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Ovariectomy does not affect the cardiac
sympathovagal balance of female
SHR but estradiol does

D.P.M. Dias, M. Oliveira, H.C. Salgado and R. Fazan Jr.

Departamento de Fisiologia, Faculdade de Medicina de Ribeirao Preto,
Universidade de Sao Paulo, Ribeirdo Preto, SP, Brasil

Abstract

The low incidence of cardiovascular diseases, including hypertension, in premenopausal women has led to the conclusion that
ovarian hormones may have a protective effect on the cardiovascular system. We evaluated the effects of ovariectomy and/
or estradiol on sympathovagal balance and heart rate variability (HRV) in female spontaneously hypertensive rats (SHR) with
tachycardia and compared them to Wistar rats (12 weeks old; N = 8-12). Ovariectomy (OVX) and/or estradiol (10 pg/kg) did not
affect basal arterial pressure in either rat strain, but estradiol increased basal heart rate (HR) in OVX SHR (454 + 18 vs 377 £ 9
bpm). HR changes elicited by methylatropine and propranolol were used to evaluate the sympathovagal balance. Ovariectomy
did not affect the cardiac sympathovagal balance of any group, while estradiol increased sympathetic tone in OVX SHR (120 +
8 vs 56 + 10 bpm) and sham-operated Wistar rats (57 + 7 vs 28 + 4 bpm), and decreased the parasympathetic tone only in OVX
SHR (26 = 7 vs 37 £ 5 bpm). HRV was studied in the frequency domain (Fast Fourier Transformation). Spectra of HR series
were examined at low frequency (LF: 0.2-0.75 Hz) and high frequency (HF: 0.75-3 Hz) bands. The power of LF, as well as the
LF/HF ratio, was not affected by ovariectomy, but estradiol increased both LF (29 + 4 vs 18 = 3 nu in Wistar sham-operated,
26 =5 vs 15 £ 3 nu in Wistar OVX, 50 £ 3 vs 38 £ 4 nu in SHR sham-operated, and 51 £ 3 vs 42 + 3 nu in SHR OVX) and LF/
HF (0.48 £ 0.08 vs 0.23 + 0.03 nu in Wistar sham-operated, 0.41 + 0.14 vs 0.19 £ 0.05 nu in Wistar OVX, 0.98 + 0.11 vs 0.63
+ 0.11 nu in SHR sham-operated, and 1.10 £ 0.11 vs 0.78 £ 0.1 nu in SHR OVX). Thus, we suggest that ovariectomy did not
affect the cardiac sympathovagal balance of SHR or Wistar rats, while estradiol increased the sympathetic modulation of HR.
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Introduction

Epidemiological studies indicate a low incidence of
cardiovascular diseases, including hypertension, in pre-
menopausal women compared to age-matched men (1).
However, after the onset of menopause, when cardiovas-
cular disorders become a prominent cause of death, this
difference is no longer demonstrable (2). These data strongly
suggest that ovarian hormones play a protective role in the
cardiovascular system of young women (1). However, the
mechanisms of this protective effect are unknown. Clini-
cal and experimental investigations have suggested the
existence of gender-related differences in the autonomic
control of the cardiovascular system (3). There is evidence
that women exhibit greater parasympathetic control of car-
diovascular function compared to men (4). However, the
relationship between estrogen levels and the autonomic

control of the cardiovascular system is also unknown and
deserves further study.

The increased incidence of cardiovascular risk in post-
menopausal women may also involve changes in arterial
blood pressure (BP) and its regulation, which is associated
with estrogen loss. For instance, the incidence of arterial
hypertension rises markedly following menopause (5).
Furthermore, since arterial hypertension is a ubiquitous
cardiovascular disorder and is relatively common among
women during the menopausal period (5), it has been ac-
cepted that the postmenopausal reduction of estrogen levels
is quite disturbing to the cardiovascular system. However,
little is known about the direct effects of low estrogen levels
on arterial hypertension and its autonomic regulation.

