related to the in utero environment and not alterations in
postnatal nutritional intake or behavioral patterns associated
with maternal diabetes.

RESULTS

In Vivo Experiments

Male ODM displayed significantly greater resting mean arte-
rial pressure (123 + 5 vs. 102 + 4mm Hg; P < 0.01) but simi-
lar resting HR (360 + 11 vs. 370 + 7 bpm) as compared with
controls (Figure 1). In contrast, no differences in MABP or
HR were identified between female ODM and control animals.
Peak changes in MABP and HR in response to phenylephrine
and nitroprusside were similar in male ODM and control ani-
mals (Figure 2). Female ODM also had similar increases in
MABP and reflex bradycardia as compared with controls in
response to phenylephrine (Figure 2). However, female ODM
demonstrated greater reflex tachycardia in response to sodium
nitroprusside (10, 20, and 40 pg/kg) as compared with con-
trols, although MABP responses were similar between groups
(Figure 2). To evaluate baroreflex sensitivity, slopes of the lin-
ear regression line relating percentage change from baseline
for mean blood pressure and HR in response to phenylephrine
and sodium nitroprusside for each animal were calculated.
No differences in the MABP-HR relationship were identified
between ODM and control animals for either male (-1.1 £ 0.14
vs. —1.01 + 0.18 %AHR/%AMABBP, respectively) or female ani-
mals (—1.56 + 0.24 vs. —1.2 £+ 0.22 %AHR/%AMABP, respec-
tively; P = 0.0548).

Changes in MABP and HR in response to the NO synthase
inhibitor NS-nitro-L-arginine methyl ester (L-NAME) and
the ganglionic blocking agent chlorisondamine are shown in
Figure 3. No differences in hemodynamic responses to either
agent were seen between ODM and control animals of either
sex. Changes in MABP and HR in response to angiotensin II
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alone or in the presence of L-NAME were also similar between
groups in both sexes (Figure 4).

Ex Vivo Vascular Function in Male ODM

Aortic segments from male ODM and control animals exhibited
similar vasoconstrictive responses to angiotensin II (Figure 5).
However, in the presence of the angiotensin II type 2 recep-
tor antagonist PD123319, the response to angiotensin IT was
attenuated in ODM as compared with controls (Figure 5a).
Constrictive responses to angiotensin II in the presence of
the angiotensin II type 1 receptor antagonist losartan were
completely blocked in both groups (data not shown). The
NO synthase inhibitor N¢-nitro-L-arginine (L-NNA) and the
Cu/Zn superoxide dismutase inhibitor diethyldithiocarbam-
ate (DETC) significantly increased responses to angiotensin II
in controls but not ODM, whereas the superoxide scavenger
Tempol attenuated responses to angiotensin II in controls but
not ODM (Figure 5b-d). The combined effects of L-NNA with
DETC resulted in similar changes to either L-NNA or DETC,
without any evidence of additive effects (Figure 5e). Similarly,
combined L-NNA and Tempol resulted is changes in responses
similar to L-NNA alone in both groups (Figure 5f).

Ex Vivo Vascular Function in Female ODM

Similar to that seen in males, aortic segments from female ODM
and control animals exhibited similar vasoconstrictive responses
to angiotensin II alone (Figure 6a). No effect on constrictive
responses was seen in the presence of PD 123319 (Figure 6a).
L-NNA and DETC again significantly increased responses to
angiotensin II in controls but not ODM, whereas Tempol had
no significant effect on the response (Figure 6b-d). As seen in
males, the combined effects of L-NNA with DETC resulted in
similar changes to either L-NNA or DETC, without any evi-
dence of additive effects (Figure 6e). Of note, the response to
angiotensin II in the presence of Tempol + L-NNA was similar
between control and ODM female groups (Figure 6f).

