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Abstract: Stress-induced conditions are associated with impaired cerebral blood flow (CBF) and
increased risk of dementia and stroke. However, these conditions do not develop in resilient humans
and animals. Here the effects of predator stress (PS, cat urine scent, ten days) on CBF and mechanisms
of CBF regulation were compared in PS-susceptible (PSs) and PS-resilient (PSr) rats. Fourteen days
post-stress, the rats were segregated into PSs and PSr groups based on a behavior-related anxiety
index (AI). CBF and its endothelium-dependent changes were measured in the parietal cortex by laser
Doppler flowmetry. The major findings are: (1) PS susceptibility was associated with reduced basal
CBF and endothelial dysfunction. In PSr rats, the basal CBF was higher, and endothelial dysfunction
was attenuated. (2) CBF was inversely correlated with the AI of PS-exposed rats. (3) Endothelial
dysfunction was associated with a decrease in eNOS mRNA in PSs rats compared to the PSr and
control rats. (4) Brain dopamine was reduced in PSs rats and increased in PSr rats. (5) Plasma
corticosterone of PSs was reduced compared to PSr and control rats. (6) A hypercoagulation state was
present in PSs rats but not in PSr rats. Thus, potential stress resilience mechanisms that are protective
for CBF were identified.

Keywords: predator stress; post-traumatic stress disorder; resilience; cerebral blood flow; endothelial
dysfunction; corticosterone; dopamine; hemostasis

1. Introduction

Predator stress (PS) can induce post-traumatic stress disorder (PTSD) and other anxiety-
like behavior [1,2]. PTSD is a severe psychiatric disorder that develops in individuals after
surviving a life-threatening event and may result in both mental and physiological disor-
ders [3,4], especially cardiovascular disease [5,6]. More specifically, PTSD is a recognized
risk factor for myocardial infarction and stroke, independent of other cardiovascular risk
factors and depression [7,8]. It has been reported that regional cerebral blood flow (CBF)
is impaired in patients with PTSD [7,9]. It was suggested [10,11] that this impairment
contributes to cognitive disorders observed in patients with PTSD, including a greater risk
of dementia [7,12]. Thus, disturbed regulation of CBF can play an important role in the high
risk of both cardiovascular and mental disorders following severe stress [7]. Accordingly,
special attention should be paid to endothelial dysfunction [13–15] as a factor affecting CBF
after severe stress.
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Not all people exposed to traumatic events develop PTSD [16]. Approximately 60–70%
of PTSD-related psychological and physiological disorders do not develop or subside
within 1–4 weeks [17]. The long-term response to severe stress apparently depends on
individual vulnerability or resilience [17–19]. Recently, we compared the effects of PS on the
heart of rats segregated into groups susceptible or resilient to experimental PS and showed
that following PS, morphological cardiac injury, ECG changes, and impaired exercise
tolerance were more pronounced in PS-susceptible (PSs) rats [20]. No such experimental
studies of CBF in PS-susceptible and PS-resilient (PSr) animals have been performed, and
mechanisms that might account for differences in susceptibility of the cerebrovascular
system to the effects of PS have not been investigated.

The present study focuses on the effect of PS on CBF in rats and comparing mech-
anisms of blood flow regulation in PSr and PSs rats. Our goal is to identify factors that
could be implicated in the antistress protection of cerebral circulation and PS resilience.
To achieve these goals, rats are first segregated into PSr and PSs groups, based on an
anxiety index (AI) determined in an elevated plus maze test [20–27]. Then, basal CBF and
endothelial function in these subgroups are compared. For the next step of the study, major
mechanisms that could underlie both the CBF protection and the resilience in PSr rats are
assessed. These mechanisms include the expression of endothelial NO synthase mRNA
and cerebral tissue dopamine, which is protective for CBF and endothelial function due
to the stimulation of eNOS expression [28,29]. Also considered is plasma corticosterone,
which can provide stress resilience and protection of endothelial function by alleviating
the systemic inflammation characteristic of exposure to severe stress [30,31]. Finally, it was
found that the PS-resilient phenotype avoids stress-induced hypercoagulation and, hence,
is at less risk of cerebrovascular disease, dementia, and stroke.

2. Results

Throughout the experiment, all rats were healthy, and the group weights did not
significantly differ (p > 0.05).

