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Abstract

Background and purpose: Stress, especially immobility stress, is quite common and one of the most
important and influential risk factors in neurological disorders. This study aimed to investigate the effect of
acute and chronic immobility stress on the level of cortical and hippocampal oxidative stress indicators and
memory impairment following global cerebral ischemia.

Experimental approach: In this study, 48 male Wistar rats were randomly divided into 6 groups: 1, sham (S);
2, sham-acute stress (SSA); 3, sham-chronic stress (SSC); 4, ischemia (IS); 5, ischemia-acute stress (ISA); 6,
ischemia-chronic stress (ISC). The Morris water maze (MWM) test was performed 14 days after surgery, and
cortisol levels and oxidative stress factors such as malondialdehyde MDA and total thiol were measured.
Findings/Results. In the MWM test, the time to find the platform (latency time) in the ISC and IS groups
significantly increased compared to the S group. The time spent in the target quarter in these two groups was
significantly reduced compared to the S group on the day of the probe. The results showed a significant increase
in cortisol levels and malondialdehyde concentration in the ISA, ISC, and IS groups compared to the S group,
but there was no significant difference in total thiol concentration. No significant difference was observed in
the level of oxidative stress factors in the cortex.

Conclusion and implication: Chronic immobility stress could reduce antioxidant factors in the hippocampus
and exacerbate memory impairment caused by global ischemia.
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INTRODUCTION information storage, while memory is greatly
reduced following severe chronic stress (3). In
Anxiety and stress cause several serious addition, chronic stress accelerates the aging
psychosocial and cognitive diseases through process and is an important risk factor in
the release of corticosteroid hormones cerebral dementia (4).
from the adrenal gland (1). Stress affects
memory neural networks and disrupts memory A ccoes this articleonhne

consolidation. However, the effects of stressful

experiences on cognitive functions, including Website: http://rps.mui.ac.ir

memory, are not uniform (2). Studies have
shown that moderate stress can facilitate
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The effects of stress on spatial memory have
been observed in Morris water maze (MVM)
experiments. Under stress, rats showed a
significant increase in the time to find the
platform (latency time) in the MVM test
compared to the sham group (5). Moreover,
chronic stress also leads to morphological and
biochemical changes in the brain and reduced
nerve flexibility and density of dendritic spines,
especially in the hippocampus (6). It also
suppresses neurogenesis in dentate gyrus
granular neurons (7). Stress, especially when it
is long-term and chronic, disrupts the balance
between oxidative and antioxidant factors in the
brain, which is involved in the pathogenesis of
many cognitive disorders (8,9). Long-term
exposure to stress increases inflammation and
oxidant factors which reduce the volume of the
hippocampus and cause dementia (10).

The hippocampus is the organ that
contributes to the formation of explicit memory
and is very vulnerable to the lack of oxygen and
glucose; thus, when the hippocampal blood
flow decreases, e.g. in global ischemia, it can
lead to various types of memory disorders
(11,12). After cerebral ischemia, oxygen
radicals initiate cell death signaling pathways.
In addition, damage to unsaturated fatty acids in
the membrane due to increased lipid
peroxidation and oxygen free radicals in
cerebral ischemia causes hippocampal neuronal
death (13,14). The hippocampus is very
sensitive to oxidative stress and has a limited
capacity for antioxidants. Increased oxidative
stress in the hippocampus rapidly causes
neuronal dysfunction and eventually apoptosis
(15,16). The genetic manipulation of intrinsic
antioxidants has provided invaluable insights
into the role of oxygen radicals in ischemic
brain injury (11,17,18). However, it seems that
some risk factors such as anxiety and stress
reduce the number of natural antioxidants in the
body and play a role in disease exacerbation.
Although studies show an association between
oxidative stress and cognitive disorders, the
underlying relationship between oxidative
stress and neurological and cognitive diseases
is not yet fully understood. Understanding the
relationship between stress, oxidative stress,
and neurological diseases, including brain
injuries and strokes, a topic that has not been
studied so far, is imperative. Therefore, this
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study aimed to investigate the effect of acute
and chronic stress as one of the main risk
factors for stroke in oxidative stress and spatial
memory after the induction of global ischemia.

