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A B S T R A C T

This study investigated neuroendocrine, autonomic, and cardiovascular changes evoked by daily exposure to the
same type of stressor (homotypic) or different aversive stressor stimuli (heterotypic) in 60-days-old female
normotensive Wistar rats and female spontaneously hypertensive rats (SHR). Both strains of rats were exposed
for 10 consecutive days to either the homotypic stressor repeated restraint stress (RRS) or the heterotypic
stressor chronic unpredictable stress (CUS). As expected, SHR had higher baseline blood pressure values and
impaired baroreflex activity in relation to normotensive animals. Besides, SHR presented higher plasma corti-
costerone levels and decreased thymus weight. Both RRS and CUS increased baseline plasma corticosterone
concentration and decreased body weight gain in both normotensive and SHR rats. In addition, both stress
protocols caused hypertrophy of adrenal glands in normotensive rats. Regarding the cardiovascular effects, RRS
increased basal heart rate in both rat strains, which was mediated by an increase in sympathetic tone to the
heart. Besides, RRS increased baroreflex-mediated tachycardia in SHR animals, while CUS increased cardiac
parasympathetic activity and pacemaker activity in normotensive rats. Taken together, these results indicate a
stress type-specific effect, as identified by a vulnerability of both strains to the deleterious cardiovascular effects
evoked by the homotypic stressor and a resilience to the impact of the heterotypic stressor. Vulnerability of
hypertensive rats was evidenced by the absence of CUS-evoked adaptive cardiovascular responses and an in-
crease of baroreflex tachycardia in SHR animals subjected to RRS. The somatic and HPA axis changes were
overall independent of the chronic stress regimen and pre-existing hypertension.

1. Introduction

Clinical and preclinical studies have indicated that the complica-
tions related to stress are determined by characteristics of the aversive
stimulus, such as type, duration, frequency, controllability, and in-
tensity (Crestani, 2016; Koolhaas et al., 2011; Steptoe and Kivimäki,
2012). The influence of predictability on animal models has been in-
vestigated by comparing the effects of chronic stressors involving daily
exposure to the same type of aversive stimuli (i.e., homotypic/pre-
dictable) versus different stressors (i.e., heterotypic/unpredictable)
(Crestani, 2016). These studies have used the repeated restraint stress
(RRS) as a homotypic stressor and the chronic unpredictable stress
(CUS) as a heterotypic stressor (Crestani, 2016). Studies comparing the
impact of RRS versus CUS have demonstrated that the latter induces
more severe changes on somatic parameters (e.g., adrenal hypertrophy
and thymic involution), hypothalamic-pituitary-adrenal (HPA) axis

activity, and anxiety- and depression-like behaviors (Costa-Ferreira
et al., 2016; Haile et al., 2001; Magariños and McEwen, 1995; Marin
et al., 2007; Pastor-Ciurana et al., 2014). Differences in impact of CUS
and RRS on cardiovascular function are less clear. Indeed, studies
comparing these two chronic stressors have reported similar mild hy-
pertension, resting tachycardia, increase in cardiac sympathetic ac-
tivity, and baroreflex impairment following exposure to either stressor
(Costa-Ferreira et al., 2016; Duarte et al., 2015; Vieira et al., 2018).

The impact of stress on physiological and psychological processes is
also determined by individual characteristics. In this sense, pre-existing
cardiovascular complications have been proposed as a factor affecting
the impact of stress. Indeed, previous studies documented that hy-
pertensive and normotensive individuals react differently to stressful
events. For instance, hypertensive subjects react more intensely to
stress than their normotensive counterparts (Al’Absi et al., 1994;
Garafova et al., 2014; Lenders et al., 1989; Matsukawa et al., 1991;
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Palatini et al., 2011). Accordingly, preclinical studies also identified
that spontaneously hypertensive rats (SHR) - a widely used hyperten-
sion model (Trippodo and Frohlich, 1981) - exhibit exacerbated neu-
roendocrine and behavioral responses to various aversive stimuli when
compared to normotensive rats (Djordjevic et al., 2007; Imaki et al.,
1998; Roman et al., 2004; van den Buuse et al., 2001). Sympathetic
activation and increase of blood pressure and heart rate (HR) caused by
various aversive stimuli are also more pronounced in SHR animals
(Casto and Printz, 1990; McCarty, 1983; McDougall et al., 2005, 2000;
van den Buuse et al., 2001).

The above-mentioned findings indicate a hyper-responsiveness of
physiological and behavioral responses during acute sessions of stress in
hypertensive animals and humans. Nevertheless, the impact of hy-
pertension on dysfunctions evoked by chronic stressors is still poorly
understood. Previous studies comparing normotensive and SHR rats
reported either increased baseline blood pressure selectively in the
latter (Bernatova et al., 2010) or absence of effect in both strains
(Slezak et al., 2014) following exposure to chronic crowding stress.
Besides, increased blood pressure in both normotensive and SHR rats
was reported following exposure to colony social stress (Toot et al.,
2011). Nevertheless, the influence of hypertension in other cardiovas-
cular-related changes evoked by chronic stress such as autonomic im-
balance, resting tachycardia, and baroreflex impairment has never been
evaluated. Furthermore, evidence of the impact of either CUS or RRS on
cardiovascular function of SHR animals is missing. Finally, although
evidence of sex-related differences in cardiovascular function (Dubey,
2002) and cardiovascular and neuroendocrine responses to acute
stressors (Anishchenko et al., 2007; Eikelis and Van Den Buuse, 2000;
Kudielka and Kirschbaum, 2005), the majority of experimental studies
have investigated the impact of chronic stressors in male animals.
Therefore, our purpose in the present study was to investigate neu-
roendocrine, autonomic, and cardiovascular changes caused by the
exposure to either RRS or CUS in female SHR and normotensive rats.

