
fphys-12-781447 February 10, 2022 Time: 16:25 # 1

ORIGINAL RESEARCH
published: 16 February 2022

doi: 10.3389/fphys.2021.781447

Edited by:
Dipesh Chaudhury,

New York University Abu Dhabi,
United Arab Emirates

Reviewed by:
Karie Scrogin,

Loyola University Chicago,
United States

Alan Sved,
University of Pittsburgh, United States

*Correspondence:
Marcelo T. Marin

marcelo.marin@unesp.br

Specialty section:
This article was submitted to

Autonomic Neuroscience,
a section of the journal
Frontiers in Physiology

Received: 22 September 2021
Accepted: 13 December 2021
Published: 16 February 2022

Citation:
Morais-Silva G,

Gomes-de-Souza L,
Costa-Ferreira W, Pavan JC,

Crestani CC and Marin MT (2022)
Cardiovascular Reactivity to a Novel
Stressor: Differences on Susceptible

and Resilient Rats to Social Defeat
Stress. Front. Physiol. 12:781447.
doi: 10.3389/fphys.2021.781447

Cardiovascular Reactivity to a Novel
Stressor: Differences on Susceptible
and Resilient Rats to Social Defeat
Stress
Gessynger Morais-Silva1,2, Lucas Gomes-de-Souza1,2, Willian Costa-Ferreira1,2,
Jacqueline C. Pavan1, Carlos C. Crestani1,2 and Marcelo T. Marin1,2*

1 Laboratory of Pharmacology, School of Pharmaceutical Sciences of Araraquara, São Paulo State University, Araraquara,
Brazil, 2 Joint Graduate Program in Physiological Sciences (PIPGCF), UFSCar/UNESP, Araraquara, Brazil

Prolonged and heightened responses to stress are known factors that influence the
development of mood disorders and cardiovascular diseases. Moreover, the coping
strategies related to the experience of adverse events, i.e., resilience or the susceptibility
to stress, are determinants for the individual risk of developing such diseases.
Susceptible rats to the social defeat stress (SDS), identified by the social interaction
test (SIT), show behavioral and cardiovascular alterations after SDS exposure that are
not found in resilient rats. However, it is not elucidated yet how the cardiovascular
system of susceptible and resilient phenotypes responds to a new stressor after SDS
exposure. Thus, using the SDS exposure followed by the SIT, we evaluated heart rate,
blood pressure (BP), tail skin temperature, and circulating corticosterone responses to
an acute session of restraint stress in susceptible and resilient rats to SDS. Susceptible
rats showed resting tachycardia and exaggerated BP response to restraint stress, while
resilient rats did not present such alterations. In contrast, both phenotypes showed
increased plasma corticosterone and a drop in tail skin temperature to restraint stress,
which was similar to that observed in control animals. Our results revealed an increased
cardiovascular reactivity in response to a new stressful stimulus in susceptible rats,
which might be related to a greater risk for the development of cardiovascular diseases.

Keywords: social defeat stress, depression, restraint stress, heart rate, blood pressure, resilience, susceptibility

INTRODUCTION

Immediate responses of the cardiovascular system to acute stress are well-recognized changes that
prepare the challenged organism to cope with a threat. They are comprised of a set of autonomic
nervous system changes that lead to increased heart rate (HR) and blood pressure (BP) values
concurrently (Crestani, 2016) and a shift in the baroreflex set point (Crestani et al., 2010). In
addition to such changes, the sympathetically mediated cutaneous vasoconstriction causes a drop in
tail skin temperature (Busnardo et al., 2019). In contrast, prolonged and heightened cardiovascular
responses to stress are considered a risk factor and could lead to diseases (Hughes et al., 2018).

There is a strong correlation between cardiovascular diseases and depression. Depression is an
independent risk factor for the development and aggravation of a wide range of cardiovascular
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diseases (Suls, 2018). In this sense, stress experience is an
important risk factor for the development of both cardiovascular
diseases and psychiatric disorders (Penninx, 2016).

In animal models to study stress, chronic exposure to adverse
stimuli increases depressive-like behaviors in a wide range
of behavioral tests and induces cardiovascular dysfunctions,
such as resting tachycardia, increased BP, and the emergence
of arrhythmias (Deussing, 2006; Sgoifo et al., 2014; Crestani,
2016). The social defeat stress (SDS) model is an ethologically
relevant protocol to study stress in rodents, with a strong
resemblance to psychosocial stress that is experienced by human
beings. Chronic exposure to SDS leads to increased anxiety-like
behaviors when tested in the novelty suppression of feeding test
or the elevated plus-maze apparatus; depressive-like behaviors in
the forced swim test, sucrose consumption and tail suspension
tests; social avoidance; and autonomic and electrophysiological
changes in the heart (Berton et al., 2006; Venzala et al., 2012;
Sévoz-Couche et al., 2013).

Individual traits are an important determinant of stress
exposure as a risk factor, since not every individual experiencing
stress gets sick (Cohen et al., 2007). Such traits seem to be related
to the ability of each organism to cope with harmful experiences,
recognized as its resilience or susceptibility to stress. Recently,
chronic SDS (CSDS) exposure along with the social interaction
test (SIT) started to be used, initially in mice, to identify and
study susceptible and resilient phenotypes to stress. In this
paradigm, susceptible mice show decreased social interaction and
increased depressive-like behaviors, while resilient mice do not
show such alterations (Krishnan et al., 2007). In our lab, we
developed a modified protocol of SDS exposure followed by the
SIT, which allowed the study of different coping phenotypes to
SDS in rats. Susceptible rats identified by this protocol showed
social avoidance to an unknown and non-aggressive conspecific,
increased coat state deterioration during SDS exposure, and an
increase in immobility during the forced swim test (Morais-
Silva et al., 2019). These behavioral changes were followed by
cardiovascular alterations, such as increased sympathetic activity
and impaired baroreflex effectiveness during rest that, in turn,
lead to decreased HR variability and resting tachycardia (Morais-
Silva et al., 2019). Despite these pieces of evidence, it is not
elucidated yet how the cardiovascular system of susceptible and
resilient phenotypes responds to a new stressor after CSDS.
Thus, this study aimed to evaluate the cardiovascular and plasma
corticosterone responses to a new stressor in susceptible and
resilient rats to SDS.

MATERIALS AND METHODS

Experimental Subjects
A total of 22 male Wistar rats (230–250 g) obtained from the
Sao Paulo State University (UNESP) animal breeding facility
(Botucatu, Brazil) were used as experimental subjects. After
arriving, animals were habituated to our animal facility for 7 days
prior to being used in the experiments. Animals were maintained
in a controlled temperature room (23 ± 2◦C), on a reverse
12/12 h light–dark cycle (lights on at 10 p.m.), in groups of

four or five animals per cage (32 cm × 40 cm × 16 cm), with
water and food ad libitum. Stress and control rats were housed
in separated cages (i.e., animals were allocated in the “control”
and “stressed” groups before the beginning of the experiments).
Behavioral experiments were conducted during the dark phase
of the cycle (randomly between 1 p.m. and 4 p.m.), since
aggressors were more active and consequently more aggressive
during this period, whereas cardiovascular measurements were
conducted during the light phase of the cycle (11 p.m.–4 a.m.)
to reduce the impact of the locomotion and exploratory behavior
of the animals to the recording of the cardiovascular parameters
(Morais-Silva et al., 2019).

A total of five male Long Evans rats (>400 g) were used
as aggressors in the SDS. Aggressors were kept in an adjacent
room, in a permanent colony with a sexually mature and viable
female Long Evans rat (32 cm × 40 cm × 16 cm). The room
was maintained at a controlled temperature (23 ± 2◦C) and in
a reverse 12/12 h light–dark cycle. Water and food were offered
ad libitum. Before 1 h to each agonistic encounter, the female
and pups were removed from the home cage of the aggressor and
kept undisturbed in an adjacent room, while the aggressors were
moved to the experimental room.