The spontaneously hypertensive rat (SHR) has been an
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important model for studying the effects of estrogen during
the development of arterial hypertension (6,7). There are
a number of studies showing that female SHR have lower
arterial pressure than male SHR, indicating the influence
of gender on the development of hypertension (6,8). More-
over, aged female SHR have been accepted as a suitable
model of postmenopausal hypertension for two reasons:
1) following the cessation of cycling at approximately 11
months of age, these animals, like postmenopausal women,
exhibit low estrogen levels; 2) these animals exhibit higher
arterial pressure levels compared to young female SHR (6).
The literature indicates that SHR have greater sympathetic
tone under basal conditions compared to Wistar rats (9).
Sympathetic attenuation following estrogen administration
has also been demonstrated in normotensive male and
female rats (10).

Heart rate variability (HRV) has been widely used to
evaluate the autonomic modulation of the cardiovascular
system in both humans (11) and experimental animals
(12). HRV can be examined in the time domain (overall
variability), as well as in the frequency domain (spectral
analysis). Heart rate (HR) oscillations at low frequency
(LF: 0.2 to 0.75 Hz) are accepted as an index of cardiac
sympathetic modulation, while high frequency (HF: 0.75
to 3 Hz) oscillations of HR are considered to reflect para-
sympathetic modulation of the heart (11). The ratio of LF to
HF power has been used to evaluate the sympathovagal
balance (11). Another method used to assess this balance
is a double-pharmacological blockade of sympathetic and
parasympathetic receptors in the sinus node (i.e., by means
of atropine and propranolol) (13).

The influence of estradiol on the cardiovascular system
has been investigated in a number of clinical and experi-
mental studies and conflicting results have been observed
(14,15). Moreover, there are few studies regarding the ef-
fects of estradiol on the sympathovagal balance and HRV
of hypertensive animals, particularly SHR.

Therefore, the present study was undertaken to deter-
mine the effects of ovariectomy, as well as the effects of
estradiol replacement therapy, on BP levels, cardiac sym-
pathovagal balance, and HRV of conscious female SHR.

Material and Methods

Experiments were performed on 12-week-old female
SHR and female Wistar rats supplied by the Animal Facility of
the Faculdade de Medicina de Ribeirdo Preto, Universidade
de Sdo Paulo, Sdo Paulo, SP, Brazil. Rats were housed in
a temperature-controlled room (21 + 1°C) with a 12-h light/
dark cycle with free access to water and standard chow
(Nuvilab CR-1, Nuvital, Brazil). All experimental procedures
were carried out according to the Guide for the Care and
Use of Laboratory Animals (DHEW Publication No. (NIH)
85-23, Revised 1985; Office of Science and Health Reports,
DRR/NIH, Bethesda, MD, USA) and were approved by the
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Ethics Committee for Animal Research of the Faculdade de
Medicina de Ribeirdo Preto, Universidade de Sao Paulo,
Ribeirdo Preto, SP, Brazil (Protocol #0076/2006).

Ovariectomy and estradiol therapy

The animals were anesthetized with tribromoethanol
(250 mg/kg, ip, Sigma, USA) and submitted to bilateral
ovariectomy (OVX) or sham removal of the ovaries. All
animals received prophylactic antibiotic therapy following
the surgical procedures. Animals were allowed one week to
recover from the surgical procedures when subcutaneous
injections of estradiol benzoate (10 ug/kg; Sigma) or corn
oil (vehicle) were applied daily for 21 days.

Before the experiments, all rats underwent estrous cycle
evaluation (vaginal smear) and only rats presenting at least
three regular cycles were included in the study. Next, the
estrous cycle phase was evaluated every day during the
last 15 days of therapy (estradiol or vehicle) to confirm that
intact rats treated with vehicle were cycling regularly, OVX
treated with vehicle remained in diestrus, while estradiol-
treated rats (sham-operated or OVX) remained in constant
proestrus.