MATERIALSAND METHODS

Animals

The study was performed on 48 male Wistar
rats weighing 240-280 g. The animals were kept
in standard conditions of water, food, and light
(12/12-h light/dark cycle) at an almost constant
temperature (22 + 2 °C). The animals were
randomly divided into 6 groups of 8 each as
follows: (1) sham (S), they underwent surgery
but global ischemia was not induced; (2) sham-
acute stress (SSA), they were under acute stress
the day before the surgery; (3) sham-chronic
stress (SSC), they underwent stress (2 h per
day) for 10 consecutive days before the surgery;
(4) ischemia (IS), common carotid arteries were
blocked for 30 min to induce global ischemia;
(5) ischemia-acute stress (ISA), they were
under acute stress the day before the induction
of global ischemia; (6) ischemia-chronic stress
(ISC), they were under stress (2 h per day) for
10 consecutive days before the induction of
global ischemia.

Induction of acute and chronic immobility
stress

In this method, the animals must remain
immobile inside the animal restraint apparatus
for a certain period. For this purpose, we placed
the animals inside the device at specific times
such that their noses protruded from the end of
the device and they were allowed to breathe
without restriction. The rear end of the device
was closed with guillotine doors based on the
size of the animal so that the animal remained
immobile inside the device. To induce chronic
stress, the animals were placed in the restraint
apparatus for 10 consecutive days (2 h per day).
To induce acute stress, the animals were placed
in the device for 2 h only the day before the
surgery (19,20).

Induction of global ischemia

Global ischemia was induced using a two-
vessel occlusion model. After 12 h of fasting,
the rats were anesthetized with 100 mg/kg
ketamine and 10 mg/kg xylazine. The two
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common carotid arteries were occluded using
small arterial clips for 30 min after vagal nerve
separation. After 30 min, the arterial clips were
removed, blood flow returned to normal, and
the skin of the neck area was sutured. After
recovery, the animals were returned to the cage

@1).

Evaluation of neurological severity score

The animals' neurological severity score was
assessed as follows: no neurological disorder,
0; hump state, 1; ptosis, 2; bypass behavior, 3;
rear limbs, 4; epileptic seizures, 5. High scores
indicate more serious injury. Neurological
severity scores were measured on postoperative
days 1, 3,7, 14, and 21 (22).

Locomotor activity assessment with wire-
hanging test

This test included a wire with a diameter of
2 mm and a length of 60 cm, which is installed
at a height of 50 cm. All the groups were trained
for three days before the surgery. On
postoperative days 1, 3, 7, 14, and 21,
locomotor activity evaluation was performed
based on how long the rat remained on the wire.
The test took 60 s (23).

Evaluation of spatial memory with Morris
water maze

Morris water maze (MWM) was employed
to assess spatial memory. Each rat was tested
four times a day for 5 days. On each day of the
experiment, the starting point was from one of
four directions: east, west, north, or south,
while the position of the platform and its
coordinates were constant. On the days of the
experiment, each rat was given 60 s to search
for the platform; after the platform was found,
the experiment would end, but if the rat could
not find the platform, it would be led to the
platform by the experimenter and remain on the
platform for 30 s to remember its spatial
position. On the day of the probe, the platform
was removed and the distance traveled by the
rat was recorded from all directions for 60 s.
The animal's movements and trajectories were
recorded by the camera. The latency to find the
platform and the distance traveled to the
platform were considered a measurement of
spatial memory (24).
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Cortisol assessment

At the end of the behavioral tests, the
animals underwent deep anesthesia with
ketamine and xylazine (100 and 10 mg/kg,
respectively). After the skin of the neck was
opened, blood samples were collected
from the jugular vein to check plasma cortisol
levels. The blood was then centrifuged at
1300 g for 5 min and the plasma was kept at -
20 °C (25). Blood cortisol concentration
(ug/dL) was measured in a clinical laboratory
using a medical diagnostic kit (Cortisol ELISA
Kit 96t Cat. No. 2924-96; Ideal Company,
Iran).