All procedures involving animals were conducted according
to the principles of the National Council for Animal Experiments
Control (CONCEA), based on the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and
approved by the local ethics committee for animal care and use
(CEUA FCF/CAr) under the protocol number 01/2017.

Social Defeat Stress
The SDS consisted of exposing the experimental animals (named
intruders) to the home-cage of an aggressive male Long Evans
rat (named residents). This was based on the protocol previously
described by our lab (Morais-Silva et al., 2019).

Intruders were exposed to four agonistic encounters, every
other day, for 7 days. Each agonistic encounter was comprised
of three phases as follows: first, in the incitation phase, intruders
were exposed to the cage of the resident protected by a metal-
grid cage for 5 min to stimulate the aggressive behavior of the
resident. Next, intruders were taken out of the protective cage and
placed in direct contact with the resident rat for 10 min (defeat
phase). Finally, intruders were put back in the metal-grid cage for
10 min (post-defeat phase). All the intruders from the same cage
were exposed to SDS at the same time. At the end of the post-
defeat phase, the intruders were returned to their home-cages for
48 h, when the next defeat occurred. Intruders were exposed to a
different resident (Long Evans rat) in each defeat episode.

Stressed and control animals were manipulated for physical
state evaluation and weighing right before each defeat. Control
animals were kept undisturbed (except for physical evaluation
and cage cleaning) in the animal facility during the SDS sessions.

Physical State Evaluation
Coat state deterioration was evaluated as previously described
(Costa-Ferreira et al., 2019; Morais-Silva et al., 2019).
Accordingly, right before the first defeat episode and the
SIT, the fur state of control and stressed animals was evaluated

Frontiers in Physiology | www.frontiersin.org 2 February 2022 | Volume 12 | Article 781447

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-781447 February 10, 2022 Time: 16:25 # 3

Morais-Silva et al. Cardiovascular Reactivity of Susceptible Rats

and was scored using a scale ranging from 3 (well-cared and
healthy fur) to 0 (sick and dirty fur, showing signs of intense hair
loss and piloerection). The coat state deterioration score was
expressed as the difference between coat state scores before the
SIT and first defeat episode.

Social Interaction Test
The SIT was performed as previously described (Morais-Silva
et al., 2019). Accordingly, control and stress rats were tested as
follows: In the first phase (no target), animals were allowed to
freely explore the arena for 2.5 min with the target enclosure
empty. Then, experimental rats were removed from the arena for
30 s, and the target enclosure was changed to one containing a
Long Evans male rat (novel and non-aggressive). The animals
were then placed again in the arena for 2.5 min. Time spent
in the interaction and avoidance zones and latency to the first
entry in the interaction zone during no target and target phases
were evaluated using the behavioral analysis software ANY-Maze
(Stoelting Co., Wood Dale, IL, United States).

The phenotype of the intruders was identified based on the
k-means cluster analysis of the interaction ratio (IR), using two
subgroups classification (resilient and susceptible), as previously
described (Morais-Silva et al., 2019).

Femoral Artery Cannulation
Right after the SIT (2 h), animals were anesthetized with
tribromoethanol (250 mg/kg) intraperitoneally (1 ml/kg) and
one catheter [4 cm segment of polyethylene (PE)-10 heat bound
to a 13 cm segment of PE-50; Clay Adams, Parsippany, NJ,
United States] was implanted inside the femoral artery for
blood sampling and recording of the pulsatile arterial pressure
(PAP). The catheter was tunneled under the dorsum skin,
exteriorized near the neck, and filled with a solution of heparin
(50 UI/ml, Hepamax-S, Blausiegel, Cotia, Brazil) diluted in saline
(0.9% NaCl). After the surgery, animals were maintained in the
recording room, in individual cages, for the rest of the experiment
(Morais-Silva et al., 2019). A prophylactic dose of a non-steroidal
anti-inflammatory [flunixin meglumine, 2.5 mg/kg, 0.1 ml/100 g,
subcutaneous (s.c.), Chemitec Agro-Veterinária Ltd., São Paulo,
Brazil] and antibiotics [a formulation containing streptomycin
and penicillin, 560 mg/kg, 0.2 ml, intramuscular (i.m.), Zoetis
Ltd., Campinas, Brazil] were administered to the animals for pain
control and to prevent infections.

Recording of the Cardiovascular
Parameters
After the surgery (48 h), the catheter implanted into the femoral
artery was connected to a pressure transducer (DPT100, Utah
Medical Products Inc., Midvale, UT, United States). PAP was
recorded for 10 min before restraint stress and for 30 min during
stress (detailed described below) using an amplifier connected
to a digital acquisition board (ADInstruments, Dunedin-OTA,
NZ) and LabChart PRO software (ADInstruments, Dunedin).
The mean arterial pressure (MAP) and HR were derived from the
PAP (Morais-Silva et al., 2019). The mean of the MAP and HR
values each 2 min was calculated for time-course analysis.

Acute Restraint Stress
Cardiovascular alterations in response to a novel stress exposure
were evaluated using the acute restraint stress paradigm based on
the protocol already described but with modifications (Gomes-
de-Souza et al., 2019). Initially, animals were connected to the
pressure transducer and kept undisturbed for 30 min. The last
10 min were used for the evaluation of the basal values of MAP
and HR. After that, they were introduced into cylindrical plastic
tubes (6.5 cm diameter × 15 cm length; ventilated by 1 cm holes
covering 20% of the tube surface) for 30 min. MAP and HR were
expressed as changes from the mean basal value recorded 10 min
before restraint onset. A mean of overall restraint effect (the mean
of all time points obtained during restraint stress exposure) was
analyzed to facilitate visualizing group differences in restraint
stress response.

Cutaneous Tail Temperature
Ten minutes before, right after, 15 and 30 minutes after
introducing animals into the restraint tube, thermal images were
recorded to analyze stress-induced changes in cutaneous tail
temperature. The cutaneous tail temperature was evaluated using
a thermal camera (IRI4010, InfraRed Integrated Systems Ltd.,
Northampton, United Kingdom). Cutaneous temperature for
each time point was calculated as the mean of five point values
on the tail of the animal obtained from the whole tail. The room
was maintained at a controlled temperature (23 ± 1◦C) during
the whole experiment.

Plasma Corticosterone Quantification
In the first hour of the light phase of the cycle, a blood
sample (100 µl) was collected from the femoral artery for the
determination of basal plasma corticosterone. After 30 min
of the beginning of the restraint stress, another blood sample
(100 µl) was collected for the evaluation of restraint stress effects.
After each sampling, the catheter was filled again with heparin
solution (50 UI/ml), which was discarded before blood sampling.
Blood samples were collected in plastic tubes containing heparin
solution (5 µl, 5,000 UI/ml) and were centrifuged (2,000 × g
for 10 min, 4◦C). The plasma was collected and stored
frozen (−80◦C) until quantification. Plasma corticosterone
concentration was estimated using a commercial corticosterone
enzyme-linked immunosorbent assay (ELISA) following the
instructions of the manufacturer (Cayman Chemical, Ann
Harbor, MI, United States). Plasma samples were diluted in
ELISA buffer (1:250) before quantification.

Statistical Analysis
Data were expressed as mean ± SE and analyzed by one-way
or repeated-measures analysis of variance (ANOVA). In cases
where ANOVA showed significant differences (p ≤ 0.05), the
Newman–Keuls post hoc test was performed. For identification
of the stress-coping phenotypes, IR values of the stressed animals
were classified into two clusters, namely, maximizing between-
cluster distance and minimizing within-cluster distance, using
the k-means cluster analyses. Statistics were performed using
Statistica 7.1 software (StatSoft, Inc., Tulsa, OK, United States),
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and graphs were constructed in the GraphPad Prism 7 software
(GraphPad Software Inc., La Jolla, CA, United States).

RESULTS

Susceptible Rats Show Social Avoidance
and Increased Depressive-Like Behavior
After Social Defeat
The experimental timeline is depicted in Figure 1. As expected,
susceptible and resilient rats showed large differences regarding
social interaction. Socially defeated susceptible rats showed
decreased IR compared with the resilient and control groups
(Figure 2A). One-way ANOVA of the IR revealed a significant
effect for phenotype factor (F2,19 = 5.18, p < 0.05). The Newman–
Keuls post hoc test revealed a decrease in IR of susceptible
groups compared with the control (p < 0.05) and resilient groups
(p < 0.05).