Experimental groups

SHR were assigned to the following four groups: sham-
operated rats treated with vehicle (N = 12), sham-operated
rats treated with estradiol (N = 8), OVX rats treated with
vehicle (N = 10), and OVX rats treated with estradiol (N
= 12). Wistar rats were assigned to the following four
groups: sham-operated rats treated with vehicle (N = 9),
sham-operated rats treated with estradiol (N = 10), OVX
rats treated with vehicle (N = 12), and OVX rats treated
with estradiol (N = 9).

Heart rate and arterial pressure recordings

After 21 days of estradiol or vehicle treatment, allanimals
were anesthetized with tribromoethanol (250 mg/kg, ijp) and
implanted with subcutaneous electrocardiogram (ECG)
electrodes (lead 1) and a catheter (PE-10; Clay Adams,
USA) into the femoral vein. The animals were then allowed
to recover for 48 h prior to the experimental protocol, which
was carried out without anesthesia. The animals were taken
to the recording room at least 1 h before the beginning of
the recordings, and a quiet environment was maintained to
avoid stress. ECG electrodes were connected to a bioelectric
amplifier (8811A, Hewlett Packard, USA) and the ECG was
continuously sampled (2 kHz) using an IBM/PC computer
equipped with an analog-to-digital interface (CAD 12/36,
Lynx Tecnologia Eletrénica, Brazil). After 30 min of basal
ECG recording, the rats received methylatropine (2 mg/kg,
iv, Sigma) followed by propranolol (4 mg/kg, iv, Sigma) 15
min later to permit the measurement of the intrinsic heart
rate (iHR). The same animals were submitted to another
recording period 24 h later with the same autonomic blockers
(i.e., methylatropine and propranolol) given in the opposite
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order. The sympathetic tone was considered to be the HR
response to propranolol in rats subjected to the methylatro-
pine/propranolol sequence, while the parasympathetic tone
was the HR response to methylatropine in rats subjected to
the propranolol/methylatropine sequence. Therefore, both
basal HR and iHR were measured twice for each rat. The
averages of the two data sets of these parameters were
calculated for each animal.

Following the second ECG recording, the rats had a
catheter implanted into the femoral artery under tribromo-
ethanol anesthesia. Twenty-four hours after catheterization,
the arterial line was connected to a pressure transducer
(Statham, P10E2, USA) and pulsatile arterial pressure was
sampled (2 kHz) for 30 min using an IBM/PC equipped with
an analog-to-digital interface.

Heart rate variability

The spectral density of the various frequency compo-
nents of HR was calculated using Fast Fourier Transforma-
tion (FFT). This analysis requires data collection at equal
time intervals. Therefore, beat-by-beat HR data obtained
from the first 15 min of the first recording period were con-
verted to data points every 100 ms using a cubic spline
interpolation (10 Hz). The interpolated series was divided
into half-overlapping sequential sets of 512 data points
(51.2 s). Before calculation of the spectral power density,
the segments were inspected visually and nonstationary
data were not taken into consideration. A Hanning window
was used to attenuate side effects and the spectrum was
computed using a direct FFT algorithm for discrete time
series. The spectra were integrated in the
LF band (0.2-0.75 Hz) and HF band (0.75-3
Hz), and spectral components are presented

971

Results

Basal arterial pressure

Basal levels of systolic, diastolic and mean BP are
shown in Table 1. As expected, BP was higher in SHR than
in Wistar rats, while ovariectomy and/or estradiol did not
affect these basal levels.

Autonomic control of heart rate

Figure 1 shows basal HR (dotted horizontal lines), HR
after the administration of each autonomic receptor blocker,
as well as the iHR (solid horizontal lines) of all groups of rats
studied, i.e., SHR (right panel) and Wistar rats (left panel)
submitted to ovariectomy or sham-operation, treated with
estradiol or vehicle. As shown in Figure 1, SHR exhibited
greater basal HR, greater cardiac sympathetic tone, as
well as smaller cardiac vagal tone compared to Wistar
rats. Basal HR, cardiac sympathetic tone, as well as iHR
were found to be similar in OVX and sham-operated rats.
Nevertheless, the significant surgery x strain interaction
for these variables can be interpreted as an indication that
ovariectomy did exert an effect on basal HR and on the
HR response to atropine in a rat strain-dependent manner.
However, treatment with estradiol increased both basal HR
and sympathetic tone, while it decreased cardiac vagal
tone in OVX SHR. In contrast, estradiol did not affect these
parameters in sham-operated SHR. Figure 1 also shows
that estradiol increased sympathetic tone in sham-operated,
but not in OVX Wistar rats.