Biochemical tests

After blood serum collection, the brain was
removed and the hippocampus was isolated for
oxidative stress measurement tests.

Mal ondial dehyde assessment

To measure the amount of malondialdehyde
(MDA), the brain tissue was homogenized with
1.5% potassium chloride (KCI) solution, then,
1 mL of the homogenized brain tissue solution
containing 2 mL of trichloroacetic acid /
thiobarbituric acid / hydrochloric acid was
prepared and boiled at 100 °C for 45 min until
a purple mixture was formed. After being
cooled down, it was centrifuged for 10 min and
the absorbance was measured at 535 nm.
The MDA concentration was calculated as
follows:

¢y

Concentration (nmol/g
Absorbance / 1.56 x 10°

tissue)

Total thiol measurement

5,5'-Dithiobis-(2-nitrobenzoic acid)
(DTNB) reacts with thiol groups to form a
yellow complex. The procedure is summarized
as follows: 1 mL of tris-EDTA buffer (pH 8.6)
was added to 50 pL of homogenized brain
tissue, and the sample absorbance was read at
412 nm (A1l). Then, 20 pL of DTNB reagent
was added to the mixture and the sample was
re-read after 15 min (A2). The adsorption rate
of the DTNB reagent was referred to as blank
(B). The concentration of thiol was calculated
as follows:

Total thiol concentration (nanomol/g
(A2-A1-B) x 1.07/(0.05 x 13.6)

tissue)

@



Statistical analysis

Following the assessment of normality using
the Shapiro-Wilk and Kolmogorov-Smirnov
tests, one-way ANOVA followed by the LSD
post hoc test and two-way ANOVA followed
by Tukey's multiple comparisons test were
conducted using GraphPad Prism version 9.0.
For the MDA and total thiol tests, where the
data did not follow a normal distribution, the
Kruskal-Wallis test followed by Dunn's
multiple comparisons was employed. The
results are expressed as mean = SEM, and the
P-values < 0.05 were considered statistically
significant.

RESULTS

Effect of global ischemia acute and chronic
stress on neurological deficit score and
locomotor activity

To evaluate motor activity in the animals on
postoperative days 1, 3, 7, 14, and 21, the
neurological deficit score was measured and the
animal's performance in the wire hanging test
was examined. The results showed that all the
animals were neurologically healthy and
received a score of 18 and completely
performed the wire hanging test (data not
shown).

Evaluation of body weight changes following
global ischemia and exposure to acute and
chronic stress

To assess the effects of acute and chronic
stress on body weight, animals in the sham
and global ischemia groups received acute
stress for one day and chronic stress for 10 days.
Body weight in these animals was measured
on the day before the surgery and on days 1, 3,
7, and 14 after the surgery. Based on Fig. 1,
stress and surgery did not significantly
change the weight of the animals. Data
analysis with two-way ANOVA revealed the
significant main effect of time (df = 5,
F (5, 195) =17.61, P <0.001) and intervention
(df = 4, F (4, 195) = 32,97, P < 0.001) on
body weight, but no significant effect of
time X intervention interaction (df = 20, F (20,
195)=0.43, P =0.98) was found.
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Fig. 1. Body weight changes of rats before surgery
(day 0) and on days 1, 3, 7, and 14 after surgery. Data are
shown as mean = SEM, n = 6-9 in each group). There
were no significant differences between the groups. S,
Sham; SSA, sham-acute stress; SSC, sham-chronic
stress; IS, ischemia; ISA, ischemia-acute stress; ISC,
ischemia-chronic stress.

Effect of global ischemia and acute and
chronic stress on latency time and distance in
the MWM test

In the MWM test, the animal has to create a
"spatial orientation map" in the brain by using
the visual stimuli placed around the device and
find a hidden platform to escape by swimming
in the pool. Therefore, to assess the animals'
spatial memory, the amount of time taken to
reach the platform to escape from water (time
latency) and the distance traveled to the
platform are evaluated. The animals in the sham
group managed to find the location of the
platform after one day of training.