Superoxide Production

Basal superoxide production, as determined by chemilumines-
cence was similar between groups in both sexes. Reduced nico-
tinamide adenine dinucleotide phosphate (NADPH)-stimulated
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Figure 1. Resting (@) mean arterial blood pressure (MABP) and (b) heart rate (HR) in control and offspring of diabetic mothers (ODM) male and female
adult rats. Data are reported as mean + SE. bpm, beats per minute. *P < 0.01 as compared with control male.
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Figure 2. Changes in systemic hemodynamics in response to increasing doses of phenylephrine and nitroprusside in male (top two rows) and

female (bottom two rows) control (open bars) and offspring of diabetic mothers (filled bars) adult rats. (@) Mean arterial blood pressure (MABP) responses
to phenylephrine in males. (b) Heart rate (HR) responses to phenylephrine in males. (c) MABP responses to nitroprusside in males. (d) HR responses to
nitroprusside in males. (e) MABP responses to phenylephrine in females. (f) HR responses to phenylephrine in females. (g) MABP responses to nitroprus-
side in females. (h) HR responses to nitroprusside in females. Data are reported as mean + SE. *P < 0.05 as compared with control females for similar dose.

superoxide production was 1.5-2-fold higher in aorta from male
ODM as compared with control, whereas in females, NADPH-
stimulated superoxide production was similar between groups
(Figure 7).

DISCUSSION

It is increasingly being recognized that exposure to hyperglyce-
mia in utero results in long-term consequences, including the
development of vascular dysfunction and hypertension (9,13,14).
The majority of animal studies evaluating the effects of hyper-
glycemia during pregnancy have studied offspring of mothers
made diabetic before or relatively early in gestation and were
reared by these same mothers (i.e., not cross-fostered). As such,
a critical window of exposure to maternal diabetes resulting in

354 Pediatric RESEARCH Volume 72 | Number 4 | October 2012

cardiovascular morbidity in the offspring has not been established
and could potentially occur during the late prenatal or postnatal
period. We evaluated hemodynamics and vascular responsive-
ness in offspring exposed to maternal hyperglycemia only in the
last third of pregnancy, similar to that occurring with gestational
diabetes. Furthermore, all rat pups were cross-fostered to non-
diabetic mothers, effectively removing the postnatal period as a
contributor to the offspring phenotype. The results of these stud-
ies demonstrate that exposure to hyperglycemia late in gestation
results in hypertension and increased NADPH-stimulated super-
oxide production in male but not female offspring at 6-12mo
of age. However, ODM of both sexes displayed abnormalities in
aortic vascular reactivity related to altered NO and reactive oxy-
gen species (ROS) signaling/bioavailability.

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Figure 3. Changes in systemic hemodynamics (expressed as percentage change from baseline) to N°-nitro-L-arginine methyl ester (.-NAME) (top panels)
and chlorisondamine (bottom panels) in control and offspring of diabetic mothers male and female animals. (a) Change in mean arterial blood pressure
(MABP) in response to L-NAME. (b) Change in heart rate (HR) in response to L-NAME. (c) Change in MABP in response to chlorisondamine. (d) Change in HR

in response to chlorisondamine. Data are reported as mean + SE.

In a previous study using this same animal model, we
showed that female but not male ODM exhibited vascular
and endothelial dysfunction, as evidenced by increased aor-
tic contractile responses to endothelin-1 and noradrenaline,
and decreased vasorelaxation in response to the endothelial
dependent vasodilator, acetylcholine (17). Therefore, we were
surprised to observe that males, but not females, were hyper-
tensive at 6-12mo of age. Of note, sex-specific hypertension
has been shown in a variety of developmental programming
models. Both moderate maternal protein restriction and
uteroplacental insufficiency result in hypertension in male but
not female offspring (21-23). The etiology of sex differences in
developing hypertension is unclear, although potential mecha-
nisms, including differences in the amounts of sex hormones
or fundamental differences at the level of gene expression, have
recently been reviewed (24).