2.1. Effect of PS on Behavior in an EPM

The results of the EPM test are shown in Table 1. The AI of control rats (n = 30) was
0.61 ± 0.04. The rats that were exposed to PS and segregated into groups with high AI
(AI > 0.8, PSs rats, n = 18) and low AI (AI < 0.8, PSr rats, n = 22). As a result of this
segregation, the mean AI of the PSs rats was 51% greater than that of the control rats
(p < 0.001) and 37% greater than the AI of the PSr rats (p < 0.001). The AI of PSr rats was not
significantly different from that of the control rats. These data show that, based on anxiety
as evaluated by the EPM test, rats exposed to PS clearly expressed two distinctly different
phenotypes, stress susceptible or stress resilient. The distribution of these phenotypes was
approximately equal (PSs, n = 18/40 and PSr, n = 22/40).

Table 1. Behavioral data from elevated plus maze test.

Variable Control Rats (n = 30) PSs Rats (n = 18) PSr Rats (n = 22)

Number of entries
into closed arms 10.3 ± 0.6 6.1 ± 0.3 * 9.4 ± 0.5 #

Number of entries
into open arms 6.3 ± 0.4 0.9 ± 0.1 * 5.5 ± 0.3 #

Time spent in closed
arms, s 346 ± 20 589 ± 32 * 431± 26 #

Time spent in open
arms, s 255 ± 12 10.2 ± 0.6 * 170 ± 10 #

Anxiety index 0.61 ± 0.04 0.92 ± 0.05 * 0.67 ± 0.04 #

Data are mean ± SD. PSs, PS-susceptible rats; PSr, PS-resilient rats. * Difference from control, p < 0.001. # Difference
from PSs, p < 0.001.
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2.2. Effect of PS on Cerebral Blood Flow and on Factors That Affect Cerebral Blood Flow

The basal CBF in the parietal cortex of PSs rats was 16% less than in the control rats
(p = 0.038) and 34% less than in PSr (p = 0.024) (Figure 1). Interestingly, the basal CBF was
18% greater in PSr rats than in the control rats (p = 0.043).
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Figure 1. CBF in the parietal cortex of control, PSs, and PSr rats. CBF, cerebral blood flow; PSs,
PS-susceptible rats; PSr, PS-resilient rats. * Difference from control, p < 0.040; # Difference from PSs,
p = 0.043.

The correlation of AI values with the respective basal CBF values of all rats exposed to
PS was computed. The analysis showed that AI was inversely correlated with basal CBF
(r = −0.75, p = 0.022). Thus, lower anxiety was associated with higher CBF and, therefore,
with a better supply of oxygen and nutrients to cerebral structures.

Ach releases NO from the endothelium, so the response to Ach, as a percentage of basal
flow, reflected potential endothelium-dependent vasodilation (EDV) of the cerebral blood
vessels (Figure 2). In the control group, Ach increased CBF by 21% (p = 0.008 compared
to the basal flow). In PSs rats, CBF responded to Ach with a significant decrease, by 5.5%,
of the basal flow (p < 0.001 compared to the large, positive control response). This inverse
response to Ach is typical for endothelial dysfunction.
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Figure 2. Endothelial function in control, PSs, and PSr rats. Bars show changes in CBF in response
to acetylcholine as a percent of basal CBF. CBF, cerebral blood flow; PSs, PS-susceptible rats; PSr,
PS-resilient rats. * Difference from the control response, p < 0.001. # Difference from the PSs response,
p = 0.049.
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In PSr rats, there was no significant flow response to Ach (p < 0.001 vs. the positive
control response), as Ach-stimulated CBF remained unchanged from the basal CBF. The
absence of Ach-induced dilation is again consistent with endothelial dysfunction. Still,
here the elevated basal CBF of the PSr rats may have dampened the response to Ach. This
response to Ach in PSr rats was, however, 4.6% greater than that of PSs rats (p = 0.049).

2.3. Effect of PS on Cerebral eNOS mRNA

In PSs rats, the content of eNOS mRNA was 86% less (p = 0.010) than in control rats
and 85% less in PSr rats (p = 0.016; Table 2). In PSr rats, the eNOS mRNA expression did
not differ from the control expression.

Table 2. Effect of PS on eNOS mRNA expression in control, PSs, and PSs rats.

Groups mRNA eNOS

Control (n = 5) 3.44 ± 2.63

PSs (n = 5) 0.5 ± 0.01 *

PSr (n = 10) 3.3 ± 0.25 #

Data are eNOS mRNA content in relative units (eNOS/GAPDH). PSs, susceptible rats; PSr, PS-resilient rats; eNOS,
endothelial NO-synthase. * Difference from control, p = 0.01; # Difference from PSs, p < 0.02.