2. Material and methods

2.1. Animals

Thirty-three female normotensive Wistar rats (11/experimental
group) and twenty-six female SHR rats (9 control, 10 RRS, and 7 CUS)
60-days-old were used in the present study. Animals were obtained
from the animal breeding facility of the Institute of Biomedical Science/
University of São Paulo (São Paulo, SP, Brazil). All animals were housed
in collective plastic cages (41×34 x 16 cm) (3–4 rats/cage) in a tem-
perature-controlled room at 24 °C in the Animal Facility of the
Laboratory of Pharmacology-UNESP. They were kept under a 12:12 h
light-dark cycle (lights on between 7:00 h and 19:00 h) with free access
to water and standard laboratory food. Housing conditions and ex-
perimental procedures were carried out following protocols approved
by the Ethical Committee for Use of Animal of the School of
Pharmaceutical Sciences/São Paulo State University, which complies
with Brazilian and international guidelines for animal use and welfare.

2.2. Chronic stress regimens

The chronic stress regimens were based in protocols previously
described by our group (Duarte et al., 2015; Vieira et al., 2018).
Therefore, RRS was chosen as a homotypic stressor, whereas CUS was
used as a heterotypic stressor. The animals of RRS group were re-
strained in opaque plastic cylinders (15 cm length and 5.5 cm internal
diameter) for 1 h daily starting at 10:00 a.m. for 10 consecutive days.
The CUS protocol consisted of exposure to different stressors in a
variable schedule for 10 consecutive days, accordingly to protocol de-
scribed in Duarte et al (2015). The stressors used in the CUS included:
1) restraint stress (60min); 2) humid sawdust (overnight or all day); 3)
cold (4 °C) or room temperature isolation housing; 4) food/water

deprivation (overnight); 5) swim stress (4min); 6) lights on overnight;
and 7) lights off during day (120–180min). All stress sessions were
performed in an adjacent room to the animal facility. The RRS and CUS
started simultaneously, and during this period animals of control
groups were left undisturbed, except for cleaning the cages and body
weight measurements, in the animal facility.

2.3. Surgical preparation

Animals were anesthetized with tribromoethanol (250mg/kg, i.p.)
and a polyethylene cannula (a 4 cm segment of PE-10 heat-bound to a
13 cm segment of PE-50) (Clay Adams, Parsippany, NJ, USA) filled with
a solution of heparin (50 UI/ml, Hepamax-S®, Blausiegel, Cotia, SP,
Brazil) diluted in saline (0.9% NaCl) was implanted into the abdominal
aorta through the femoral artery for cardiovascular recording. A second
cannula filled with heparin solution was inserted into the femoral vein
for the infusion of drugs. Both catheters were tunneled under the skin
and exteriorized on the animal's dorsum. After the surgery, rats re-
ceived a poly-antibiotic formulation containing streptomycin and pe-
nicillin (560mg/ml/kg, i.m.) to prevent infection, and were treated
with the non-steroidal anti-inflammatory drug flunixin meglumine
(0.5 mg/ml/kg, s.c.) for postoperative analgesia.

2.4. Measurement of cardiovascular parameters

The cannula implanted into the femoral artery was connected to a
pressure transducer (DPT100, Utah Medical Products Inc., Midvale, UT,
USA). Pulsatile arterial pressure (PAP) was recorded using an amplifier
(Quad Bridge Amp, ML224, ADInstruments, NSW, Australia) and an
acquisition board (PowerLab 4/30, ML866/P, ADInstruments, NSW,
Australia) connected to a personal computer. Mean (MAP), systolic
(SAP), and diastolic (DAP) arterial pressure; as well as HR values were
derived from PAP recordings.

2.5. Assessment of cardiac autonomic activity and intrinsic HR

Cardiac autonomic activity and intrinsic HR were assessed by in-
travenously administrating the muscarinic receptor antagonist methy-
latropine (3mg/ml/kg) and the β-adrenoceptor antagonist propranolol
(4 mg/ml/kg) (Almeida et al., 2015; Duarte et al., 2015; Vieira et al.,
2018). The protocol was performed on two separate days. On the first
day, animals in all experimental groups received intravenous adminis-
tration of methylatropine and propranolol in a random order. The in-
terval of treatment between the drugs was 10min. Twenty-four hours
later, animals were treated with methylatropine and propranolol in the
opposite sequence to that performed on the first day.