The time spent to reach the platform was
significantly different between the IS and ISA
groups, the ISA and SSC groups, and the ISC
and SSC groups on the 1% day of training. On
the 24 day, the sham group showed a
significant reduction in the time to find the
platform in contrast to the performance
exhibited by the IS, ISA, and ISC groups. A
significant difference was also observed
between SSC and ISC. On the 3™ day, the IS
and ISC groups markedly spent more time in
the MWM test compared to the sham group.
Moreover, the SSA group had a significant
decrease in the time spent compared to the ISC
group. On the 4™ and 5™ days, the time spent to
reach the platform was not significantly
different amongst the groups (Fig. 2A).
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Fig. 2. Effect of global ischemia and acute and chronic stress on (A) time latency and (B) traveled distance to reach the
hidden platform in the MWM test. Data are shown as mean + SEM, n = 6-9 in each group). *P < 0.05, **P < 0.01, and
###P < (0,001 indicate significant differences compared to the sham group, *P < 0.05 demonstrates significant differences
between the defined groups. S, Sham; SSA, sham-acute stress; SSC, sham-chronic stress; IS, ischemia; ISA, ischemia-

acute stress; ISC, ischemia-chronic stress.

Figure 2B displays the distance traveled by
the groups. On the 1% day, the distance traveled
by the ISC group significantly increased
compared to the sham group. Furthermore, the
SSC group traveled a considerably shorter
distance than the ISC and SSA groups. On the
3 day of training, there was a significant
increase in distance traveled by the ISC and IS
groups in comparison with the sham group. On
this day, there was a significant reduction in
distance traveled by the SSA group versus the
ISC group. However, on the 2", 4% and 5™
days of training, there was no significant
difference between the study groups.

Data analysis with two-way ANOVA
revealed the significant main effect of time (df
= 5, F (5,195 = 59.28, P < 0.001) and
intervention (df =4, F (4,195)=6.8, P <0.001)
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on the distance traveled, but no significant
interaction effects for time x intervention
(df =20, F (20,195) = 1.45, P = 0.102). There
was a significant main effect for time (df = 5,
F (5,195) = 10.39, P < 0.001), intervention
(df=4,F (4,195)=77.64, P <0.001), and time
X intervention interaction (df = 20, F (20,195) =
1.64, P < 0.05) on latency time.

Time and the distance traveled significantly
decreased in the IS and ISC groups compared to
the sham group in the probe test (Fig. 3A
and B). The parameter time also decreased
significantly in the IS and ISC groups compared
to the SSA group (Fig. 3A). There were
significant main effects of the intervention on
time spent (df =5, F (5,36) = 5.51, P <0.001)
and distance traveled (df = 5, F (5,36) = 4.16,
P <0.01).
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Fig. 3. Effect of global ischemia and acute and chronic stress on the (A) time and (B) traveled distance in the target
quadrant in the probe day in the Morris water maze test. Data are shown as mean + SEM, n = 6-8 in each group. *P <
0.05 and **P < 0.01 indicate significant differences compared to the sham group, *P < 0.05 demonstrates significant
differences between the defined groups. S, Sham; SSA, sham-acute stress; SSC, sham-chronic stress; IS, ischemia; ISA,

ischemia-acute stress; ISC, ischemia-chronic stress.
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Fig. 4. Plasma concentrations of cortisol. Data are shown as mean = SEM, n = 6-8 in each group. *P < 0.05 indicates
significant differences compared to the SSC group. S, Sham; SSA, sham-acute stress; SSC, sham-chronic stress; IS,
ischemia; ISA, ischemia-acute stress; ISC, ischemia-chronic stress.

Effects of global ischemia and acute and
chronic stress on serum cortisol

To evaluate the effect of stress, cortisol as a
key stress hormone was measured at the end of
the experiment. The intervention had a
significant effect on cortisol levels (df = 5,
F (5,30) =4.32, P <0.01). Figure 4 shows that
cortisol levels were significantly lower in the
SSA, ISA, and ISC groups than in the SSC

group.