We used in vivo assessment of systemic hemodynamics and
vascular function to identify components of neurohumoral
regulation of cardiovascular function that may contribute to
hypertension in male ODM. Baroreflex dysfunction has been
observed in hypertension both as a primary cause and a sec-
ondary effect (25). In a model of maternal diabetes in which
pregnant dams were made diabetic by STZ on the 7th day of
pregnancy, Wichi et al. (14) found increased blood pressure
responses to phenylephrine and impaired baroreflex medi-
ated tachycardia elicited by decreasing MABP with nitroprus-
side in male offspring. In contrast, we found no differences in
dose response changes in MABP and HR to phenylephrine

Copyright © 2012 International Pediatric Research Foundation, Inc.

and nitroprusside or the slope of the baroreflex response to
either increasing or decreasing blood pressure between male
ODM and control animals, suggesting the baroreflex func-
tion remains intact. Reasons for the discrepancy in findings
between our study and those of Wichi et al. (14) may relate to
differences in age of offspring, duration of maternal diabetes,
or timing of the studies related to surgical catheter placement.
However in females, the HR baroreflex response to unload-
ing baroreceptors, elicited by decreasing blood pressure with
nitroprusside, tended to be greater in ODM as compared with
controls. Specifically, nitroprusside injection elicited signifi-
cantly greater increases in HR (10, 20, and 40 ug/kg) in ODM
as compared with control animals, although decreases in blood
pressure were similar. HR baroreflex sensitivity also tended to
be different (P = 0.06), although failure to reach significance
related to the slight but not significantly different decreases in
blood pressure between groups. The finding of increased sensi-
tivity of the baroreflex is opposite that expected in a prehyper-
tensive state, where impairment (decreased sensitivity) of the
baroreflex is likely to be observed. Without further studys it is
not possible to say whether this effect was mediated at the level
of the baroreceptor or was related to central processing of the
afferent signal or to end-organ response differences.

We previously found evidence for aortic endothelial dysfunc-
tion in female ODM, evidenced by decreased vasorelaxation to
acetylcholine, and attenuation of the increased vasoconstrictive
responses to endothelin-1 and noradrenaline in ODM as com-
pared with controls by removal of endothelium or following

Volume 72 | Number 4 | October 2012 Pediatric RESEARCH 355
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Figure 4. Changes in systemic hemodynamics (expressed as percentage change from baseline) to increasing doses of angiotensin Il before and
after administration of NS-nitro-L-arginine methyl ester (.-NAME) (10 mg/kg i.v.) in male (top two rows) and female (bottom two rows) control (open
bars) and offspring of diabetic mothers (filled bars) adult rats. (a) Mean arterial blood pressure (MABP) responses to angiotensin Il in males. (b) Heart
rate (HR) responses to angiotensin Il in males. (c) MABP responses to angiotensin Il + .-NAME in males. (d) HR responses to angiotensin Il + .-NAME in
males. (e) MABP responses to angiotensin Il in females. (f) HR responses to angiotensin Il in females. (g) MABP responses to angiotensin Il + .-NAME
in females. (h) HR responses to angiotensin Il + .-NAME in females. Data are reported as mean + SE.

L-NNA exposure (17). Cavanal et al. (26) also found basal
aortic NO production was decreased in ODM as compared
with controls. In contrast to these findings in isolated vessels,
we found no differences in the pressor response following
L-NAME treatment, suggesting endogenous NO bioavailability
and function was similar between groups. To further interro-
gate the NO buffering system that may mask a predisposition
to hypertension, we examined pressor responses to bolus doses
of angiotensin II before and after L-NAME. No significant dif-
ferences in the blood pressure responses between treatment
groups in either sex were identified, again suggesting simi-
larly intact NO signaling pathways in controls and ODM. The

356 Pediatric RESEARCH Volume 72 | Number 4 | October 2012

findings demonstrate that abnormalities in endothelial func-
tion and NO bioavailability in the aorta may not, in fact, be
present throughout the vascular bed, particularly in resistance
vessels that contribute to maintenance of blood pressure.
Sympathetic function is essential to blood pressure regu-
lation, and overactivity of sympathetic nerves may have an
important role in the development of hypertension and related
cardiovascular disorders (25). In many experimental models of
hypertensive rats, there appears to be an important contribu-
tion from the sympathetic nervous system. A number of mod-
els of developmental programming of hypertension also sug-
gest an important role of sympathetic function contributing to