Finally, the iHR was not affected by ovariectomy and/

in a normalized form by dividing them by the
total power minus the DC component (16),
since the very low frequency (VLF) band
was removed. The LF/HF ratio is also shown,
defined by the LF power divided by the HF
power, characterizing the sympathovagal
balance (11,16).

Statistical analysis

The effects of factor such as strain (Wistar
rats or SHR), surgery (ovariectomy or sham
operation) and treatment (estradiol or vehicle)
on basal HR, arterial pressure, vagal and
sympathetic tone, iHR, as well as the HRV
data were tested by three-way analysis of
variance. When the effect on any factor, as
well as the interactions among them, was
found to be significant all pairwise multiple
comparisons were performed by the Student-
Newman-Keuls post hoc test. Differences
were considered to be statistically significant
if P < 0.05.

www.bjournal.com.br

Table 1. Effect of estradiol on systolic (SAP), mean (MAP) and diastolic (DAP)
arterial pressures (mmHg) of sham-operated and ovariectomized female spon-
taneously hypertensive rats (SHR) and Wistar rats.

Sham-operated Ovariectomized

Vehicle Estradiol Vehicle Estradiol
Spontaneously hypertensive rat
SAP 183+6 1836 173+5 1645
MAP 151+6 1555 145+5 1394
DAP 121+7 1295 117+5 1154
Wistar rat
SAP 122+5* 120+2* 118+2* 123+ 5"
DAP 99 +4* 95%2* 97 +2* 99+5*
MAP 83+4* T79x1* 81+2* 8214

Data are reported as means + SEM. Three-way ANOVA showed a strain effect
(Wistar vs SHR) for basal systolic, mean and diastolic arterial blood pressures
(P < 0.001). No significant effects of surgery (sham operation vs ovariectomy) or
treatment (vehicle vs estrogen) on arterial pressure were detected. Interactions
between strain and treatment and between surgery and treatment were also
not statistically significant. *P < 0.05 compared to SHR (Student-Newman-Keuls
post-test).

Braz J Med Biol Res 43(10) 2010
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Figure 1. Effect of estradiol on cardiac sympathetic and vagal tones. Bar graphs showing basal heart rate (dotted horizontal line), intrinsic
heart rate (solid horizontal line) and heart rate responses to propranolol after methyl-atropine (cardiac sympathetic tone: gray bars) or to
methyl-atropine after propranolol (cardiac vagal tone: open bars) of sham-operated and ovariectomized (OVX) spontaneously hyperten-
sive rats (SHR) and Wistar rats treated with vehicle or estradiol. Three-way ANOVA showed a strain effect (Wistar vs SHR) for basal HR
(P <0.001) and for HR response to propranolol (P = 0.003) and methyl-atropine (P < 0.001). No significant effect of surgery (sham opera-
tion vs ovariectomy) was detected on any parameter shown in the figure. Treatment effect (vehicle vs estrogen) was significant for basal
HR (P = 0.003) and for HR response to methylatropine (P < 0.001). Interaction between strain and surgery was significant for basal HR
(P =0.047) and for HR response to methylatropine (P = 0.013). Interaction between strain and treatment was significant only for basal HR
(P = 0.005). No differences were found for interaction between surgery and treatment for the parameters shown in the figure. *P < 0.05

compared to the same parameter of OVX SHR treated with vehicle; TP < 0.05 compared to the same parameter of sham-operated Wistar

treated with vehicle; ¥P < 0.05 compared to the same parameter of SHR (Student-Newman-Keuls post hoc test).

or estradiol in any group of rats examined.