The parasympathetic activity was determined by analyzing the
change in basal HR caused by methylatropine, while the sympathetic
activity was obtained from the HR response evoked by propranolol
treatment. The intrinsic HR was obtained after combined treatment
with propranolol and methylatropine on first and second days, and a
mean of the two values was calculated for each animal.

2.6. Assessment of baroreflex activity

Baroreflex function was evaluated using the classical pharmacolo-
gical approach. For this, intravenous infusion of the α1-adrenoceptor
agonist phenylephrine (70 μg/ml at 0.4 ml/min/kg) and the nitric oxide
donor sodium nitroprusside (100 μg/ml at 0.8ml/min/kg) was per-
formed using an infusion pump (K.D. Scientific, Holliston, MA, USA)
(Crestani et al., 2010; Engi et al., 2016). Phenylephrine evoked incre-
mental pressor response, whereas sodium nitroprusside caused incre-
mental depressor effects. Infusions of vasoactive drugs were rando-
mized, and the second treatment was not realized before cardiovascular
parameters returned to control values (interval between infusions was
approximately 5min). Infusions lasted for 20–30 s, resulting in the
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injection of a total dose of 9–14 μg/kg of phenylephrine and 26–40 μg/
kg of sodium nitroprusside.

For assessment of baroreflex function, reflex HR changes (ΔHR)
corresponding to MAP changes (ΔMAP) (each 5mmHg of ΔMAP)
evoked by intravenous infusion of phenylephrine and sodium ni-
troprusside were plotted to generate sigmoid logistic functions
(Crestani et al., 2010; Engi et al., 2016). Analysis of sigmoid curves
were characterized by 5 parameters: (i) lower HR plateau (P1, in bpm),
which is the maximum reflex bradycardia during blood pressure in-
crease; (ii) upper HR plateau (P2, in bpm), which is the maximum reflex
tachycardia to blood pressure decrease; (iii) HR range (bpm), which is
the difference between P1 and P2; (iv) median blood pressure
(BP50,mmHg), which is the MAP at 50% of the HR range; and (v)
average gain (G, bpm/mmHg), which is the average slope of the curves
between +1 and -1 standard derivations from BP50 (Crestani et al.,
2010; Engi et al., 2016).

2.7. Plasma corticosterone measurement

Blood sample (200 μl) was collected from the femoral artery cannula
for determination of plasma corticosterone concentration. Blood was
collected in plastic tubes containing 5 μl of heparin (5000 UI/ml)
(Hepamax-S®, Blausiegel, Cotia, SP, Brazil). Samples were centrifuged
at 2000 g for 10min at 4 °C and plasma was stored at -20 °C until cor-
ticosterone assay was carried out.

Plasma corticosterone concentration was measured by radio-
immunoassay, as described previously (Sarnyai et al., 1992). Briefly,
20 μl of plasma was diluted 50 times with 0.01M PBS and placed in a
water bath at 75 °C for 1 h for heat inactivation of corticosteroid
binding globulin. One hundred microliters of a solution of antibody and
(3 H)-corticosterone (New England Nuclear; Boston, MA, USA)
(10,000–20,000 cpm/ml) was added to each sample, mixed and in-
cubated overnight at 4 °C. Dextran-coated charcoal was used to adsorb
free steroid after incubation. Tubes were centrifuged at 2000×g for
15min at 4 °C, the supernatant from each tube was transferred to
scintillation vials and the radioactivity was quantified by liquid scin-
tillation spectrometry. Standard curves were constructed using 25, 50,
100, 250, 500, 750, 1000 and 2000 pg/100 μl of corticosterone (Sigma-
Aldrich, St. Louis, MO, USA).

2.8. Drugs and solutions

Propranolol hydrochloride (Sigma-Aldrich, St. Louis, MO, USA),
methylatropine (Sigma-Aldrich), phenylephrine hydrochloride (Sigma-
Aldrich), sodium nitroprusside dihydrate (Sigma-Aldrich), tri-
bromoethanol (Sigma-Aldrich), and urethane (Sigma-Aldrich) were
dissolved in saline (0.9% NaCl). Flunixin meglumine (Banamine®,
Schering-Plough, Cotia, SP, Brazil) and the poly-antibiotic preparation
(Pentabiotico®, Fort-Dodge, Brazil) were used as provided.

2.9. Experimental procedures

Normotensive Wistar rats and SHR were randomly divided into
three groups: (i) control, (ii) RRS, and (iii) CUS. The animals of RRS and
CUS groups were submitted to daily sessions of stress for 10 consecutive
days. At 10th day, after the last session of stress, animals in all experi-
mental groups were subjected to surgical preparation. Since the pur-
pose of the present study was to investigate the enduring changes
evoked by chronic stress exposure, the tests were performed 24 h and
48 h after the last stress session.