In the SIT, susceptible rats showed increased latency to enter
the interaction zone for the first time when the target is present
(Figure 2B). Repeated measures ANOVA showed a significant
effect for phenotype factor (F2,19 = 17.48, p < 0.001) and for
the interaction between phenotype and session (F2,19 = 5.97,
p < 0.01). The Newman–Keuls post hoc test revealed an increased
latency for susceptible animals to enter the interaction zone for
the first time when the target is present when compared with the
no target session (p < 0.01) and to the control (p < 0.001) and
resilient groups (p < 0.0001) during the target session.

Time spent in the interaction zone (Figure 2C) was also
different between phenotypes. Repeated measures ANOVA
showed a significant effect for phenotype factor (F2,19 = 12.61,
p < 0.001), for session (F1,19 = 16.17, p < 0.001), and for their
interaction (F2,19 = 12.28, p < 0.001). The Post hoc test revealed
a decrease in time spent in the interaction zone when target
is present in the susceptible rats compared with the control
(p < 0.001) and resilient rats (p < 0.001).

Rats that were susceptible to the SDS spent more time in the
avoidance zone of the SIT apparatus (Figure 2D) when the target
is present. Repeated measures ANOVA showed a significant
effect for phenotype factor (F2,19 = 11.19, p < 0.001) and for
the interaction between phenotype and session (F2,19 = 5.59,

p < 0.05). The Post hoc test revealed a significant amount of
time spent in the avoidance zone when the target is present by
the susceptible group when compared with the no target session
(p < 0.001) and with the control (p < 0.001) and resilient rats
(p < 0.001).

There was a decrease in body weight gain (Table 1) in
socially defeated rats regardless of the coping phenotype relative
to controls. One-way ANOVA showed a significant effect of
phenotype (F2,19 = 6.34, p < 0.01). The Post hoc test revealed
that resilient (p < 0.01) and susceptible (p < 0.05) rats gained
less weight compared with controls. There were no significant
differences in initial or final absolute body weight among groups
(Table 1). Susceptible rats showed an increase in coat state
deterioration after SDS exposure (Table 1). One-way ANOVA
showed a significant effect for phenotype factor (F2,19 = 6.30,
p < 0.01), and Newman–Keuls revealed a significant difference
when comparing the susceptible rats with the control (p < 0.05)
and resilient rats (p < 0.01).

Susceptible Rats Show Resting
Tachycardia and Exaggerated Mean
Arterial Pressure Response to Restraint
Stress
Resting HR was different across coping phenotypes (Table 2).
One-way ANOVA showed a significant effect for phenotype
factor (F2,19 = 5.95, p < 0.01). The Newman–Keuls post hoc test
revealed increased HR values in susceptible animals compared
with the control (p < 0.05) and resilient rats (p < 0.01). There
were no significant alterations in resting MAP (Table 2).

Tachycardic response to a novel stress exposure was not
different among groups (Figures 3A,B). Repeated measures
ANOVA showed a significant effect only for the restraint factor
(F20,380 = 22.52, p < 0.001), indicating a significant increase in
HR during restraint stress exposure (Figure 3A). Analysis of the
overall restraint stress effect also did not show any significant
difference in the HR response to restraint stress between the
phenotypes (Figure 3B).

Susceptible rats had increased MAP response to restraint
stress when compared with the control and resilient rats
(Figures 3C,D). Repeated measures ANOVA showed a

FIGURE 1 | Experimental procedure timeline. SDS was performed on alternative days for 7 days, for a total of four aggressive encounters. After 24 h, stress coping
phenotypes were identified using the social interaction test. After the phenotyping, animals were cannulated to the recording of cardiovascular parameters during
restraint stress. SDS, social defeat stress; SIT, social interaction test; CS, cannulation surgery; TT, cutaneous tail temperature.
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FIGURE 2 | Social parameters of the susceptible and resilient phenotypes in the SIT. The test was performed 24 h after the last SDS. Bars represent means + SEM
(n = 6–8 animals per group). (A) Interaction ratio (IR). (B) Latency to the first entry in the interaction zone. (C) Time spent in the interaction zone. (D) Time spent in the
avoidance zone. *p < 0.05 relative to control group; #p < 0.05 relative to resilient group; +p < 0.05 relative to time spent in the no target phase of the same group.

TABLE 1 | Body weight, body weight gain, and coat state deterioration of resilient and susceptible phenotypes to social defeat stress (SDS).

Control Resilient Susceptible

Body weight (g) Initial 232 ± 7 229 ± 3 233 ± 10

Final 278 ± 10 254 ± 7 262 ± 15

Body weight gain (g) 46 ± 3 25 ± 5* 30 ± 6*

Coat state deterioration −0.25 ± 0.13 −0.31 ± 0.13 −0.92 ± 0.15*#

Numbers represent means ± SEM (n = 6–8 animals per group).
*p < 0.05 relative to control group.
#p < 0.05 relative to resilient group.

significant effect for the restraint factor (F20,380 = 37.18,
p < 0.001) and for the interaction between phenotype and
restraint (F40,380 = 1.85, p < 0.01) (Figure 3C). The Newman–
Keuls post hoc test revealed significant differences in the increase
in MAP between the susceptible and control groups and the
susceptible and resilient groups in the time points 2, 4, 6, 8, 10,
12, 14, and 16 min after the beginning of the restraint stress
exposure (p < 0.05). Moreover, only susceptible animals showed
increased MAP compared with their baseline values at the end
of the restraint stress exposure (30 min timepoint; p < 0.05).
One-way ANOVA of the overall restraint stress effect on MAP
showed a significant effect for phenotype (F2,19 = 3.32, p = 0.05).
Susceptible rats showed increased pressor response to restraint
stress when compared with the control (p = 0.05) and resilient
rats (p < 0.05) (Figure 3D).

Tail cutaneous temperature changes in response to stress were
not altered among the phenotypes (Figures 3E,F). One-way

ANOVA did not show significant differences for the absolute
tail skin temperature at rest (Table 2). Repeated measures
ANOVA showed a significant effect for the restraint factor only
(F4,76 = 20.27, p < 0.001), showing a significant decrease in tail
temperature during restraint stress (Figure 3E). Analysis of the
overall restraint stress effect on skin temperature did not show
any significant differences (Figure 3F).

Coping Phenotypes to Social Defeat Do
Not Show Differences in Stress-Induced
Plasma Corticosterone Increase
There was a significant effect for the restraint factor
(F1,19 = 40.94, p < 0.001) on plasma corticosterone
(Figure 4), indicating an increase in plasma corticosterone
evoked by restraint stress. In contrast, it was not different
among phenotypes.
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TABLE 2 | Resting heart rate, mean arterial pressure, and tail skin temperature of
resilient and susceptible phenotypes to SDS.

Control Resilient Susceptible

Heart rate (bpm) 346 ± 11 338 ± 10 387 ± 10*#

Mean arterial pressure (mmHg) 108 ± 4 109 ± 2 101 ± 5

Tail skin temperature (◦C) 27.6 ± 0.6 28.0 ± 0.3 27.6 ± 0.3

Numbers represent means ± SEM (n = 6–8 animals per group).
*p < 0.05 relative to control group.
#p < 0.05 relative to resilient group.

DISCUSSION

Susceptible individuals to SDS, which shows increased
depressive-like behavior in the SIT and coat state evaluation,
have dysregulated resting HR and pressor response to stress,

as shown by resting tachycardia and an exaggerated MAP
response to restraint stress exposure, which might be mediated
by hemodynamic changes in cutaneous beds.