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Figure 5. Male aortic responsiveness to angiotensin Il in the absence and presence of (a) PD 123319, (b) N®-nitro-L-arginine (.-NNA), (c) diethyldithio-
carbamate (DETC), (d) Tempol, (e) .-NNA + DETC, and (f) .-NNA + Tempol. In each panel: angiotensin alone in controls (filled squares) and offspring of
diabetic mothers (ODM) (filled circles); angiotensin in presence of specific agent in controls (open squares) and ODM (open circles). Data are reported as
mean + SE. *P < 0.05 between control and ODM in the presence of specific agent in each panel (treatment effect by ANOVA); 1P < 0.05 between control in

the absence and presence of specific agent (treatment effect by ANOVA).

the phenotype (27-29). To determine the contribution of the
sympathetic drive to the maintenance of blood pressure, we
administered the ganglionic blocking agent chlorisondamine.
Impairment of the sympathetic drive by blocking ganglionic
transmission results in a rapid blood pressure fall, which is
related to the degree of sympathetic activity. We hypothesized
that male ODM would exhibit a larger decrease in blood pres-
sure in response to chlorisondamine as compared with controls,
suggesting increased sympathetic vascular tone in this group.
However, the blood pressure decreases associated with chlori-
sondamine, expressed both as percentage change or absolute
change in mm Hg (data not shown), were not different in ODM

Copyright © 2012 International Pediatric Research Foundation, Inc.

as compared with control male or female animals. We recog-
nize these findings do not rule out a significant contribution of
the sympathetic nervous system in contributing to hyperten-
sion in ODM. For example, increased renal sympathetic nerve
activity may alter renal excretory function and thus contribute
to altered renal sodium handling and ultimately hypertension.
Along these lines, it has previously been shown that offspring
of rats with STZ-induced diabetes beginning on day 0 of ges-
tation have reduced nephron number, salt-sensitive hyperten-
sion, and altered renal sodium handling (30). Further studies
are needed to see if a similar phenotype is present in our model
of maternal diabetes.

Volume 72 | Number 4 | October 2012 Pediatric RESEARCH 357
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Figure 6. Female aortic responsiveness to angiotensin Il in the absence and presence of (a) PD 123319, (b) N®-nitro-L-arginine (.-NNA), (c) diethyldi-
thiocarbamate (DETC), (d) Tempol, (e) .-NNA + DETC, and (f) L-NNA + Tempol. In each panel: angiotensin alone in controls (filled squares) and offspring
of diabetic mothers (ODM) (filled circles); angiotensin in the presence of specific agent in controls (open squares) and ODM (open circles). Data are
reported as mean + SE. *P < 0.05 between control and ODM in the presence of specific agent in each panel (treatment effect by ANOVA); tP < 0.05
between control in the absence and presence of specific agent (treatment effect by ANOVA); **P < 0.05 between ODM in the absence and presence of

specific agent (treatment effect by ANOVA).

Using ex vivo wire myography, we found inhibition of NO syn-
thase by L-NNA resulted in enhanced angiotensin II-mediated
vasoconstriction in control but not ODM animals, findings
consistent with those we previously reported in this model and
suggesting impaired NO bioavailability in ODM. Whether this
is related to decreased levels of the substrate L-arginine, NO syn-
thase, uncoupling of NO synthase, or scavenging by increased
levels of superoxide remains to be determined (26). A number
of studies have demonstrated that a suboptimal uterine environ-
ment, including maternal obesity, diabetes, and preeclampsia,
alters oxidative pathways in the placenta and offspring (31-33).