On test days, animals were transferred to the experimental room in
their home box and were allowed 60min to adapt to experimental room
conditions, such as sound and illumination. On the first day, a blood
sample (200 μL) was collected from the femoral artery cannula before
the onset of cardiovascular recording for determination of plasma
corticosterone concentration. Then, animals were individually

connected to the cardiovascular recording system in the home cage and
subjected to at least a 30-minute period of basal cardiovascular re-
cording. In the sequence, randomized intravenous infusions of pheny-
lephrine and sodium nitroprusside were performed for evaluation of
baroreflex function. Afterwards, animals received intravenous admin-
istration of methylatropine and propranolol in a random order for
analysis of cardiac autonomic tone and pacemaker activity. On the
second day, animals were treated with methylatropine and propranolol
in the opposite sequence to that performed on the first day. Animals
were allowed to freely move throughout the cardiovascular recording.
At the end of the experiments, animals were euthanized by anesthetic
overdose (urethane, 250mg/ml/200 g body weight, i.p.) and their
heart, both adrenal glands and thymus were removed and weighed.

2.10. Data analysis

Data were expressed as mean ± SEM. Analysis of body weight
values was performed using three-way ANOVA, with stress (control,
RRS, and CUS) and strain (normotensive vs SHR) as independent factors
and time as repeated measurement. The other measures were analyzed
using two-way ANOVA, with stress and strain as independent factors.
Planned comparisons using the Bonferroni post hoc test were performed
after two- and three-way ANOVA to assess specific differences between
the experimental groups when ANOVA indicated effect of stress and/or
interaction between the factors. When ANOVA identified effect of the
factor “stress” without interaction, planned comparisons were carried
out to identify specific differences between experimental groups within
each strain, but without comparing differences between the strains.
Planned comparisons for identification of specific differences between
strains for each condition (i.e., control, RRS and CUS) was carried out
only when two-way ANOVA identified interaction between the factors.
P < 0.05 was assumed as significant.

3. Results

3.1. Effects of CUS and RRS in normotensive and SHR rats on somatic
parameters and plasma corticosterone concentration

3.1.1. Body weight
Time course analysis of body weight indicated that SHR animals in

all experimental groups had lower body weight in relation to respective
normotensive groups throughout the period of analysis (control:
P < 0.05, RRS: P < 0.05, CUS: P < 0.05) (Fig. 1A). Moreover, the
RRS (P < 0.05) and CUS (P < 0.05) reduced body weight gain in
normotensive females on day 10, while the reduction of body weight in
SHR rats was identified on days 5 (CUS: P < 0.05, RRS: P < 0.05) and
10 (CUS: P < 0.05, RRS: P < 0.05) (Fig. 1A). The three-way ANOVA
indicated a significant effect of strain (F(1,53)= 189, P < 0.0001),
stress (F(2,53)= 5, P > 0.009), and time (F(2,106)= 7, P < 0.001).
Besides, there was a time x stress interaction (F(4,106)= 6,
P < 0.0002), but without strain x stress (F(2,53)= 0.1, P > 0.05) and
time x strain (F(2,106)= 1, P > 0.05) interactions.

Analysis of body weight change (i.e., difference between the values
on first and 10th day of stress protocol) indicated that both RRS and
CUS decreased the body weight gain in normotensive (RRS: P < 0.01,
CUS: P < 0.03) and SHR rats (RRS: P<0.04, CUS: P < 0.05)
(Fig. 1B). Analysis indicated a significant effect of stress (F(2,53)= 8,
P < 0.0009), but without effect of strain (F(1,53)= 1, P > 0.05) and
strain x stress interaction (F(2,53)= 0.1, P > 0.05) (Fig. 1B).

3.1.2. Heart weight
RRS decreased absolute values of heart weight in SHR rats

(P < 0.05), but not in normotensive rats (P > 0.05) (Table 1). Ana-
lysis of relative heart weight (heart weight/body weight at 10th day)
indicated that SHR rats presented higher values regardless of stress
exposure (P < 0.05) (Fig. 1C). The analysis of absolute heart weight
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indicated an effect of strain (F(1,41)= 5, P < 0.02) and stress
(F(2,41)= 6, P < 0.003), but without a stress x strain interaction
(F(2,41)= 0.3, P > 0.05). Analysis of relative heart weight indicated a
strain effect (F(1,41)= 9, P < 0.004), but without stress effect
(F(2,41)= 1, P > 0.05) and stress x strain interaction (F(2,41)= 2,
P > 0.05).

3.1.3. Adrenals weight
The SHR rats presented lower adrenal glands weight regardless of

stress exposure (Table 1). Analysis of relative adrenals weight (adrenals
weight/body weight at 10th day) indicated that RRS (P < 0.05) and
CUS (P < 0.05) caused hypertrophy of the gland in normotensive rats
(Fig. 1C). The analysis of the absolute values of adrenal weight in-
dicated an effect of strain (F(1,41)= 29, P < 0.0001), but without
effect of stress (F(2,41)= 0.1, P > 0.05) and strain x stress interaction
(F(2,41)= 0.9, P > 0.05). The analysis of relative adrenal weight in-
dicated a significant effect of strain (F(1,41)= 5, P < 0.04) and stress
(F(2,41)= 4, P < 0.02), but without a stress x strain interaction
(F(2,41)= 0.2, P > 0.05).