2.4. Effect of PS on Dopamine in the Cerebral Parietal Cortex

DA concentrations in the parietal cortex are shown in Figure 3. In PSs rats, DA was
41% less (p = 0.025) than in control rats and 155% less (p = 0.004) than in PSr rats. In PSr rats,
the DA was 51% greater (p < 0.001) than in control rats. These differences in group cerebral
dopamine are consistent with the observed differences in group basal cerebral blood flow.
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Figure 3. Effect of PS on dopamine concentration in brain parietal cortex of control rats (n = 19),
PS-susceptible rats (PSs, n = 9), and PS-resilient rats (PSr, n = 11). * Difference from control, p = 0.025.
# Difference from PSs, p < 0.001).

2.5. Effect of PS on Plasma Corticosterone

The effect of PS on the concentration of plasma CORT is shown in Figure 4. In PSs rats,
CORT was 49% less (p < 0.001) than in control rats and 36% less (p > 0.001) than in PSr rats.
In PSr rats, CORT was 26% lower (p < 0.001) than in control rats.



Int. J. Mol. Sci. 2022, 23, 14729 5 of 15

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 3. Effect of PS on dopamine concentration in brain parietal cortex of control rats (n = 19), PS-
susceptible rats (PSs, n = 9), and PS-resilient rats (PSr, n = 11). * Difference from control, p = 0.025. # 
Difference from PSs, p < 0.001). 

2.5. Effect of PS on Plasma Corticosterone 
The effect of PS on the concentration of plasma CORT is shown in Figure 4. In PSs 

rats, CORT was 49% less (p < 0.001) than in control rats and 36% less (p > 0.001) than in PSr 
rats. In PSr rats, CORT was 26% lower (p < 0.001) than in control rats. 

 
Figure 4. Effect of PS on plasma corticosterone concentration in plasma of control rats (n = 20), PS-
susceptible rats (PSs, n = 9), and PS-resilient rats (PSr, n = 11). * Difference from control, p < 0.001. # 
Difference from PSs, p < 0.001). 

2.6. Effect of PS on Hemostatic Parameters 
Regarding the PS-impaired blood coagulation parameters (Table 3), for PSs rats, 

APTT and PT were 25% and 26% less than in control rats, respectively (p < 0.001 for both). 
The fibrinogen concentration and platelet aggregation were increased by 24% and 28%, 
respectively (p < 0.001 for both). 

  

0

1

2

3

4

5

6

7

D
op

am
in

e 
(p

m
ol

e/
m

l)

Control                PSs                     PSr

Cerebral Dopamine

0
50

100
150
200
250
300
350
400
450
500

C
or

tic
os

te
ro

ne
 (m

g/
m

l)

Control                 PSs                     PSr

Plasma Corticosterone

Figure 4. Effect of PS on plasma corticosterone concentration in plasma of control rats (n = 20),
PS-susceptible rats (PSs, n = 9), and PS-resilient rats (PSr, n = 11). * Difference from control, p < 0.001.
# Difference from PSs, p < 0.001).

2.6. Effect of PS on Hemostatic Parameters

Regarding the PS-impaired blood coagulation parameters (Table 3), for PSs rats, APTT
and PT were 25% and 26% less than in control rats, respectively (p < 0.001 for both).
The fibrinogen concentration and platelet aggregation were increased by 24% and 28%,
respectively (p < 0.001 for both).

Table 3. Data from blood coagulation tests.

Variable Control Rats (n = 10) PSs Rats (n = 10) PSr Rats (n = 10)

APTT, s 23.6 ± 1.4 17.3 ± 0.7 *,# 22.9 ± 1.2

PT, s 13.9 ± 0.7 10.1 ± 0.6 *,# 13.6 ± 0.6

Fibrinogen concentration, g/L 2.7 ± 0.1 3.6 ± 0.4 *,# 2.8 ± 0.2

Platelet aggregation, % 48 ± 2 69 ± 2 *,# 50 ± 3

Data are mean ± SD. PSs, PS-susceptible rats; PSr, PS-resilient rats; APTT, activated partial thromboplastin time;
PT, prothrombin time; FG, fibrinogen, PA, platelet aggregation. * Difference from control, p < 0.001; # Difference
from PSr, p < 0.001).