The coat state deterioration index could be used as a simple
method to evaluate depressive-like behavior in rodents since it
reflects important alterations in grooming patterns, which are
related to chronic stress experience (Alonso et al., 2004; Kalueff
and Tuohimaa, 2005; Smolinsky et al., 2009). Chronic stress
exposure increases coat state deterioration, which is reversed
only by chronic treatment with antidepressants (Ibarguen-
Vargas et al., 2008; Law et al., 2016; Mendez-David et al.,
2017). Moreover, mice strains susceptible to stress-induced
behavioral alterations present high levels of coat deterioration
(Pothion et al., 2004; Yalcin et al., 2008; Nasca et al., 2014),
while treatment-resistant mice do not show a reversal of
deterioration scores after being treated with antidepressants

FIGURE 3 | Heart rate (HR), blood pressure, and cutaneous tail temperature changes during restraint stress in resilient and susceptible phenotypes to SDS. Animals
were cannulated 48 h after the last social defeat episode, and cardiovascular parameters were recorded 24 h later. Points represent means + SEM (n = 6–8 animals
per group). The values were expressed as changes from the mean basal value, obtained for 10 min. (A) HR changes during restraint stress exposure. (B) Overall HR
changes during restraint stress exposure. (C) Mean arterial pressure (MAP) changes during restraint stress exposure. (D) Overall MAP changes during restraint stress
exposure. (E) Cutaneous tail temperature changes during restraint stress exposure. (F) Overall cutaneous tail temperature changes during restraint stress exposure.
*p < 0.05 relative to control group; #p < 0.05 relative to resilient group; +significant restraint stress effect.
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(Isingrini et al., 2010). A recent study from our lab also showed
that susceptible rats to SDS presented increased coat state
deterioration (Morais-Silva et al., 2019).

Similar to a previous report from our lab (Morais-Silva et al.,
2019), susceptible rats were tachycardic when cardiovascular
parameters were obtained during the rest. Others have found
similar alterations in resting HR in chronically stressed rodents
(Carnevali et al., 2012; Sévoz-Couche et al., 2013; Crestani,
2016). Elevated values of HR increase the risk of developing
cardiovascular diseases and are related to the difficulty to recover
from such diseases (Boudoulas et al., 2015; Lindgren et al., 2018;
Tadic et al., 2018). Accordingly, it was reported that mice exposed
to chronic psychologic stress have increased resting HR and
decreased endothelial function, which leads to bigger ischemic
damage when the middle cerebral artery is occluded (Custodis
et al., 2011). In rabbits, in which atherosclerotic plaques were
surgically induced (van Hoof et al., 2017), monkeys (Beere et al.,
1984; Kaplan et al., 1987), and apolipoprotein E-deficient mice
(Custodis et al., 2008) fed with an atherogenic diet, lowering
HR was beneficial for the cardiovascular system and retarded
atherosclerotic plaque formation.

Exaggerated pressure response to acute stress challenge has
been described in the literature in the animal models of
depression (Grippo et al., 2002, 2010; Nalivaiko, 2011; Cudnoch-
Jedrzejewska et al., 2014; McNeal et al., 2014; Benini et al.,
2020) but not consistently. In men, social discrimination was
related to increased cardiovascular reactivity during a stress
session (Richman et al., 2007), while a positive emotional style
accelerated the cardiovascular recovery after an acute stressor
(Bostock et al., 2011). Our results showed an exaggerated MAP
response exclusively in the susceptible phenotype. It seems
to indicate an impairment in the cardiovascular response of
animals to stress, which could be harmful to these animals when
facing a new aversive situation. Our findings are supported by
previous evidence that early life stress, which is a risk factor
for developing cardiovascular diseases and psychiatric disorders
during adulthood (Murphy et al., 2017), increased cardiovascular
reactivity to acute restraint stress in borderline hypertensive
Wistar-Kyoto (Sanders and Anticevic, 2007) and Sprague-Dawley
rats (Igosheva et al., 2004) during adulthood. Specifically, we
showed a prolonged increase in the MAP of the susceptible
phenotype in response to a new stressor exposure, which could
contribute, when repeated, to the development of cardiovascular
diseases due to vascular remodeling (Schwartz et al., 2003; Treiber
et al., 2003; Gasperin et al., 2009). In this sense, systolic BP
(SBP) reactivity to stress, as calculated by the mean change in
SBP during stressful tasks, is correlated to carotid intima-media
thickness, a marker of cardiovascular disorder risk, in adolescents
and adults (Jennings et al., 2004; Roemmich et al., 2011; Lambiase
et al., 2012; DuPont et al., 2021).

Based on our results, we cannot say whether the exaggerated
response to restraint stress is related to SDS exposure in
susceptible animals or if this response to the restraint stress
exposure is an intrinsic characteristic of the susceptible rats to
the SDS. In this regard, acute stress elicits varying hemodynamic
alterations in both humans and rats. Some individuals, designated
as vascular responders, show a decrease in cardiac output

FIGURE 4 | Plasma corticosterone levels in susceptible and resilient rats to
SDS in response to restraint stress exposure. Blood samples were collected
10 min before and right after 30 min of restraint stress. Bars represent
means + SEM (n = 6–8 animals per group). +p significant restraint stress
effect.

together with increased systemic vascular resistance when
exposed to acute stress, while others, designated as mixed
responders, show an increase in both cardiac output and systemic
vascular resistance (Turner et al., 1992; Knuepfer et al., 1993,
2001). Interestingly, rats designated as vascular responders
are predisposed to a sustained stress-induced increase in BP
when exposed to chronic stress (Muller et al., 2001), while
depressive symptoms are associated with increased systemic
vascular resistance and decreased cardiac output in response to
a motor and mental task (Matthews et al., 2005; Salomon et al.,
2009). While such results are interesting and seem to be related
to cardiovascular responses to stress, how such hemodynamic
alterations are related to our results remains unknown.

The exaggerated pressure response to a new stressor in
susceptible rats could be related to increased sympathetic
activity. Accordingly, the restraint stress-evoked tachycardia and
hypertension are mediated by sympathetic activation (dos Reis
et al., 2014). We reported previously that susceptible rats to
SDS presented increased sympathetic tone to the heart at rest
(Morais-Silva et al., 2019). Therefore, the exaggerated MAP
response to restraint in susceptible rats to SDS seems to be
related to facilitation in the sympathetic activity. In this sense,
the difference in restraint-evoked MAP increase indicates an
enhanced total peripheral resistance (TPR) during restraint stress
in susceptible animals. This idea is supported by the absence of
changes in tachycardiac response. Thus, although we have not
assessed the cardiac output, the similar HR response indicates
that the change in pressor effect is mainly related to vascular
resistance. Nevertheless, we did not find differences in tail skin
temperature drop between the experimental groups. However,
the absence of change in skin temperature does not necessarily
exclude an involvement of hemodynamic changes in cutaneous
bed in the exaggerated pressor response to restraint stress once
enhanced sympathetically mediated cutaneous vasoconstriction
might have been offset by the exaggerated increase in MAP, so
that the drop in tail skin temperature was similar in susceptible
animals. Furthermore, we cannot exclude an involvement of
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changes in other beds once the hemodynamic changes during
stressful events, such as restraint stress, include vasoconstriction
of the splanchnic, renal, cutaneous, and celiac vascular beds,
which are followed by vasodilatation of the skeletal muscle
vasculature (Iriuchijima et al., 1982; Kirby et al., 1987; Kapusta
et al., 1989; Zhang et al., 1992, 1996; Anderson and Overton,
1994; Schadt and Hasser, 1998; Blessing, 2003; Mohammed et al.,
2014). Therefore, a possible enhanced TPR during restraint
stress in susceptible animals might be related to an impairment
in skeletal muscle vasculature vasodilation and/or enhanced
vasoconstriction in cutaneous and other beds. In this sense,
it is worth mentioning that the vascular segments seem to be
differently affected by emotional stress (Kume et al., 2020), so
that the different beds might be differently impacted by SDS.
Therefore, further studies assessing the hemodynamic changes in
different beds are necessary to elucidate the mechanisms related
to the enhanced pressor response in susceptible animals. The
concomitant increases in HR and BP during stress are elicited to
prepare organisms facing harmful situations and are also finely
controlled by the autonomic nervous system to not exceed a
physiological range. Dysregulations of this control could lead
to adverse cardiovascular events, including cardiac arrhythmias
(Paton et al., 2005).