358 Pediatric RESEARCH Volume 72 | Number 4 | October 2012

Evidence of oxidative stress and disruption of oxidative signal-
ing remains well into the postnatal period and adulthood. Using
lucigenin-enhanced chemiluminescence, we found that aortas
from male but not female ODM generated 1.5-2-fold higher
amounts of superoxide in response to NADPH than did con-
trols. In addition to smooth muscle contraction and vascular
tone, ROS mediate a number of vascular physiologic func-
tions, including transcription factor activation, gene expression,
cell growth, and apoptosis. Thus, conclusions about the effects
of chronic exposure to elevated superoxide levels are difficult,
although ROS-mediated cellular injury is thought to contribute

Copyright © 2012 International Pediatric Research Foundation, Inc.
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to cardiovascular disease. The acute effects of altered ROS spe-
cies are more easily examined, although they remain complex.
In endothelial-denuded rat aortic rings, Shen et al. demon-
strated that different ROS species induced contraction via sepa-
rate mechanisms of action (34). Using the superoxide genera-
tor pyrogallol, Demirci et al. demonstrated that the effects on
endothelium-dependent vasodilation were dose dependent,
improving Ach-mediated relaxation at low concentration but
attenuating responses at higher concentrations (35). A similar
dose-dependent effect was seen when phenylephrine-induced
contractions were studied, with low doses of pyrogallol dimin-
ishing contraction and high doses enhancing contractility. In
our study, we found Tempol had no significant effect on angio-
tensin II-mediated contractions. On the other hand, DETC
significantly enhanced contractions in control but not ODM
animals. We speculate that in control animals, with intact and
functional endothelium, DETC resulted in a small increase in
vascular superoxide levels that enhanced contraction. In con-
trast, in ODM, in which endothelial dysfunction is already pres-
ent and superoxide levels are elevated, DETC has little effect on
contractile responses. Because studies were not performed in
endothelial-denuded vessels, we cannot comment on potential
direct effects of superoxide or other ROS on smooth muscle cells
in this model.

There are several limitations of the study. First, offspring were
studied over a range of ages (6-12mo), and it is possible that age-
related effects exist but were not identified. Certainly, some of
the difficulties in reconciling our findings with those of previous
studies may relate to the large age range of the rats used in our
studies. An age-related effect of increased blood pressure (seen
in male ODM) on composition and function of the arterial wall
may also be more pronounced in older vs. younger adult rats and
was not accounted for in the experimental design (36). Second,
vascular reactivity and superoxide production studies were per-
formed in the aorta, a conduit vessel, and not in resistance ves-
sels, where alterations in vascular function likely have a more
physiologic contribution to the maintenance of blood pressure.

Copyright © 2012 International Pediatric Research Foundation, Inc.

Finally, because we used STZ to induce maternal diabetes, our
model is one of late-gestation insulinopenia and hyperglycemia
and not gestational diabetes, a condition of insulin resistance.
In summary, we showed that exposure to maternal diabe-
tes during the last third of gestation results in hypertension in
adult male but not female offspring. Results of the in vivo stud-
ies, examining baroreflex function, the NO contribution to
blood pressure, and vascular sympathetic tone, failed to iden-
tify abnormalities in these systems that may directly contribute
to hypertension. However, oxidative stress may contribute to
the underlying phenotypes in ODM as the maternal diabetic
in utero environment results in increased vascular superoxide
production in male offspring and endothelial dysfunction and
impaired NO-ROS signaling in offspring of both sexes.

METHODS

Animal Preparation

All procedures were performed within the regulations of the Animal
Welfare Act and the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and were approved by the Institutional
Animal Care and Use Committee of the University of Iowa. Pregnant
Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA)
received an i.p. injection of either STZ (Sigma-Aldrich, St. Louis, MO)
(50 mg/kg of body weight in 10 mmol/l citrate buffer (pH 3.5) or an
equivalent volume of citrate buffer alone on gestational day 13. STZ-
injected rats had blood glucose measured twice daily via tail-nicking,
using the LifeScan OneTouch Ultra Blood Glucose Monitoring System
(LifeScan, Milpitas, CA). Hyperglycemia was partially controlled and
ketosis was avoided by subcutaneous injection of insulin (Humulin; Eli
Lilly, Indianapolis, IN) in the morning and insulin-glargine (Lantus;
Sanofi- Aventis, Bridgewater, NJ) each evening to maintain blood glu-
cose between 100 and 400 mg/dl. Control rats were injected with saline
twice daily. Dams were allowed to deliver spontaneously. All pups were
cross-fostered with nondiabetic postpartum dams. Litters were culled
to 10 pups, selecting to preserve the largest pups. Pups of both sexes
were weaned onto standard rat chow on day 21. We have previously
described this methodological approach and details regarding mater-
nal glycemic control and the metabolic status of the offspring (17).