3. Discussion

Psychological stress, anxiety, and PTSD share many common features [32,33]. In this
study, we produced stress using the same methods as our previous studies [20–27]. Rats
were exposed to repeated PS, and many rats developed anxiety-like behavior by day 14 of
the post-stress period. This model has been considered a relevant model of experimental
PTSD [1,2], although we now see that only 45% of the rats exposed to PS can be said
to develop experimental PTSD. In this study, we used a novel approach that had been
used in our recent investigations [20,25–27]: rats exposed to PS were segregated into PS-
resilient and PS-susceptible groups based on their normal or increased AI, respectively. This
approach allowed us to identify and evaluate specific factors contributing to PS resilience
or vulnerability.

The major findings of this study are: (1) The susceptibility of rats to PS (PSs rats) was
associated with reduced basal CBF in the parietal cortex and with pronounced endothelial
dysfunction of cerebral blood vessels. This dysfunction was evident from their paradoxical,
inversed response to Ach. For PS-resilient rats (PSr), the basal CBF was higher, and the
endothelial dysfunction was less severe than for PSs rats. (2) CBF velocity of rats exposed to
PS inversely correlated with their AI values. (3) Endothelial dysfunction of cerebral blood
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vessels was associated with a significant decrease in eNOS mRNA in PSs rats compared to
PSr rats and control rats. (4) The DA concentration in the parietal cortex was reduced in
PSs rats and increased in PSr rats. (5) In PSs rats, the blood concentration of CORT was
sharply reduced compared to both PSr rats and control rats. (6) The hemostatic parameters
of PTs rats indicated a hypercoagulation state, which was not present in PSr rats.

PSs rats had a significantly lower basal CBF than PSr rats, and Ach caused a paradoxi-
cal, inverse response of reduced CBF in PS-exposed rats. Together, this is strong evidence
of PS-induced endothelial dysfunction in cerebral circulation. Endothelial dysfunction,
the impaired endothelium-dependent dilation of blood vessels, is considered to be both a
cardiovascular disease marker and a pathogenetic factor contributing to the development
and progression of cardio- and cerebrovascular disease, including stroke [34,35]. Endothe-
lial dysfunction is caused by impaired basal and stimulated release and activity of nitric
oxide (NO) that functions as a powerful vasodilator, an inhibitor of platelet and leukocyte
aggregation, and an anti-inflammatory agent [36]. The contribution of endothelial NO to
both maintenance of basal CBF and endothelial-dependent vascular reactivity is tradition-
ally evaluated in both in vivo and in vitro experiments as the dilatory response to Ach,
a physiologic stimulator of NO release [36,37]. Importantly, in PSs rats, the endothelial
dysfunction was evident as an inverse response to Ach, while in PSr rats, there was no
significant response to Ach. In fact, Ach can induce both endothelium-dependent relaxation
and endothelium-dependent contraction [38]. The relative strength of these opposing ef-
fects determines the resultant relaxation, constriction, or absence of changes [38]. Therefore,
the absence of the Ach effect in PSr rats, rather than the inverse reaction, may indicate
the preservation of some dilatory potential of the PSr cerebral endothelium, which had a
significantly higher basal CBF.

Endothelial dysfunction of cerebral blood vessels associated with PTSD has been
reported previously. Studies in middle-aged women, police officers, and male veterans
with PTSD showed reduced endothelium-dependent vasodilation [14,39] and biomarkers
of endothelial dysfunction [13] correlating with PTSD severity [13,14]. Patients with anxiety
and other anxiety disorders also display endothelial dysfunction, evident as impaired
flow-mediated vasodilation [40] and decreased numbers of circulating endothelial progeni-
tor cells, which are essential for maintaining normal conditions of the endothelium [41].
Previously, Violanti et al. [42] observed that in persons with more severe PTSD symptoms,
the impairment of flow-mediated vasodilation was substantially more pronounced. The
current study is the first to demonstrate a negative correlation between CBF and anxiety, i.e.,
the AI value. Consistently, PSr rats with lower AI values had less pronounced endothelial
dysfunction than PSs rats with higher AI values.

In this study, basal CBF was lower and endothelial dysfunction was more pronounced
in PSs than in PSr rats, which may reflect differences in eNOS expression or activity. eNOS
provides both basal and stimulated NO production. Basal endothelial NO production by
eNOS regulates cerebral vascular tone and maintains resting CBF [37]. CBF attenuation is
associated with the downregulation of eNOS expression [43]. By normalizing CBF, eNOS
protects the brain from various pathological conditions due to microvascular abnormalities,
such as cerebral ischemia, hypertension, and brain hypoperfusion. The ability of eNOS to
produce adequate amounts of available NO can be assessed by the endothelium-dependent
vasorelaxation to Ach [37], as was performed in this study.