Hypothalamic-pituitary-adrenal (HPA) axis of both
susceptible and resilient rats seems to be similarly activated
during a novel stress exposure since we did not find significant
differences in the phenotype regarding the basal plasma
corticosterone and its increase in response to restraint stress
exposure. The lack of difference between the phenotypes in
basal plasma corticosterone difference is contrary to our previous
study where we found an increase in basal plasma corticosterone
in resilient rats (Morais-Silva et al., 2019). These findings are
intriguing since several studies have reported altered HPA axis
activity in depressed patients (Holsboer, 2000) and chronic
administration of corticosterone could be used as an animal
model of depression since it increases depressive-like behavior in
rodents (Zhao et al., 2008). Nevertheless, the present findings are
in line with previous evidence that rats identified as susceptible
or resilient to SDS based on the latency to assume a submissive
posture during a defeat episode did not show differences in
corticosterone release during restraint stress exposure (Wood
et al., 2010). Regarding our previous study (Morais-Silva et al.,
2019), differences in the experimental timeline could explain
the discrepancy between the two studies. In this study, we
collected the plasma for corticosterone measurement 48 h after
the cannulation surgery and compared it with 24 h in the previous
study. Thus, in the first study, the changes could be related to
the interaction between the phenotype and surgery procedure,
different from this study. Therefore, more studies should be

conducted to address the importance of HPA axis changes in
the etiology of depression evoked by SDS.

In summary, the susceptible rats to SDS have exaggerated
MAP response to restraint stress exposure. The susceptible
phenotype shows increased depressive-like together with
disrupted cardiovascular parameters, reinforcing the relationship
between cardiovascular diseases and depression. The use of the
social defeat paradigm and SIT to identify coping phenotypes
seems to be a valid tool to study the etiology and new
treatment strategies for psychiatric and cardiovascular diseases
related to stress.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by all procedures
involving animals were conducted according to the principles
of the National Council for Animal Experiments Control
(CONCEA), based on the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and
approved by the local ethics committee for animal care and use
(CEUA FCF/CAr) under the protocol number 01/2017.

AUTHOR CONTRIBUTIONS

GM-S and MM conceived and designed the experiments. GM-S,
LG-D-S, WC-F, and JP performed the experiments and analyzed
the data. GM-S, LG-D-S, WC-F, CC, and MM interpreted the
results. GM-S prepared the draft. GM-S, CC, and MM edited and
revised the manuscript. All authors approved the final version
of the manuscript.

FUNDING

This work was supported by Grant No. 2015/25308-3 from São
Paulo Research Foundation (FAPESP) to GM-S and financed in
part by the Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior, Brasil (CAPES), Finance Code 001. FAPESP and CAPES
had no further role in the study design, such as in the collection,
analysis, or interpretation of data; in the writing of the report; or
in the decision to submit the manuscript for publication.

REFERENCES
Alonso, R., Griebel, G., Pavone, G., Stemmelin, J., Le Fur, G., and

Soubrié, P. (2004). Blockade of CRF1 or V1b receptors reverses
stress-induced suppression of neurogenesis in a mouse model
of depression. Mol. Psychiatry 9, 278–286. doi: 10.1038/sj.mp.40
01464

Anderson, G. A., and Overton, J. M. (1994). Acute exercise and cardiovascular
responses to stress in rats. Physiol. Behav. 56, 639–644. doi: 10.1016/0031-
9384(94)90219-4

Beere, P., Glagov, S., and Zarins, C. (1984). Retarding effect of lowered heart rate on
coronary atherosclerosis. Science 226, 180–182. doi: 10.1126/science.6484569

Benini, R., Oliveira, L. A., Gomes-de-Souza, L., Rodrigues, B., and Crestani,
C. C. (2020). Habituation of the cardiovascular response to restraint stress is

Frontiers in Physiology | www.frontiersin.org 8 February 2022 | Volume 12 | Article 781447

https://doi.org/10.1038/sj.mp.4001464
https://doi.org/10.1038/sj.mp.4001464
https://doi.org/10.1016/0031-9384(94)90219-4
https://doi.org/10.1016/0031-9384(94)90219-4
https://doi.org/10.1126/science.6484569
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-781447 February 10, 2022 Time: 16:25 # 9

Morais-Silva et al. Cardiovascular Reactivity of Susceptible Rats

inhibited by exposure to other stressor stimuli and exercise training. J. Exp. Biol.
223:jeb219501. doi: 10.1242/jeb.219501

Berton, O., McClung, C. A., Dileone, R. J., Krishnan, V., Renthal, W., Russo, S. J.,
et al. (2006). Essential role of BDNF in the mesolimbic dopamine pathway in
social defeat stress. Science 311, 864–868. doi: 10.1126/science.1120972

Blessing, W. W. (2003). Lower brainstem pathways regulating sympathetically
mediated changes in cutaneous blood flow. Cell. Mol. Neurobiol. 23, 527–538.
doi: 10.1023/a:1025020029037

Bostock, S., Hamer, M., Wawrzyniak, A. J., Mitchell, E. S., and Steptoe, A. (2011).
Positive emotional style and subjective, cardiovascular and cortisol responses to
acute laboratory stress. Psychoneuroendocrinology 36, 1175–1183. doi: 10.1016/
j.psyneuen.2011.02.009

Boudoulas, K. D., Borer, J. S., and Boudoulas, H. (2015). Heart Rate, life expectancy
and the cardiovascular system: therapeutic considerations. Cardiology 132,
199–212. doi: 10.1159/000435947

Busnardo, C., Crestani, C. C., Scopinho, A. A., Packard, B. A., Resstel,
L. B. M., Correa, F. M. A., et al. (2019). Nitrergic neurotransmission
in the paraventricular nucleus of the hypothalamus modulates autonomic,
neuroendocrine and behavioral responses to acute restraint stress in rats. Prog.
Neuro Psychopharmacol. Biol. Psychiatry 90, 16–27. doi: 10.1016/j.pnpbp.2018.
11.001

Carnevali, L., Mastorci, F., Graiani, G., Razzoli, M., Trombini, M., Pico-Alfonso,
M. A., et al. (2012). Social defeat and isolation induce clear signs of a depression-
like state, but modest cardiac alterations in wild-type rats. Physiol. Behav. 106,
142–150. doi: 10.1016/j.physbeh.2012.01.022

Cohen, S., Janicki-Deverts, D., and Miller, G. E. (2007). Psychological Stress and
Disease. JAMA 298:1685. doi: 10.1001/jama.298.14.1685

Costa-Ferreira, W., Morais-Silva, G., Gomes-de-Souza, L., Marin, M. T., and
Crestani, C. C. (2019). The AT1 receptor antagonist losartan does not affect
depressive-like state and memory impairment evoked by chronic stressors in
rats. Front. Pharmacol. 10:705. doi: 10.3389/fphar.2019.00705

Crestani, C. C. (2016). Emotional stress and cardiovascular complications in
animal models: a review of the influence of stress type. Front. Physiol. 7:251.
doi: 10.3389/fphys.2016.00251

Crestani, C. C., Tavares, R. F., Alves, F. H. F., Resstel, L. B. M., and Correa,
F. M. A. (2010). Effect of acute restraint stress on the tachycardiac and
bradycardiac responses of the baroreflex in rats. Stress 13, 61–72. doi: 10.3109/
10253890902927950

Cudnoch-Jedrzejewska, A., Czarzasta, K., Puchalska, L., Dobruch, J., Borowik,
O., Pachucki, J., et al. (2014). Angiotensin converting enzyme inhibition
reduces cardiovascular responses to acute stress in myocardially infarcted and
chronically stressed rats. Biomed Res. Int. 2014:385082. doi: 10.1155/2014/
385082