Heart rate variability

Figure 2 shows that pulse interval (Pl) spectra from
Wistar rats presented a lower power of the LF band and
a higher power of the HF band, as well as a lower LF/HF
ratio, compared to SHR. Ovariectomy did not affect LF or
HF power, while estradiol increased LF and decreased HF
power of Pl spectra in both rat strains. Finally, ovariectomy
did not affect the LF/HF ratio, while estradiol did. When HRV
was examined in the time domain, ovariectomy did not affect
the cardiac Pl in either rat strain. Nevertheless, estradiol
did affect the Pl only in SHR submitted to ovariectomy. No
effect of ovariectomy and/or estradiol was observed on PI
variance in either rat strain.

Discussion

Despite the evidence from the literature that the lack of
estrogen can contribute to sympathoexcitation, as well as
increasing arterial pressure, our results did not show any
conspicuous effect of ovariectomy on basal BP and HR
levels of female SHR or Wistar rats. Moreover, estrogen
treatment not only failed to decrease the sympathetic tone,
but rather increased it.

The estrogen levels achieved with chronic estradiol
therapy were not measured in the present study. Although

Braz J Med Biol Res 43(10) 2010

it is recognized that different regimens of estradiol ad-
ministration may produce different hormone level profiles
(17), a therapy similar to that used in the present study led
to estradiol levels comparable to those observed during
proestrous (18).

As reported in previous studies, ovariectomy promotes
a marked reduction of estrogen levels (19). Nevertheless,
in our study, ovariectomy did not affect cardiac autonomic
tone. One may hypothesize that, after removing the ova-
ries, a number of other forms of estrogen may have been
increased by peripheral hormone synthesis (19), explain-
ing why ovariectomy failed to demonstrate any effect on
autonomic tone. In the present study, ovariectomy was
performed in young adult female rats, a different model
from menopausal estrogen depletion (20).

Basal arterial pressure

The hypertensive levels exhibited by female SHR
compared to female Wistar rats agreed with previous data
from the literature (21) obtained in the same time frame as
examined in the present study. In the current study, ova-
riectomy and/or estradiol did not affect basal BP of female
SHR or Wistar rats. There is no consensus in the literature
regarding the effects of ovariectomy and/or estradiol therapy
on BP levels.

Previous studies have indicated that ovariectomy did
not affect BP of conscious (22) or anesthetized (23), hyper-

www.bjournal.com.br
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tensive or normotensive female rats. There are, however,
studies showing that hypertensive and normotensive rats
submitted to ovariectomy exhibited an increase in BP (24),
which was reversed (24), or not (22), by chronic estradiol
therapy. It is likely that this lack of consensus is due to
either the different methods used for BP recording or to a
modulatory role of estrogen on the central nervous system
(CNS) and/or peripheral organs, whose effect is not yet well
understood. Nevertheless, the results of the current study
indicate, by means of direct recording of the BP without
the undesirable effect of anesthesia, that ovariectomy
and/or estradiol did not affect the BP of female SHR or
Wistar rats.

Autonomic control of heart rate

Ovariectomy did not affect basal HR, sympathovagal
balance, or iHR in female SHR and Wistar rats. However,
female sham-operated Wistar rats showed greater cardiac
sympathetic tone following chronic estradiol administration.
This therapy also affected the female SHR submitted to
ovariectomy, increasing basal HR and sympathetic tone
and decreasing parasympathetic tone. Thus, the results
of the present study demonstrate that estrogen therapy
causes an imbalance in the autonomic control of HR,
displacing the equilibrium toward increased sympathetic
activity. Since iHR did not differ among groups, this finding
indicates that ovariectomy and/or estradiol most likely did
not act directly on the sinus node. It is likely that estradiol
affects the sympathetic tone by means of an action on the
CNS, since there are estrogen receptors in areas of the
CNS related to cardiovascular control, such as preoptic
area, paraventricular nucleus and nucleus of the tractus
solitarii (25,26).