In Vivo Experimental Protocol
At 6-12mo of age, offspring exposed to late-gestation hyperglycemia
and offspring of control mothers of both sexes were studied (n = 6-8
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for each sex and each condition). This was a wide range in ages of ani-
mals studied, however, we think this is a valid grouping based on (i)
the fact that the distribution of ages of the animals was similar in all
groups and (ii) several groups have shown that systolic blood pres-
sure, HR, nitroprusside and acetylcholine-induced relaxation of aortic
rings are unchanged in young adult and old adult WKY rats (37-39).
Anesthesia was induced and maintained with inhalational isoflurane
mixed with oxygen. The left femoral triangle was opened, a polyethyl-
ene catheter (PE 50, Intramedic, Franklin Lakes, NJ) was inserted and
secured into the femoral artery, while a PE 10 catheter was inserted and
secured into the femoral vein. Catheters were tunneled subcutaneously
to a mid-scapular exit and connected to a Covance Infusion Harness
(Instech Laboratories, Plymouth Meeting, PA), which allows the rat
freedom of movement. Postoperative analgesia included bupivacaine
(International Laboratory, San Bruno, CA) placed topically along suture
lines before closing the skin. Normal saline with 25 U/ml heparin was
continuously infused at 5pl/min in the arterial catheter to maintain
patency whereas the venous catheter was filled with 0.05ml of 0.9%
NaCl with 500 U/ml heparin. After surgery, animals were allowed free
access to food and water. Three days were allowed for recovery from
surgery before experiments were performed.

Arterial blood pressure was recorded using Statham P23 Db pres-
sure transducers (Spectramed, Critical Care Division, Oxnard, CA),
MacLab hardware and software (ADInstruments, Colorado Springs,
CO), and a G4 Powerbook (Apple Computers, Cupertino, CA). HR
was monitored with a cardiotachometer triggered from the arterial
pressure pulse wave. On the first study day, baseline blood pressure
and HR were determined. We then examined the function of the arte-
rial baroreflex by measurement of dose response changes in MABP
and HR to phenylephrine (1, 2, and 5pg/kg, i.v.) and sodium nitro-
prusside (5, 10, 20, and 40 pg/kg, i.v.). A 20-30 min recovery period
was allowed for MABP and HR to return to baseline before adminis-
tration of each subsequent dose. All agents were given intravenously
as a bolus injection, with the volume adjusted to 0.1 ml.

On the following day, dose response blood pressure and HR changes
in response to angiotensin I (0.05 and 0.1 pg/kg, i.v.), were examined
to assess functional response to angiotensin receptor stimulation. After
a 1-h recovery period, baseline blood pressure and HR were again
determined followed by administration of the NO synthase inhibitor
L-NAME (10 mg/kg, i.v., Sigma-Aldrich). This approach allows assess-
ment of the contribution of NO to maintenance of resting blood pres-
sure. A dose response to angiotensin II (0.01 and 0.05 ug/kg, i.v.) was
again performed, allowing assessment of the contribution of NO to
buffering the pressor response resulting from angiotensin II. On the
final day of study, rats received the ganglionic blocker chlorisondamine
(5mg/kg, i.v.). This approach allows us to assess the contribution of vas-
cular sympathetic tone to the maintenance of baseline blood pressure.

All cardiovascular measurements were performed in conscious,
freely moving rats. Baseline blood pressure and HR were reported as
an average over time (at least 30 min). All drugs were given i.v. as a
bolus injection, with the volume of agent adjusted to 0.1 ml. The doses
used for the various pharmacologic agents administered in vivo were
chosen based on review of the literature and preliminary studies exam-
ining the range of responses to the agents (40-42). Hemodynamic
responses to increasing doses of phenylephrine, sodium nitroprus-
side, and angiotensin II are reported as a maximal percentile change
from resting blood pressure and HR immediately before giving the
drugs. Subsequent injections were given only after hemodynamics
had returned to basal levels.