3.1.4. Thymus weight
SHR rats had lower values of absolute and relative weight (thymus

weight/body weight at 10th day) of the thymus regardless of stress
exposure (Table 1 and Fig. 1C). Analysis of the absolute thymus weight
indicated a strain effect (F(1,41)= 51, P < 0.0001), but without effect
of stress (F(2,41)= 0.6, P > 0.05) and strain x stress interaction
(F(2,41)= 0.01, P > 0.05). The analysis of the relative thymus weight
also indicated an effect of strain (F(1,41)= 73, P < 0.0001), but
without effect of stress (F(2,41)= 2, P > 0.05) and strain x stress in-
teraction (F(2,41)= 2, P > 0.05).

3.1.5. Plasma corticosterone
Analysis of baseline plasma corticosterone concentration indicated

Fig. 1. Body, heart, adrenals, and thymus weights; and plasma corticosterone concentration in normotensive and SHR rats control (white) and subjected to RRS (light
grey) or CUS (dark grey). (A) Time-course of body weight. Three-way ANOVA followed by Bonferroni post-hoc test (n=7–11/group). (B) Body weight change (Δ
body weight) from the first to 10th day of the chronic stress protocols. Two-way ANOVA followed by Bonferroni post-hoc test (n= 7–11/group). (C) Relative weight
(organ weigh/body weight) of heart, adrenal, and thymus; and plasma corticosterone concentration. Two-way ANOVA followed by Bonferroni post-hoc test (n= 7–9/
group). The bars/circles in all graphs represent the mean ± SEM. *P < 0.05 vs respective control group, #P < 0.05 vs e normotensive groups.

Table 1
Absolute weight of heart, adrenal and thymus in normotensive and SHR rats
subjected to repeated restraint stress (RRS) or chronic unpredictable stress
(CUS).

Groups Heart
Absolute weight
(mg)

Adrenal
Absolute weight
(mg)

Thymus
Absolute weight
(mg)

Normotensive
Control 856 ± 24 120 ± 8 326 ± 16
RRS 757 ± 27 131 ± 12 311 ± 41
CVS 791 ± 29 118 ± 5 342 ± 4

SHR
Control 820 ± 56 91 ± 5 185 ± 23
RRS 668 ± 23* 81 ± 5 # 175 ± 16 #
CVS 720 ± 39 86 ± 6 198 ± 23

Data are expressed as mean ± SEM (n=7–9/group).
* P < 0.05 vs respective control group.
# P < 0.05 vs normotensive groups regardless of stress exposure.
Two-way ANOVA followed by Bonferroni post hoc test.
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that SHR in all experimental groups presented higher values in relation
to normotensive groups (Fig.1C). Furthermore, RRS and CUS increased
plasma corticosterone levels in both normotensive (RRS: P < 0.05,
ECV: P < 0.05) and SHR rats (RRS: P < 0.01, CUS: P < 0.05)
(Fig. 1C). The two-way ANOVA indicated an effect of strain
(F(1,32)= 96, P < 0.0001) and stress (F(2,32)= 9, P < 0.0009), but
without a strain x stress interaction (F(2,32)= 0.2, P > 0.05) (Fig. 1C).

3.2. Effects of CUS and RRS in normotensive and SHR rats on basal
cardiovascular parameters

SHR rats had higher values of MAP (P < 0.05), SAP (P < 0.05),
and DAP (P < 0.05) regardless of stress exposure (Fig. 2). Analysis of
MAP, DAP and SAP indicated an effect of strain (MAP: F(1,41)= 149,
P < 0.0001; DAP: F(1,41)= 87, P < 0.0001; SAP: F(1,41)= 48,
P < 0.0001), but without effect of stress (MAP: F(2,41)= 0.4,
P > 0.05; DAP: F(2,41)= 0.2, P > 0.05; SAP: F(2,41)= 0.3,
P > 0.05). Analysis of SAP (F(2,41)= 5, P < 0.01), but not of MAP
(F(2,41)= 0.4, P > 0.05) and DAP (F(2,41)= 0.2, P > 0.05), in-
dicated a strain x stress interaction.

RRS increased baseline HR in normotensive (P < 0.001) and SHR
(P < 0.05) rats (Fig. 2). Baseline HR analysis indicated an effect of
stress (F(2,41)= 12, P < 0.0001) and strain (F(1,41)= 9, P < 0.003),
but without a stress x strain interaction (F(2,41)= 1, P > 0.05).

3.3. Effects of CUS and RRS in normotensive and SHR rats on intrinsic HR
and cardiac autonomic activity

3.3.1. Intrinsic HR
Analysis of the HR values after combined treatment with propra-

nolol and methylatropine (i.e., intrinsic HR) indicated that CUS in-
creased values in normotensive rats (P < 0.05), but not in SHR rats
(P > 0.05) (Fig. 3). Analysis indicated an effect of stress (F(2,41)= 5,
P < 0.01) and strain (F(1,41)= 15, P < 0.0004), but without a stress
x strain interaction (F(2,41)= 3, P < 0.05).

3.3.2. Cardiac sympathetic activity
Analysis of the HR change induced by intravenous administration of

propranolol indicated that RRS increased the sympathetic activity to
the heart in both normotensive (P < 0.05) and SHR (P < 0.001) rats
(Fig. 3). Analysis indicated a stress effect (F(2,41)= 15, P < 0.0001),
but without influence of strain (F(1,41)= 3, P > 0.05) and stress x
strain interaction (F(2,41)= 2, P > 0.05).