Custodis, F., Baumhäkel, M., Schlimmer, N., List, F., Gensch, C., Böhm, M., et al.
(2008). Heart rate reduction by ivabradine reduces oxidative stress, improves
endothelial function, and prevents atherosclerosis in apolipoprotein E-deficient
mice. Circulation 117, 2377–2387. doi: 10.1161/CIRCULATIONAHA.107.
746537

Custodis, F., Gertz, K., Balkaya, M., Prinz, V., Mathar, I., Stamm, C., et al. (2011).
Heart rate contributes to the vascular effects of chronic mental stress: effects on
endothelial function and ischemic brain injury in mice. Stroke 42, 1742–1749.
doi: 10.1161/STROKEAHA.110.598607

Deussing, J. M. (2006). Animal models of depression. Drug Discov. Today Dis.
Model. 3, 375–383. doi: 10.1016/j.ddmod.2006.11.003

dos Reis, D. G., Fortaleza, E. A. T., Tavares, R. F., and Corrêa, F. M. A. (2014). Role
of the autonomic nervous system and baroreflex in stress-evoked cardiovascular
responses in rats. Stress 17, 362–372. doi: 10.3109/10253890.2014.930429

DuPont, C. M., Wright, A. G. C., Manuck, S. B., Muldoon, M. F., Jennings, J. R., and
Gianaros, P. J. (2021). Is stressor-evoked cardiovascular reactivity a pathway
linking positive and negative emotionality to preclinical cardiovascular disease
risk? Psychophysiology 58, 1–14. doi: 10.1111/psyp.13741

Gasperin, D., Netuveli, G., Dias-da-Costa, J. S., and Pattussi, M. P. (2009).
Effect of psychological stress on blood pressure increase: a meta-analysis
of cohort studies. Cad. Saude Publica 25, 715–726. doi: 10.1590/S0102-
311X2009000400002

Gomes-de-Souza, L., Benini, R., Costa-Ferreira, W., and Crestani, C. C. (2019).
GABAA but not GABAB receptors in the lateral hypothalamus modulate the

tachycardic response to emotional stress in rats. Eur. Neuropsychopharmacol.
29, 672–680. doi: 10.1016/j.euroneuro.2019.03.001

Grippo, A. J., Moffitt, J. A., and Johnson, A. K. (2002). Cardiovascular alterations
and autonomic imbalance in an experimental model of depression. Am. J.
Physiol. Integr. Comp. Physiol. 282, R1333–R1341. doi: 10.1152/ajpregu.00614.
2001

Grippo, A. J., Sgoifo, A., Mastorci, F., McNeal, N., and Trahanas, D. M. (2010).
Cardiac dysfunction and hypothalamic activation during a social crowding
stressor in prairie voles. Auton. Neurosci. 156, 44–50. doi: 10.1016/j.autneu.
2010.03.003

Holsboer, F. (2000). The corticosteroid receptor hypothesis of depression.
Neuropsychopharmacology 23, 477–501. doi: 10.1016/S0893-133X(00)00159-7

Hughes, B. M., Lü, W., and Howard, S. (2018). Cardiovascular stress-response
adaptation: conceptual basis, empirical findings, and implications for disease
processes. Int. J. Psychophysiol. 131, 4–12. doi: 10.1016/j.ijpsycho.2018.02.003

Ibarguen-Vargas, Y., Surget, A., Touma, C., Palme, R., and Belzung, C. (2008).
Multifaceted strain-specific effects in a mouse model of depression and of
antidepressant reversal. Psychoneuroendocrinology 33, 1357–1368. doi: 10.1016/
j.psyneuen.2008.07.010

Igosheva, N., Klimova, O., Anishchenko, T., and Glover, V. (2004). Prenatal stress
alters cardiovascular responses in adult rats. J. Physiol. 557, 273–285. doi: 10.
1113/jphysiol.2003.056911

Iriuchijima, J., Kawaue, Y., and Teranishi, Y. (1982). Blood flow redistribution in
the transposition response of the rat. Jpn. J. Physiol. 32, 807–816. doi: 10.2170/
jjphysiol.32.807

Isingrini, E., Camus, V., Le Guisquet, A. M., Pingaud, M., Devers, S., and Belzung,
C. (2010). Association between repeated unpredictable chronic mild stress
(UCMS) procedures with a high fat diet: a model of fluoxetine resistance in
mice. PLoS One 5:e10404. doi: 10.1371/journal.pone.0010404

Jennings, J. R., Kamarck, T. W., Everson-Rose, S. A., Kaplan, G. A., Manuck,
S. B., and Salonen, J. T. (2004). Exaggerated blood pressure responses during
mental stress are prospectively related to enhanced carotid atherosclerosis in
middle-aged Finnish men. Circulation 110, 2198–2203. doi: 10.1161/01.CIR.
0000143840.77061.E9

Kalueff, A. V., and Tuohimaa, P. (2005). Mouse grooming microstructure is a
reliable anxiety marker bidirectionally sensitive to GABAergic drugs. Eur. J.
Pharmacol. 508, 147–153. doi: 10.1016/j.ejphar.2004.11.054

Kaplan, J. R., Manuck, S. B., Adams, M. R., Weingand, K. W., and Clarkson, T. B.
(1987). Inhibition of coronary atherosclerosis by propranolol in behaviorally
predisposed monkeys fed an atherogenic diet. Circulation 76, 1364–1372. doi:
10.1161/01.CIR.76.6.1364

Kapusta, D. R., Knardahl, S., Koepke, J. P., Johnson, A. K., and DiBona, G. F. (1989).
Selective central alpha-2 adrenoceptor control of regional haemodynamic
responses to air jet stress in conscious spontaneously hypertensive rats.
J. Hypertens 7, 189–194.

Kirby, R. F., Callahan, M. F., and Johnson, A. K. (1987). Regional vascular
responses to an acute stressor in spontaneously hypertensive and Wistar-Kyoto
rats. J. Auton. Nerv. Syst. 20, 185–188. doi: 10.1016/0165-1838(87)90116-0

Knuepfer, M. M., Branch, C. A., Mueller, P. J., and Gan, Q. (1993). Stress and
cocaine elicit similar cardiac output responses in individual rats. Am. J. Physiol.
Circ. Physiol. 265, H779–H782. doi: 10.1152/ajpheart.1993.265.2.H779

Knuepfer, M. M., Purcell, R. M., Gan, Q., and Le, K. M. (2001). Hemodynamic
response patterns to acute behavioral stressors resemble those to cocaine. Am.
J. Physiol. Integr. Comp. Physiol. 281, R1778–R1786. doi: 10.1152/ajpregu.2001.
281.6.R1778

Krishnan, V., Han, M.-H., Graham, D. L., Berton, O., Renthal, W., Russo, S. J., et al.
(2007). Molecular adaptations underlying susceptibility and resistance to social
defeat in brain reward regions. Cell 131, 391–404. doi: 10.1016/j.cell.2007.09.018

Kume, D., Nishiwaki, M., Hotta, N., and Endoh, H. (2020). Impact of acute mental
stress on segmental arterial stiffness. Eur. J. Appl. Physiol. 120, 2247–2257.
doi: 10.1007/s00421-020-04448-9

Lambiase, M. J., Dorn, J., and Roemmich, J. N. (2012). Metabolic and
cardiovascular adjustments during psychological stress and carotid artery
intima-media thickness in youth. Physiol. Behav. 105, 1140–1147. doi: 10.1016/
j.physbeh.2011.12.012

Law, J., Ibarguen-Vargas, Y., Belzung, C., and Surget, A. (2016). Decline of
hippocampal stress reactivity and neuronal ensemble coherence in a mouse