Acute and chronic stresses are known to cause dysregulation of eNOS through in-
creased oxidative stress, inflammation, and increased glucocorticoid levels [44]. In mon-
keys, chronic mental stress-induced endothelial injury is mediated by β1-adrenoceptor
activation [45]. Chronic immobilization stress (120 min/day, 14 days) of rats decreased
the arterial eNOS mRNA due to vascular oxidative stress [46]. Under stressful conditions,
glucocorticoids are the major agents that downregulate the transcription and activity of
NOS via a feedback mechanism [47,48]. Liu et al. [49] reported that cortisol decreased the
expression of eNOS in human endothelial cells. Consistent results were obtained on rats
administered with dexamethasone [50]; dexamethasone increased blood pressure, caused
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endothelial dysfunction, and downregulated the expression of eNOS. In the present study,
we showed for the first time that a greater PS-induced decrease in eNOS expression was
associated with more pronounced impairments of basal CBF and endothelial function in
PSs rats. Earlier, we showed that oxidative stress and inflammatory cytokines were higher
in rats vulnerable to experimental PTSD compared to resilient rats [20]. Apparently, these
factors contributed to more severe damage to eNOS in PSs rats.

Changes in CBF in the parietal cortex were consistent with changes in DA concentra-
tions in the same brain area. Thus, protection of the cerebral circulation was associated
with increased DA concentrations. In previous studies, DA has been related to PTSD
resilience [51]. Low DA is generally consistent with an increased risk for PTSD [52], and
this link is genetically predetermined [53]. In clinical studies, a so-called “pro-dopamine
regulator,” nutraceutical KB220Z, was successfully used to treat PTSD-related recurrent
distressing nightmares [54,55]. In our previous PS study [24], cerebral DA concentrations
were also decreased in PS-exposed rats. Here, for the first time, we show a post-stress
increase in cerebral DA in rats resilient to PS.

In chronic stress, decreased DA in the brain is associated with local activation and
degeneration of the microglia, while administration of exogenous DA maintains autoreg-
ulation of damaged structures and prevents their necrosis [56]. DA protects cerebral
autoregulation and prevents hippocampal necrosis after traumatic brain injury via a block
of ERK MAPK in juvenile pigs. Also, DA is involved in the regulation of microcirculation
and acts as a direct vasodilator [57,58].

One of the mechanisms underlying the protective effects of DA is its direct effect on
endothelial function. DA was shown to reverse the spasms of isolated porcine arteries
induced by cerebrospinal fluid from patients with cerebral vasospasms after a subarachnoid
hemorrhage [28]. This DA effect was due to the stimulation of the expression of endothelial
NO synthase (eNOS) mediated by D2 receptors. Haloperidol, a D2 receptor antagonist,
prevented this effect. Wang et al. [59] reported that the protective effect of DA against
endothelial dysfunction was also mediated through D4 receptors. Clinical and experimental
studies showed that DA could directly increase basal local CBF, and this increase is blocked
by haloperidol [29,60,61]. Thus, the increased DA improves cerebral microcirculation and
alleviates anxiety, which facilitates the development of PS resilience.

Analyzing cerebral DA using homogenized brain tissue is a limitation of this study
since this method cannot distinguish the differences between intracellular and extracellular
DA content. In future experiments, pharmacological methods using agonists or antagonists
should also be performed.

Lowered plasma cortisol is observed in patients with PTSD [62]. In our study, plasma
CORT concentrations were decreased in both PSs and PSr rats. However, this decrease
was significantly more pronounced in PSs than in PSr rats. This finding is consistent with
our previous results showing that in low-anxiety rats with experimental PTSD/anxiety-
like behavior, the reduction in the plasma CORT concentration was transient, while the
high-anxiety rats demonstrated sustained CORT reduction [26]. Also, in other studies [63],
PTSD-susceptible rats had decreased plasma concentrations of CORT as well as reduced
corticotropin-releasing factor expression.