3.3.3. Cardiac parasympathetic activity
Analysis of the HR change induced by intravenous administration of

methylatropine indicated that CUS increased the cardiac para-
sympathetic activity in normotensive rats (P < 0.001), but not in SHR
rats (P > 0.05) (Fig. 3). The analysis indicated an effect of stress
(F(2,41)= 18, P < 0.0001) and strain (F(1,41)= 5, P < 0.03), as well
as a strain x stress interaction (F(2,41)= 4, P < 0.02).

3.4. Effects of CUS and RRS in normotensive and SHR rats in baroreflex
function

Results of baroreflex activity analysis are presented in Fig. 4. Non-
linear regression analysis of baroreflex activity indicated that SHR fe-
males had lower values for gain (G) (P < 0.05), lower plateau (P1)
(P < 0.05), upper plateau (P2) (P < 0.05) and HR range (P < 0.05)
regardless of stress exposure. Besides, RRS increased P2 in SHR
(P < 0.05), but not in normotensive animals (P > 0.05).

Analysis of G and HR range indicated a strain effect (G:
F(1,41)= 30, P < 0.0001; HR range: F(1,41)= 26, P < 0.0001), but
without effect of stress (G: F(2,41)= 0.3, P > 0.05; HR range:
F(2,41)= 01, P > 0.05) and strain x stress interaction (G: F(2,41)= 2,
P > 0.05; HR range: F(2,41)= 3, P > 0.05). Analysis of P1 indicated
an effect of strain (F(1,41)= 36, P < 0.0001) and stress (F(2,41)= 4,
P < 0.04), but without a strain x stress interaction (F(2,41)= 1,
P > 0.05). Analysis of P2 indicated effect of strain (F(1,41)= 54,
P < 0.0001) and a strain x stress interaction (F(2,41)= 6, P < 0.008),
but without a stress effect (F(2,41)= 1, P > 0.05). Analysis of BP50 did
not indicate effect neither strain (F(1,41)= 0.3, P > 0.05) nor stress
(F(1,41)= 0.2, P > 0.05).

Table 2 summarizes the main findings documented in the present
study.

Fig. 2. Mean arterial pressure (MAP), systolic
arterial pressure (SAP), diastolic arterial pres-
sure (DAP) and heart rate (HR) in normotensive
and SHR rats control (white bars) and subjected
to RRS (light grey bars) or CUS (dark grey
bars). The bars represent the mean ± SEM.
*P < 0.05 vs respective control group,
#P < 0.05 vs control groups regardless of
stress exposure. Two-way ANOVA followed by
Bonferroni post-hoc test (n= 7–9/group).
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4. Discussion

The results reported here are the first to provide evidence of the
impact of chronic stressors in autonomic activity and baroreflex func-
tion in female hypertensive animals. This study is also the first to
evaluate the interplay between hypertension and different chronic
stress regimens in neuroendocrine and cardiovascular functions.

4.1. Influence of hypertension

Both chronic stress protocols decreased body weight gain in nor-
motensive Wistar rats and SHR. A previous study identified a similar
decrease in body weight gain and food intake in different strains of
male normotensive rats (Brown Norway, Fischer, Lewis and Wistar
Kyoto-WKY) and SHR exposed to immobilization stress for 14 days

(Gómez et al., 1996). These results support our findings and indicate
that the similar effect of homotypic stressors on body weight in SHR
and normotensive Wistar animals does not seem to depend on sex.
However, the effects of stress on body weight in SHR rats seem to de-
pend on the stress paradigm. For instance, decrease of body weight
caused by social defeat stress was lower in SHR relative to normoten-
sive Lewis rats (Berton et al., 1997), while the effect of agglomeration
stress was more pronounced in SHR versus normotensive WKY rats
(Slezak et al., 2014). To the best of our knowledge, our data are the first
to investigate the effects of CUS protocols on body weight of SHR an-
imals.

Our findings of adrenal gland hypertrophy selectively in normo-
tensive Wistar rats corroborates with evidence from studies in-
vestigating the effects of immobilization stress and social defeat in SHR
and normotensive rats (either Brown Norway, Fischer, Lewis or WKY)

Fig. 3. Cardiac autonomic activity and intrinsic HR in normotensive and SHR rats control (white) and subjected to RRS (light grey) or CUS (dark grey). (Left) HR
change (ΔHR) evoked by systemic administration of the β-adrenoceptor antagonist propranolol (sympathetic activity). (Middle) ΔHR evoked by systemic admin-
istration of the muscarinic cholinergic receptor antagonist methylatropine (parasympathetic activity). (Right) HR values after combined treatment with methyla-
tropine and propranolol (intrinsic HR). The bars represent the mean ± SEM. *P < 0.05 vs respective control group, #P < 0.05 vs control groups regardless of
stress exposure. Two-way ANOVA followed by Bonferroni post-hoc test (n=7–9/group).