Frontiers in Physiology | www.frontiersin.org 9 February 2022 | Volume 12 | Article 781447

https://doi.org/10.1242/jeb.219501
https://doi.org/10.1126/science.1120972
https://doi.org/10.1023/a:1025020029037
https://doi.org/10.1016/j.psyneuen.2011.02.009
https://doi.org/10.1016/j.psyneuen.2011.02.009
https://doi.org/10.1159/000435947
https://doi.org/10.1016/j.pnpbp.2018.11.001
https://doi.org/10.1016/j.pnpbp.2018.11.001
https://doi.org/10.1016/j.physbeh.2012.01.022
https://doi.org/10.1001/jama.298.14.1685
https://doi.org/10.3389/fphar.2019.00705
https://doi.org/10.3389/fphys.2016.00251
https://doi.org/10.3109/10253890902927950
https://doi.org/10.3109/10253890902927950
https://doi.org/10.1155/2014/385082
https://doi.org/10.1155/2014/385082
https://doi.org/10.1161/CIRCULATIONAHA.107.746537
https://doi.org/10.1161/CIRCULATIONAHA.107.746537
https://doi.org/10.1161/STROKEAHA.110.598607
https://doi.org/10.1016/j.ddmod.2006.11.003
https://doi.org/10.3109/10253890.2014.930429
https://doi.org/10.1111/psyp.13741
https://doi.org/10.1590/S0102-311X2009000400002
https://doi.org/10.1590/S0102-311X2009000400002
https://doi.org/10.1016/j.euroneuro.2019.03.001
https://doi.org/10.1152/ajpregu.00614.2001
https://doi.org/10.1152/ajpregu.00614.2001
https://doi.org/10.1016/j.autneu.2010.03.003
https://doi.org/10.1016/j.autneu.2010.03.003
https://doi.org/10.1016/S0893-133X(00)00159-7
https://doi.org/10.1016/j.ijpsycho.2018.02.003
https://doi.org/10.1016/j.psyneuen.2008.07.010
https://doi.org/10.1016/j.psyneuen.2008.07.010
https://doi.org/10.1113/jphysiol.2003.056911
https://doi.org/10.1113/jphysiol.2003.056911
https://doi.org/10.2170/jjphysiol.32.807
https://doi.org/10.2170/jjphysiol.32.807
https://doi.org/10.1371/journal.pone.0010404
https://doi.org/10.1161/01.CIR.0000143840.77061.E9
https://doi.org/10.1161/01.CIR.0000143840.77061.E9
https://doi.org/10.1016/j.ejphar.2004.11.054
https://doi.org/10.1161/01.CIR.76.6.1364
https://doi.org/10.1161/01.CIR.76.6.1364
https://doi.org/10.1016/0165-1838(87)90116-0
https://doi.org/10.1152/ajpheart.1993.265.2.H779
https://doi.org/10.1152/ajpregu.2001.281.6.R1778
https://doi.org/10.1152/ajpregu.2001.281.6.R1778
https://doi.org/10.1016/j.cell.2007.09.018
https://doi.org/10.1007/s00421-020-04448-9
https://doi.org/10.1016/j.physbeh.2011.12.012
https://doi.org/10.1016/j.physbeh.2011.12.012
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-781447 February 10, 2022 Time: 16:25 # 10

Morais-Silva et al. Cardiovascular Reactivity of Susceptible Rats

model of depression. Psychoneuroendocrinology 67, 113–123. doi: 10.1016/j.
psyneuen.2016.01.028

Lindgren, M., Robertson, J., Adiels, M., Schaufelberger, M., Åberg, M., Torén,
K., et al. (2018). Resting heart rate in late adolescence and long term risk
of cardiovascular disease in Swedish men. Int. J. Cardiol. 259, 109–115. doi:
10.1016/j.ijcard.2018.01.110

Matthews, S. C., Nelesen, R. A., and Dimsdale, J. E. (2005). Depressive symptoms
are associated with increased systemic vascular resistance to stress. Psychosom.
Med. 67, 509–513. doi: 10.1097/01.psy.0000160467.78373.d8

McNeal, N., Scotti, M.-A. L., Wardwell, J., Chandler, D. L., Bates, S. L., LaRocca, M.,
et al. (2014). Disruption of social bonds induces behavioral and physiological
dysregulation in male and female prairie voles. Auton. Neurosci. 180, 9–16.
doi: 10.1016/j.autneu.2013.10.001

Mendez-David, I., Guilloux, J.-P., Papp, M., Tritschler, L., Mocaer, E., Gardier,
A. M., et al. (2017). S 47445 Produces antidepressant- and anxiolytic-like
effects through neurogenesis dependent and independent mechanisms. Front.
Pharmacol. 8:462. doi: 10.3389/fphar.2017.00462

Mohammed, M., Ootsuka, Y., and Blessing, W. (2014). Brown adipose tissue
thermogenesis contributes to emotional hyperthermia in a resident rat suddenly
confronted with an intruder rat. Am. J. Physiol. Regul. Integr. Comp. Physiol.
306, 394–400. doi: 10.1152/ajpregu.00475.2013

Morais-Silva, G., Costa-Ferreira, W., Gomes-de-Souza, L., Pavan, J. C., Crestani,
C. C., and Marin, M. T. (2019). Cardiovascular outcomes related to social
defeat stress: new insights from resilient and susceptible rats. Neurobiol. Stress
11:100181. doi: 10.1016/j.ynstr.2019.100181

Muller, J. R., Le, K. M., Haines, W. R., Gan, Q., and Knuepfer, M. M.
(2001). Hemodynamic response pattern predicts susceptibility to stress-induced
elevation in arterial pressure in the rat. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 281, 31–37. doi: 10.1152/ajpregu.2001.281.1.r31

Murphy, M. O., Cohn, D. M., and Loria, A. S. (2017). Developmental origins
of cardiovascular disease: impact of early life stress in humans and rodents.
Neurosci. Biobehav. Rev. 74, 453–465. doi: 10.1016/j.neubiorev.2016.07.018

Nalivaiko, E. (2011). Animal models of psychogenic cardiovascular disorders: what
we can learn from them and what we cannot. Clin. Exp. Pharmacol. Physiol. 38,
115–125. doi: 10.1111/j.1440-1681.2010.05465.x

Nasca, C., Bigio, B., Zelli, D., Nicoletti, F., and McEwen, B. S. (2014). Mind the gap:
glucocorticoids modulate hippocampal glutamate tone underlying individual
differences in stress susceptibility. Mol. Psychiatry 20, 755–763. doi: 10.1038/
mp.2014.96

Paton, J. F. R., Boscan, P., Pickering, A. E., and Nalivaiko, E. (2005). The yin
and yang of cardiac autonomic control: vago-sympathetic interactions revisited.
Brain Res. Rev. 49, 555–565. doi: 10.1016/j.brainresrev.2005.02.005

Penninx, B. W. J. H. (2016). Depression and cardiovascular disease:
epidemiological evidence on their linking mechanisms. Neurosci. Biobehav.
Rev. 74, 277–286. doi: 10.1016/j.neubiorev.2016.07.003

Pothion, S., Bizot, J. C., Trovero, F., and Belzung, C. (2004). Strain differences
in sucrose preference and in the consequences of unpredictable chronic mild
stress. Behav. Brain Res. 155, 135–146. doi: 10.1016/j.bbr.2004.04.008

Richman, L. S., Bennett, G. G., Pek, J., Siegler, I., and Williams, R. B. (2007).
Discrimination, dispositions, and cardiovascular responses to stress. Health
Psychol. 26, 675–683. doi: 10.1037/0278-6133.26.6.675

Roemmich, J. N., Feda, D. M., Seelbinder, A. M., Lambiase, M. J., Kala, G. K., and
Dorn, J. (2011). Stress-induced cardiovascular reactivity and atherogenesis in
adolescents. Atherosclerosis 215, 465–470. doi: 10.1016/j.atherosclerosis.2010.
12.030

Salomon, K., Clift, A., Karlsdóttir, M., and Rottenberg, J. (2009). Major depressive
disorder is associated with attenuated cardiovascular reactivity and impaired
recovery among those free of cardiovascular disease. Health Psychol. 28, 157–
165. doi: 10.1037/a0013001

Sanders, B., and Anticevic, A. (2007). Maternal separation enhances neuronal
activation and cardiovascular responses to acute stress in borderline
hypertensive rats. Behav. Brain Res. 183, 25–30. doi: 10.1016/j.bbr.2007.05.020