Glucocorticoids are essential for alleviating systemic inflammation associated with
PTSD due to the suppression of cytokine secretion [30,31]. The close association of PTSD
with systemic inflammation and oxidative stress is confirmed by both clinical and ex-
perimental studies [64–67]. The balance between pro- and anti-inflammatory cytokine
response is considered as a marker for PTSD resilience [64,68]. Previously we showed
that the pro- and anti-inflammatory cytokine balance was an important determinant of rat
heart resilience or injury in experimental PTSD [20]. In the brain, neuroinflammation in-
duced by mental stress exposure causes the excessive formation of reactive oxygen species,
which, in turn, induces the uncoupling and dysfunction of vascular eNOS and reduces
NO availability [44]. Patients with PTSD have lower plasma cortisol levels [69,70], which
was suggested to contribute to the inflammatory activation of endothelial cells [71–73].
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Thus, the different decrease in plasma CORT may be one of the mechanisms for the less
pronounced endothelial dysfunction in PSr rats compared to PSs.

The evaluation of hemostatic parameters showed that stress resilience and the ensuing
improvement of endothelial function might provide protection against cerebrovascular
disease and stroke. PTSD is associated with premature death caused by thromboem-
bolism [74,75]. Our study showed that in PSr rats, hemostatic parameters did not differ
from those of control rats, whereas in PSs rats, APTT and PT were decreased, and fibrinogen
concentration and platelet aggregation were increased. These results are consistent with
clinical reports that both acute and chronic stress, including PTSD, are associated with
procoagulation disorders and predisposition to thrombogenesis [76]. Thus, PTSD caused
hypercoagulation associated with increased concentrations of factor VIII, von Willebrand
factor, and fibrinogen and with platelet aggregation. Also, increased PT and decreased
APTT were observed in people exposed to chronic stress [77,78]. Furthermore, PTSD sever-
ity was shown to correlate positively with plasma levels of the procoagulants, factor VIII
and fibrinogen [79].

One important mechanism of stress-induced hypercoagulation is endothelial dysfunc-
tion. Normally, the endothelium provides a balance between coagulation and fibrinolysis
by producing thrombin synthesis and activity inhibitors. However, damaged endothelium
with insufficient production or availability of NO loses its anticoagulant and profibrinolytic
properties of endothelial cells, resulting in exaggerated hypercoagulability during acute
stress [80,81]. Indeed, in our study, we showed that PSs rats that were characterized with
a procoagulation phenotype also had a more pronounced endothelial dysfunction and
impaired eNOS mRNA expression. This was distinct from PSr rats, whose coagulation
parameters, fibrinogen concentration, and platelet activation did not significantly differ
from the control.

One limitation of this study is the use of male animals only. There are many reports
of sex differences in the incidence of anxiety disorders, showing that women are twice as
vulnerable as men to PTSD and that their symptoms and PTSD-related comorbidities are
different [82–84]. However, despite the obvious importance of experimental data from
females, such studies are scarce; most experiments have been performed on males. Clearly,
this investigation must be extended to include females. Also, some aspects of our discussion
are speculative and require further experimentation for their validation.

In summary, this study showed, for the first time, that higher stress susceptibility of
rats is associated with cerebrovascular disorders, evident as reduced basal cerebral blood
flow and endothelial dysfunction. These findings suggest several potential mechanisms that
could underlie the stress vulnerability of cerebral blood vessels, including reduced levels
of endothelial NO synthase, DA, and CORT, as well as a state of hypercoagulation. All
these mechanisms remained practically undisturbed in stress-resilient rats, thus providing
protection against detrimental stress factors, such as inflammation and oxidative stress.

4. Material and Methods
4.1. Animals and Experimental Procedure

The study was performed on 70 sexually mature, healthy male Wistar rats weighing
180–200 g. The rats were kept in standard vivarium conditions (controlled temperature,
22–25 ◦C; humidity, 55%), 10 rats per cage. A 12:12 h light–dark cycle was maintained with
lights on between 7 AM and 7 PM. The animals had ad libitum access to water and pelleted
food, a standard laboratory diet. The rats were randomly assigned to two groups: control
rats (n = 30) and rats exposed to PS (n = 40). All experimental procedures were conducted
according to the guidelines of the Declaration of Helsinki and approved by the Institutional
Ethics Committee of the Avtsyn Research Institute of Human Morphology (protocol #26 of
13 September 2021).
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4.2. Exposure to PS

A modified PS model was used, initially described by Cohen and Zohar [2] and as
used in our prior studies [20–27]. PS was induced by exposing rats to cat urine scent for
10 min daily for 10 days. PS rats were then given 14 days of rest under stress-free conditions.
Control rats were rested stress-free during this 24-day period.