Fig. 4. Analysis of baroreflex activity in nor-
motensive and SHR rats control and subjected
to RRS or CUS. (A) Nonlinear regression ana-
lysis of the baroreflex correlating mean arterial
pressure change (ΔMAP) evoked by intravenous
infusion of phenylephrine and sodium ni-
troprusside and the reflex HR response (ΔHR)
in normotensive and SHR rats control (white
symbol, dashed curve) and subjected to RRS
(light grey symbol, light grey curve) or CUS
(dark grey symbol, dark grey curve). Symbols
on sigmoid curves indicate the BP50. (B)
Parameters derived from nonlinear regression
analysis of the baroreflex in normotensive and
SHR rats control (white) and subjected to RRS
(light grey) or CUS (dark grey). The bars re-
present the mean ± SEM. *P < 0.05 vs re-
spective control group, #P < 0.05 vs control
groups regardless of stress exposure. Two-way
ANOVA followed by Bonferroni post-hoc test
(n=7–9/group).
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(Berton et al., 1997; Gómez et al., 1996). Nevertheless, differences in
thymus weight identified in the present study between SHR and nor-
motensive Wistar rats can be influenced by sex. In this sense, Berton
et al (1997) reported higher values of thymus weight in male SHR
versus male normotensive Lewis rats. This discrepancy is possibly re-
lated to the absence of differences in plasma corticosterone between
SHR and normotensive Lewis rats (Berton et al., 1997), which contrasts
with the higher levels of this hormone identified in the present study in
SHR in relation to the normotensive Wistar rats.

Both stress protocols increased plasma corticosterone levels in
normotensive Wistar rat and SHR. Despite the higher values of corti-
costerone observed in SHR, the increase caused by stress protocols in
normotensive Wistar rat and SHR was similar. The results reported in
this study are the first to provide evidence of the effect of CUS and RRS
on plasma corticosterone levels in SHR. However, higher increase in
basal plasma corticosterone levels in SHR relative to normotensive
Lewis rats was identified following either 8-week daily exposure to a
new environment or to treadmill exercise (Duclos et al., 2001). The
increase in plasma corticosterone evoked by 14 days of immobilization
stress was also higher in SHR versus WKY rats (Duclos et al., 2001;
Gómez et al., 1996). In addition, other studies comparing normotensive
rats (either Lewis, Wistar or WKY) and SHR did not identify effect on
basal corticosterone levels in any strain following either 7 sessions of
social defeat, 14 days of agglomeration stress or 21 days of social iso-
lation in none of the strains (Berton et al., 1997; Djordjevic et al., 2007;
Slezak et al., 2014). Together with the findings reported in the present
study, these results suggest that the effect of stress on basal corticos-
terone levels in SHR is related to the type of chronic stressor – though
RRS and CUS have similar effects. However, we cannot to exclude the
possibility that the differences are also due to sexual dimorphisms. For
instance, with the exception of the study by Slezak et al (2014), all
other previous studies investigated the effects of the stressors in male
SHR (Berton et al., 1997; Djordjevic et al., 2007; Duclos et al., 2001;
Gómez et al., 1996). Accordingly, a previous study comparing male and
female normotensive Wistar rats identified increase in plasma corti-
costerone level selectively in females exposed to either RRS or CUS
(Vieira et al., 2018).

Previous studies have consistently demonstrated that cardiovascular
responses observed during acute stress sessions are more pronounced in
SHR relative to normotensive rats (either WKY or Sprague-Dawley)
(Casto and Printz, 1990; Knardahl and Hendley, 1990; McCarty, 1983;

McDougall et al., 2005, 2000; van den Buuse et al., 2001; Zhang and
Thorén, 1998). However, the effects of exposure to chronic stress pro-
tocols on cardiovascular function and autonomic activity in SHR are
still poorly understood. We observed that RRS increased basal HR and
sympathetic activity in both normotensive Wistar rats and SHR. CUS
increased the parasympathetic activity in normotensive Wistar rats, but
a consequent change in HR baseline was buffered by an increase in
intrinsic HR. Previous studies in male normotensive Wistar and
Sprague-Dawley rats identified a sympathetically-mediated resting ta-
chycardia without changes in intrinsic HR following exposure to CUS
protocols (Duarte et al., 2015; Grippo et al., 2002). However, to the best
of our knowledge, present study is the first to identify an effect of CUS
in parasympathetic activity and intrinsic HR in female rats. Regarding
the RRS, our results contrast with previous studies comparing male SHR
and male normotensive WKY rats in which they did not identify
changes in any strain on blood pressure and HR baseline following
exposure to 10 daily sessions of restraint stress (McDougall et al., 2005,
2000). A possibility would be an influence of sex on the effects of RRS
on cardiovascular function and autonomic activity. However, a recent
study from our group indicated increase in baseline HR and sympa-
thetic activity in both male and female normotensive Wistar rats ex-
posed to the same protocol of RRS used in the present study (Vieira
et al., 2018). Therefore, further studies are necessary to investigate the
influence of sex in effects of RRS on cardiovascular function of SHR rats.