Ex Vivo Vascular Reactivity

In a separate group of animals (1 = 6-7 for each sex and each condi-
tion), aortic vascular reactivity was assessed using methods previously
described (17). Briefly, offspring were killed and descending thoracic
aorta segments harvested, cleansed of adherent connective tissue and
sectioned into 2-mm-longrings. Aortic rings were mounted inindividual
18-ml isolated organ chambers (Radnoti Glass Technology, Monrovia,
CA) and connected to an isometric force transducer. Contractile
responses were recorded with a MacLab 8E (ADInstruments, Colorado
Springs, CO) and stored on a Power Macintosh 8600 computer. Passive
stretch was set at 90% of the tension required to obtain peak responses
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to potassium chloride (2.5g, determined in preliminary studies) and
the rings were allowed to equilibrate in bicarbonate-buffered physio-
logical salt solution at 37 °C for 60 min before the start of experimenta-
tion. The composition of the physiological salt solution was as follows
(in mmom/l): 130 NaCl, 4.7 KC], 1.18 KH,PO,, 1.17 MgSO,, 7 H,0,
14.9 NaHCO,, 1.6 CaCl,-H,0, 5.5 dextrose and 0.03 CaNa -EDTA (pH
7.30). Physiofogical salf solution was aerated with a mixture of 95%
0,-5% CO,,

To evaluate the separate and combined roles of angiotensin type
1 and type 2 receptors, superoxide production, and nitric oxide pro-
duction on the vasoconstrictive effects of angiotensin II, aortic vessel
segments were incubated, respectively, with the angiotensin II type 1
receptor antagonist losartan (10°° mol/l), the angiotensin II type 2
receptor antagonist PD-123319 (10”7 mol/l), the superoxide dismutase
mimetic Tempol (1 mmol/l), the Cu/Zn superoxide dismutase inhibi-
tor DETC (10 mmol/l), the NO synthase inhibitor L-NNA (10~* mol/l),
Tempol + L-NNA, and DETC + L-NNA. Separate baths were used to
assess the cumulative concentration responses to angiotensin II (10"
to 107 mol/l) in the absence and presence of the agents described above.
All physiological salt solution reagents and vasoactive compounds were
acquired from Sigma-Aldrich. Doses of pharmacologic agents were
determined based on our previous experience with these agents and
literature review (43,44). Angiotensin II was used as the constriction
agent as our previous studies demonstrated no differences in constric-
tion between aortas obtained from control and ODM animals. This
approach allowed us to be confident that any measured differences in
the constrictive response to angiotensin II was related to the presence of
the additional pharmacologic agent(s) added to the bath.

Chemiluminescence

To assess the effects of in utero exposure to hyperglycemia on vascular
ROS, basal superoxide anion production was measured by lucigenin
(25 umol/l)-enhanced chemiluminescence after 5 min of dark adaptation
as previously described (luminometer model FB12; Zylux, Huntsville,
AL) (45). Proximal abdominal aorta excised from animals undergoing ex
vivo vascular reactivity studies and sectioned into 3mm rings was used.
NADPH oxidase-dependent superoxide production was measured as
the diphenylene-iodonium (10~* mol/l)-inhibitable chemiluminescence
measured after the addition of the enzyme substrate NADPH (10
mol/l). Superoxide anion production, as determined by chemilumines-
cent relative light units, was normalized to weight of the aortic segment.

Data Analysis

For each animal, baroreflex sensitivity was determined by calculating
the slope of the linear regression relating the percentage change in
MABP to percentage change in HR. Animals of each sex were ana-
lyzed separately. Comparisons between groups were performed by
Student’s unpaired, two-tailed t-test or ANOVA, with factor for treat-
ment group and drug concentration. If ANOVA identified significant
differences, defined as P < 0.05, pairwise comparisons were made
using the Tukey test, with P < 0.05 considered significant. Variances
were compared using the variance ration test (F-test). All results are
expressed as means + SE.
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