4.3. Behavioral Testing

The PS outcome was evaluated with an elevated plus maze (EPM) test, as employed
in our prior studies [20–27]. This test was performed on the PS and control rats following
the rest periods described above. The total duration of the test was 10 min. Control and PS
rats were tested together in a blind fashion. The behavior of rats in the EPM was recorded
and tracked using the SMART video system and analyzed with SMART 3.0 software. The
number of entries into the open and closed arms of the EPM and the time spent in the open
and closed arms were recorded. Based on these measurements, the AI was calculated [85]:

AI = 1 − {[(time in open arms/Σ time on maze) + (number of entries into open
arms/Σ number of all entries)]/2}.

An AI > 0.8 was considered a marker for the presence of anxiety-like behavior; rats
with AI > 0.8 were assigned to the PS-susceptible group (PSs group), and rats with AI < 0.8
were assigned to the PS-resilient group (PSr group). The AI discriminant of 0.8 was set
based on the AI of naive rats measured in preliminary experiments for this study and on
historical AIs of control rats as reported earlier [20,26,27].

4.4. Measurement of Regional CBF

The rats were anesthetized with chloral hydrate (400 mg/kg) and placed in a stereo-
taxic instrument. A hole was drilled in the parietal region to gain access to the parietal
cortex. The local CBF was continuously recorded with an ALF-21 laser doppler flowmeter
(Transonic Systems, Inc, Ithaca, NY, USA). The recording was performed in PT1: 5 mm from
bregma and 3 mm from the midline. After the stabilization of the local CBF, the basal CBF
was recorded. Then the endothelium-dependent response of cerebral vessels was elicited
by the injection of 10−5 M acetylcholine chloride (Ach) into the carotid artery and assessed
as the change in CBF expressed as a percentage of the basal CBF.

4.5. Blood and Tissue Collection and Storage

On the day after the EPM test, rats were sacrificed by decapitation under diethyl ether
anesthesia, and samples of trunk blood and parietal brain cortex were collected.

For the measurement of corticosterone (CORT), blood was transferred to sterile glass
tubes containing K2EDTA and centrifuged at 4 ◦C and 3000× g for 10 min. Plasma was
separated into aliquots, which were frozen at −80 ◦C.

For measurement of hemostasis parameters, blood was collected into a 3.8% sodium
citrate solution (9:1, V/V). These samples were centrifuged immediately at 160× g for 15 min
at room temperature to prepare platelet-rich plasma (PRP) for measuring platelet aggregation.
PRP was transferred into plastic tubes, and the remaining blood was centrifuged at 3000× g
for 10 min to obtain platelet-poor plasma (PPP) for measuring coagulation parameters.

The parietal cortex (PT1, according to Paxinos and Watson’s 2014 atlas) was located,
dissected from the fresh brains, cooled on ice, and then frozen in liquid nitrogen.

4.6. Measurement of eNOS mRNA
4.6.1. RNA Isolation

The total RNA was isolated from brain tissue with TRIzol Reagent (Invitrogen, Oxford,
UK). The RNA concentration was measured using a NanoDrop 2000 spectrophotome-
ter (Thermo Scientific, Waltham, MA, USA) following standard procedures. The purity
of RNA samples was verified by confirming that each had an optical density ratio of
A260/A280 > 1.8. To verify the integrity of the samples, the 18S/28S RNA ratio was
analyzed after electrophoresis in 1.4% agarose gel.
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4.6.2. cDNA Synthesis and Real-Time RT–PCR

Two µg of total RNA was used for cDNA synthesis using high-capacity cDNA reverse
transcription kits (Applied Biosystems, Singapore). Quantitative RT–PCR was performed
using Evrogen 5x qPCR mix–HS SYBR. Primers were designed with the Primer-BLAST
software (NCBI, Bethesda, MD, USA); the primer sequences are presented in Table 4. The
PCR parameters were as follows: initial denaturation (one cycle at 95 ◦C for 15 min);
40 cycles of denaturation, amplification, and quantification (95 ◦C for 15 s, annealing
temperature for 30 s, and 72 ◦C for 5 s); and the melting curve (starting at 65 ◦C and
gradually increasing to 95 ◦C). Cycr mRNA was used as an internal control. The ∆∆Ct
method was used to determine the fold increase of genes relative to the control group.
Each value was combined from two independent PCR replicates for each cDNA sample,
obtained from five animals.