Schadt, J. C., and Hasser, E. M. (1998). Hemodynamic effects of acute stressors in
the conscious rabbit. Am. J. Physiol. Regul. Integr. Comp. Physiol. 274, 814–821.
doi: 10.1152/ajpregu.1998.274.3.r814

Schwartz, A. R., Gerin, W., Davidson, K. W., Pickering, T. G., Brosschot, J. F.,
Thayer, J. F., et al. (2003). Toward a causal model of cardiovascular responses

to stress and the development of cardiovascular disease. Psychosom. Med. 65,
22–35. doi: 10.1097/01.PSY.0000046075.79922.61

Sévoz-Couche, C., Brouillard, C., Camus, F., Laude, D., De Boer, S. F., Becker, C.,
et al. (2013). Involvement of the dorsomedial hypothalamus and the nucleus
tractus solitarii in chronic cardiovascular changes associated with anxiety in
rats. J. Physiol. 591, 1871–1887. doi: 10.1113/jphysiol.2012.247791

Sgoifo, A., Carnevali, L., and Grippo, A. J. (2014). The socially stressed heart.
Insights from studies in rodents. Neurosci. Biobehav. Rev. 39, 51–60. doi: 10.
1016/j.neubiorev.2013.12.005

Smolinsky, A. N., Bergner, C. L., LaPorte, J. L., and Kalueff, A. V. (2009). “Analysis
of grooming behavior and its utility in studying animal stress, anxiety, and
depression,” in Mood and Anxiety Related Phenotypes in Mice, ed. T. D. Gould
(New York, NY: Humana Press), 21–36. doi: 10.1007/978-1-60761-303-9_2

Suls, J. (2018). Toxic affect: are anger, anxiety, and depression independent
risk factors for cardiovascular disease? Emot. Rev. 10, 6–17. doi: 10.1177/
1754073917692863

Tadic, M., Cuspidi, C., and Grassi, G. (2018). Heart rate as a predictor of
cardiovascular risk. Eur. J. Clin. Invest. 53:e12892. doi: 10.1111/eci.12892

Treiber, F. A., Kamarck, T., Schneiderman, N., Sheffield, D., Kapuku, G., and
Taylor, T. (2003). Cardiovascular reactivity and development of preclinical
and clinical disease states. Psychosom. Med. 65, 46–62. doi: 10.1097/00006842-
200301000-00007

Turner, J. R., Sherwood, A., and Light, K. C. (eds) (1992). Individual Differences in
Cardiovascular Response to Stress. Boston, MA: Springer US. doi: 10.1007/978-
1-4899-0697-7

van Hoof, R. H. M., Hermeling, E., Sluimer, J. C., Salzmann, J., Hoeks, A. P. G.,
Roussel, J., et al. (2017). Heart rate lowering treatment leads to a reduction
in vulnerable plaque features in atherosclerotic rabbits. PLoS One 12:e0179024.
doi: 10.1371/journal.pone.0179024

Venzala, E., García-García, A. L., Elizalde, N., Delagrange, P., and Tordera, R. M.
(2012). Chronic social defeat stress model: behavioral features, antidepressant
action, and interaction with biological risk factors. Psychopharmacology (Berl).
224, 313–325. doi: 10.1007/s00213-012-2754-5

Wood, S. K., Walker, H. E., Valentino, R. J., and Bhatnagar, S. (2010). Individual
differences in reactivity to social stress predict susceptibility and resilience to a
depressive phenotype: role of corticotropin-releasing factor. Endocrinology 151,
1795–1805. doi: 10.1210/en.2009-1026

Yalcin, I., Belzung, C., and Surget, A. (2008). Mouse strain differences in the
unpredictable chronic mild stress: a four-antidepressant survey. Behav. Brain
Res. 193, 140–143. doi: 10.1016/j.bbr.2008.04.021

Zhang, Z. Q., Julien, C., and Barrès, C. (1996). Baroreceptor modulation of regional
haemodynamic responses to acute stress in rat. J. Auton. Nerv. Syst. 60, 23–30.
doi: 10.1016/0165-1838(96)00023-9

Zhang, Z. Q., Julien, C., Cerutti, C., Paultre, C., and Barrès, C. (1992). Role of
sympathetic nerve fibers in hemodynamic responses to stress in rats. Arch. Mal.
Coeur Vaiss 85, 1141–1144.

Zhao, Y., Ma, R., Shen, J., Su, H., Xing, D., and Du, L. (2008). A mouse model
of depression induced by repeated corticosterone injections. Eur. J. Pharmacol.
581, 113–120. doi: 10.1016/j.ejphar.2007.12.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Morais-Silva, Gomes-de-Souza, Costa-Ferreira, Pavan, Crestani
and Marin. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 10 February 2022 | Volume 12 | Article 781447

https://doi.org/10.1016/j.psyneuen.2016.01.028
https://doi.org/10.1016/j.psyneuen.2016.01.028
https://doi.org/10.1016/j.ijcard.2018.01.110
https://doi.org/10.1016/j.ijcard.2018.01.110
https://doi.org/10.1097/01.psy.0000160467.78373.d8
https://doi.org/10.1016/j.autneu.2013.10.001
https://doi.org/10.3389/fphar.2017.00462
https://doi.org/10.1152/ajpregu.00475.2013
https://doi.org/10.1016/j.ynstr.2019.100181
https://doi.org/10.1152/ajpregu.2001.281.1.r31
https://doi.org/10.1016/j.neubiorev.2016.07.018
https://doi.org/10.1111/j.1440-1681.2010.05465.x
https://doi.org/10.1038/mp.2014.96
https://doi.org/10.1038/mp.2014.96
https://doi.org/10.1016/j.brainresrev.2005.02.005
https://doi.org/10.1016/j.neubiorev.2016.07.003
https://doi.org/10.1016/j.bbr.2004.04.008
https://doi.org/10.1037/0278-6133.26.6.675
https://doi.org/10.1016/j.atherosclerosis.2010.12.030
https://doi.org/10.1016/j.atherosclerosis.2010.12.030
https://doi.org/10.1037/a0013001
https://doi.org/10.1016/j.bbr.2007.05.020
https://doi.org/10.1152/ajpregu.1998.274.3.r814
https://doi.org/10.1097/01.PSY.0000046075.79922.61
https://doi.org/10.1113/jphysiol.2012.247791
https://doi.org/10.1016/j.neubiorev.2013.12.005
https://doi.org/10.1016/j.neubiorev.2013.12.005
https://doi.org/10.1007/978-1-60761-303-9_2
https://doi.org/10.1177/1754073917692863
https://doi.org/10.1177/1754073917692863
https://doi.org/10.1111/eci.12892
https://doi.org/10.1097/00006842-200301000-00007
https://doi.org/10.1097/00006842-200301000-00007
https://doi.org/10.1007/978-1-4899-0697-7
https://doi.org/10.1007/978-1-4899-0697-7
https://doi.org/10.1371/journal.pone.0179024
https://doi.org/10.1007/s00213-012-2754-5
https://doi.org/10.1210/en.2009-1026
https://doi.org/10.1016/j.bbr.2008.04.021
https://doi.org/10.1016/0165-1838(96)00023-9
https://doi.org/10.1016/j.ejphar.2007.12.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Cardiovascular Reactivity to a Novel Stressor: Differences on Susceptible and Resilient Rats to Social Defeat Stress
	Introduction
	Materials and Methods
	Experimental Subjects
	Social Defeat Stress
	Physical State Evaluation
	Social Interaction Test
	Femoral Artery Cannulation
	Recording of the Cardiovascular Parameters
	Acute Restraint Stress
	Cutaneous Tail Temperature
	Plasma Corticosterone Quantification
	Statistical Analysis

	Results
	Susceptible Rats Show Social Avoidance and Increased Depressive-Like Behavior After Social Defeat
	Susceptible Rats Show Resting Tachycardia and Exaggerated Mean Arterial Pressure Response to Restraint Stress
	Coping Phenotypes to Social Defeat Do Not Show Differences in Stress-Induced Plasma Corticosterone Increase

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