There is, however, evidence that estradiol administra-
tion directly into nuclei related to cardiovascular control
decreases sympathetic and increases parasympathetic
activity in male Sprague Dawley rats (27). Experiments
carried out in vitro have shown that supra-physiological es-
trogen levels decrease tyrosine hydroxylase (a rate-limiting
enzyme in catecholamine biosynthesis) production (28),
while ovariectomy reduces acetylcholine synthesis in the
CNS, which is restored by chronic estrogen therapy (29).

Heart rate variability

HRV is used as an important index of cardiac autonomic
modulation and is usually taken as a parameter of cardio-
vascular health (11,16). Analysis of HRV in the frequency
domain (spectral analysis) allows the evaluation of cardiac
autonomic modulation. The power of the LF band of HR
spectra is widely accepted as an index of sympathetic
modulation, while the power of the HF band is associated
with parasympathetic modulation (11). Nevertheless, there
is evidence that the LF power of HR spectra also represents
parasympathetic modulation (30). Thus, the power of LF
and HF bands represent more accurately the autonomic

www.bjournal.com.br
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Figure 2. Upper panel, Power of HR spectra at the low frequency
(LF) band (normalized units; nu) for sham-operated and ova-
riectomized (OVX) spontaneously hypertensive rats (SHR) and
Wistar rats treated with vehicle or estradiol. Middle panel, Power
of HR spectra at the high frequency (HF) band from sham-oper-
ated and OVX SHR and Wistar rats treated with vehicle or estra-
diol. Lower panel, Ratio between the power of HR spectra at the
LF and HF bands for sham-operated and OVX female SHR and
Wistar rats treated with vehicle or estradiol. Three-way ANOVA
showed a significant effect of both strain (Wistar vs SHR) and
treatment (vehicle vs estrogen) for LF, HF and LF/HF (P < 0.001).
No significant effect of surgery (sham operation or ovariectomy)
was detected on any parameter shown in the figure. Interactions
between strain and surgery, strain and treatment or surgery and
treatment were not significant. *P < 0.05 compared to vehicle;
tP < 0.05 compared to SHR (Student-Newman-Keuls post hoc
test).

modulation when presented in normalized units, or by
means of the LF/HF ratio (16). The results of the present
study showed that ovariectomy did not affect HR spectra
or the LF/HF ratio of the HR spectra of female SHR and
Wistar rats. However, the power of LF was increased while
the power of HF was decreased under estradiol, leading to
an increased LF/HF ratio in both rat strains studied. These
data suggest that estradiol treatment elicited autonomic
imbalance, with sympathetic predominance, in female rats

Braz J Med Biol Res 43(10) 2010
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of both strains, suggesting that the preexisting autonomic
imbalance of SHR did not play a major role in the effect of
estrogen treatment in the animals studied.

Anumber of studies have indicated that acute systemic
administration of estrogen decreases sympathetic and
increases parasympathetic activity in female and male
Sprague Dawley rats (10,31). Moreover, the sympathetic
overactivity observed following middle cerebral artery oc-
clusion is attenuated by previous estrogen injection into the
parabrachial nucleus of male Sprague Dawley rats (32). In
addition, when an estrogen antagonist is previously injected
into the nucleus tractus solitarii of male Sprague Dawley
rats, the estrogen-mediated recovery of autonomic function
following middle cerebral artery occlusion is attenuated,
supporting the importance of estrogen receptor availability
within the CNS (27).

Nevertheless, a careful examination of the literature
revealed conflicting results regarding the effects of estradiol
therapy on the autonomic tone of women. In agreement
with our findings is the observation that during a regular
menstrual cycle when estradiol concentration is high, there
is an increase in sympathetic activity with no change in
arterial pressure (33). Moreover, direct recordings from
peripheral sympathetic nerves revealed increased sympa-
thetic outflow during pregnancy in women (34) as well as
an increase in tyrosine hydroxylase in adrenal glands and
superior cervical ganglia during pregnancy as compared
to diestrus and ovariectomy (35).
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increased in women.
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