The influence of pre-existing hypertension on impact of chronic
stressors was evidenced mainly on the cardiovascular changes in the
present study. For instance, increase of parasympathetic tone to the
heart is proposed as an important cardioprotective response (Carnevali
and Sgoifo, 2014). Therefore, the CUS-evoked increase in para-
sympathetic tone to the heart in normotensive Wistar rats might con-
stitute an important adaptive response counteracting changes that
contribute to heart diseases. In this sense, the absence of this response
in SHR might indicate a vulnerability of this strain to cardiac effects of
CUS. Besides, exacerbated tachycardic responses are proposed as a risk
factor for myocardial ischemia and sudden death (Dyer et al., 1980;
Palatini et al., 2011), so that increased reflex tachycardia identified in
the present study in SHR, but not in normotensive Wistar rats, subjected
to RRS may also constitute an evidence of vulnerability of the hy-
pertensive animals.

4.2. Influence of stress type

Previous studies comparing RRS versus CUS have reported that so-
matic responses (e.g., adrenal hypertrophy and thymus atrophy) and
changes in HPA axis activity are observed mainly after exposure to the
latter, whereas protocols involving the repeated exposure to the same
stressor minimally affect these parameters (Haile et al., 2001;
Magariños and McEwen, 1995; Marin et al., 2007; Pastor-Ciurana et al.,
2014). The results obtained in the present study of adrenal hypertrophy
and increase in plasma corticosterone concentration caused by both
chronic stressors contrast with these previous findings. However, it is
important to note that evidence of differences between homotypic and
heterotypic stressors were mainly obtained in male animals. In this
sense, habituation of the HPA axis normally observed upon repeated
exposure to the same stressor is impaired in females (Bhatnagar et al.,
2005; Chadda and Devaud, 2005; Doremus-Fitzwater et al., 2009; Galea
et al., 1997). The reduced habituation process may explain the corti-
costerone response to RRS in females, since it is proposed as an im-
portant adaptive mechanism minimizing the impact of stress (Crestani,
2016; Herman, 2013; McCarty, 2016). In addition, decreased negative
feedback regulation of the HPA axis (Xing et al., 2013) and HPA axis
hyper-responsiveness during aversive threats (Doremus-Fitzwater et al.,
2009; Galea et al., 1997; Handa et al., 1994; Iwasaki-Sekino et al.,
2009; Mitsushima et al., 2003; Rivier, 1999) may also account to
plasma corticosterone increase evoked by chronic stressors in females.
Regarding the influence of chronic stress protocols on body weight

Table 2
Summary of the effects of RRS and CUS in normotensive and SHR rats.

RRS
normotensive

CUS
normotensive

RRS SHR CUS SHR

Somatic parameters
Body weight a ↓ ↓ ↓ ↓
Heart weight a – – – –
Adrenal weight a ↑ ↑ – –
Thymus weight a – – – –

HPA axis
Corticosterone a ↑ ↑ ↑ ↑

Cardiovascular baseline
Arterial pressure a – – – –
HR ↑ – ↑ –

Autonomic activity
Sympathetic
activity

↑ – ↑ –

Vagal activity – ↑ – –
Intrinsic HR – ↑ – –
Baroreflex
bradycardiaa

– – – –

Baroreflex
tachycardiaa

– – ↑ –

Up or down arrows indicate significant increase or decrease, respectively.
a Hypertension effect identified by comparing control groups.
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gain, our findings are in line with previous studies that reported similar
decrease following exposure to either CUS or RRS (Duarte et al., 2015;
Flak et al., 2011; Magariños and McEwen, 1995; Vieira et al., 2018;
Vyas et al., 2002; Yoon et al., 2014).

Recent studies in male normotensive Wistar rats comparing RRS and
CUS have demonstrated similar resting tachycardia, increase in cardiac
sympathetic activity, and baroreflex impairment following exposure to
either stressor (Costa-Ferreira et al., 2016; Duarte et al., 2015; Vieira
et al., 2018). However, the results reported in the present study showed
that RRS, but not CUS, increased baseline HR and sympathetic activity
in both strains, besides increasing baroreflex tachycardia selectively in
SHR animals. These findings are in line with recent results from our
laboratory in which we observed a vulnerability of female normoten-
sive Wistar rats to cardiovascular and autonomic effects of RRS, and a
resilience to the cardiovascular effects of CUS (Vieira et al., 2018). The
idea of protective mechanisms in females for the cardiovascular effects
of CUS is further supported by recent reports that CUS-evoked vascular
dysfunctions were less pronounced in females compared to males
(Brooks et al., 2018; Stanley et al., 2014). The increase in cardiac
parasympathetic activity following exposure to CUS observed in the
present study also provides evidence of a resilience of females to impact
of this stressor on cardiovascular function, since as stated above in-
crease in this autonomic branch is proposed as an important cardio-
protective response (Carnevali and Sgoifo, 2014).

In summary, present findings indicate an influence of pre-existing
hypertension and stressor type in impact of chronic stressors. Influence
of the paradigm of stress was identified on deleterious cardiovascular
effects, as these changes were evoked selectively by RRS, and both rat
strains were resilients to the CUS effects. Vulnerability of hypertensive
animals were evidenced by the absence of adaptive cardiovascular re-
sponses such as CUS-evoked increase in cardiac parasympathetic ac-
tivity, as well as by an increase of baroreflex tachycardia in SHR ani-
mals subjected to RRS. The somatic and HPA axis changes were overall
independent of the chronic stress regimen and hypertension.
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