Table 4. The primer sequences.

Name of the Gene
Primer Sequence
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Table 4. The primer sequences. 

Name of 
the Gene 

Primer Sequence  
5′        3′ 
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eNOS 
F GATCCTAACTTGCCTTGCATCCT 
R TGTAATCGGTCTTGCCAGAATCC 58 

Annealing Temperature, ◦C

eNOS F GATCCTAACTTGCCTTGCATCCT
R TGTAATCGGTCTTGCCAGAATCC 58

4.7. Dopamine Measurement

Samples of parietal cortex (PT1 according to Paxinos and Watson’s 2014 atlas) were
homogenized in 0.1 M perchloric acid with added 3,4 dihydroxybenzylamine (0.5 nmol/L)
as the internal standard. After homogenization, the samples were centrifuged (10,000× g
for 10 min at 4 ◦C), and the supernatants were withdrawn. High-performance liquid chro-
matography analysis with electrochemical detection was performed on an LC 304T (BAS,
West Lafayette, IN, USA) with a Rheodyne 7125 injector. Supernatant (20 µL) was injected
into a thermostatic (25C) Ultrasphere C18 analytical column. The mobile phase consisted
of a 0.1 M phosphate-citrate buffer containing 0.3 mM sodium octanesulphonate, 0.1 mM
EDTA, and 8% (v/v) acetonitrile (pH 3.2). Electrochemical detection was performed with
a glassy carbon electrode at +0.85 potential vs. Ag/AgCI reference electrode. The mobile
phase velocity was 0.7 mL/min. Standards were prepared in 0.1 M HCIO4 at 100 µg/mL
supplemented with 0.2 mM sodium metabisulfite as a preservative. Working standards were
prepared daily. The final concentration of dopamine in the tissue sample was expressed
as pg/mg of tissue, using an external calibration curve, as previously described [24].

4.8. Corticosterone Measurement

Plasma corticosterone was measured in duplicate with a multiplate ANTHOS 2010
(Austria) analyzer and commercial radioimmunoassay kits (Cort, IBL, Hamburg, Germany)
according to the manufacturer’s instructions.

4.9. Measurement of Hemostatic Parameters

Platelet aggregation was measured in PRP. After the addition of ADP (5µM), platelet
aggregation was measured using a platelet aggregometer (SC-2000, Saikexide Instrument
Co. Ltd., Hong Kong, China).

PPP was used to measure the coagulation parameters, including prothrombin time
(PT), activated partial thromboplastin time (APTT), and fibrinogen time (FT), using com-
mercial kits according to the manufacturer’s instructions and a Thrombostat 2 coagulometer
(Behnk Elektronik, Norderstedt, Germany).

4.10. Statistical Analysis

Data were analyzed with SPSS 24 (IBM, New York, NY, USA), STATISTICA 10.0
(StatSoft, Tulsa, OK, USA), Rstudio (RStudio, Boston, MA, USA) and Excel (Microsoft,
Redmond, WA, USA) software. The normality of data distributions was confirmed with
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the Shapiro–Wilk test. These data were analyzed with a parametric, one-factor ANOVA
followed by Fisher’s post hoc tests. Data are presented as the mean ± standard deviation
(SD). Relationships between variables were examined by Spearman correlation analysis. A
value of p < 0.05 was considered significant.

5. Conclusions

Using rats segregated into the groups ‘susceptible’ and ‘resilient to PS’, this study
showed that susceptible rats with pronounced anxiety-like behavior had reduced basal
cerebral blood flow and endothelial dysfunction of the cerebral blood vessels. We identified
major factors implicated in both the maintenance of endothelial function and general
stress resilience and compared them in PSr and PSs rats. These factors, including the
expression of eNOS mRNA, brain concentration of DA, and plasma concentration of
CORT, were maintained close to control levels in PSr rats but were disturbed in PSs rats.
Preservation of normal DA and CORT would provide adequate protection against the
detrimental effects of stress-induced inflammation and oxidative stress on the endothelium.
Evaluation of hemostatic parameters suggested that the impaired endothelial function and
NO production in cerebral blood vessels can mediate hypercoagulation and formation of
a prothrombotic, hemocoagulation state, which would contribute to an increased risk of
cerebrovascular disease and stroke. Further study of the mechanisms of traumatic stress
resilience will help in developing new approaches for the prevention of post-stress disease.
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