Evaluation of hippocampal and cortical MDA
and total thiol following global ischemia and
exposure to acute and chronic stress

The hippocampal MDA concentration
significantly increased in the IS, ISA, and ISC
groups compared with the sham group. This
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parameter decreased in the SSA and SSC
groups compared with the IS group. There was
also a significant difference between the ISC
and ISA groups with the SSA group. The
hippocampal MDA concentration of the ISC
group was significantly higher than that of the
SSC group (Fig. 5A). The intervention had a
significant effect on hippocampal MDA
concentration (df = 5, F (5,18.76) = 17.04,
P < 0.001). The cortical MDA concentration
significantly decreased in the SSA group
compared with the IS group, but there were no
significant differences among the other groups
(Fig. 5B). Besides, there were no significant
differences between the groups in terms of
hippocampal and cortical total thiol (Figs. 6A
and B).
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Fig. 5. Comparison of (A) the hippocampal MDA concentrations and (B) cortical MDA concentrations between groups.
Data are shown as mean + SEM, n = 6-8 in each group. **P < 0.01 indicates significant differences compared to the sham
group, *P < 0.05 demonstrates significant differences between the defined groups; *P < 0.05 indicates significant
differences compared to the IS group. S, Sham; SSA, sham-acute stress; SSC, sham-chronic stress; IS, ischemia; ISA,
ischemia-acute stress; ISC, ischemia-chronic stress; MDA, malondialdehyde.
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Fig. 6. Comparison of (A) the hippocampal thiol contents and (B) cortical thiol contents between the groups. Data are
shown as mean + SEM, n = 6-8 in each group. There were no significant differences between the groups in total thiol of
the hippocampus and cortex. S, Sham; SSA, sham-acute stress; SSC, sham-chronic stress; IS, ischemia; ISA, ischemia-

acute stress; ISC, ischemia-chronic stress.
DISCUSSION

Cerebral blood flow is reduced in global
ischemia, leading to nerve death in the CAl
area of the hippocampus (21). Our results
showed that the animals developed memory
impairment  following global ischemia
induction surgery, but their motor function
remained intact. The neurological deficit score,
which includes sensory and motor parameters,
also received the highest score in all the
animals, similar to the sham group. According
to our results, the induction of global ischemia
is a specific model for memory impairment. In
addition, acute and chronic stress did not affect
the animals' motor function and neurological
deficit score, and no body weight changes were
observed between the groups.
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The present study and similar studies
showed that exposure to stress, especially
chronic stress, can increase cortisol levels. A
rise in stress hormones, including cortisol, can
affect cognitive function by impacting
corticosteroid receptors in the brain and
reducing the volume of the hippocampus,
amygdala, and frontal cortex due to the
neurotoxic effect of the long-term release of
these hormones (26,27). According to our
results, stress in both chronic and acute states
increased the oxidant and decreased the
antioxidant factors in the hippocampus,
ultimately leading to cognitive disorders. Our
findings are consistent with other results in this
field (9,28-31).

On the other hand, studies have shown that
global ischemia for 5 min can initiate nerve



death processes in the CAl region of the
hippocampus which, if continued for up to 20
min, causes irreversible damage (32). The
hippocampus suffers the most damage
following the reduction of blood supply to the
whole brain, probably because of its low level
of antioxidant capacity and proteasome activity
(9,33,34). In addition, the animals that
underwent global ischemia induction could not
recognize the new object in the novel object
recognition test. These findings suggest that
global ischemic injury is not limited to the
hippocampus but also affects other areas such
as the entorhinal cortex, thalamus, and
cingulate cortex (35). The findings of the
present study revealed that global ischemia
increased the time to find the platform in the
MVM test, while the combination of global
ischemia with the induction of stress, especially
chronic stress, significantly raised this
parameter. This memory impairment is
probably due to the significant elevation of
oxygen free radicals (oxidants) during cerebral
ischemia, which plays an important role in post-
stroke brain damage. In addition to cell damage,
oxidants disrupt mitochondrial function and
play a role in cell death signaling pathways.

Following increased oxidative stress and
inflammation, the apoptotic pathway also
begins in vulnerable neurons in the

hippocampus 2-3 days after global ischemia
(9,36,37). As our results showed, the oxidative
stress factors in the hippocampus of groups that
underwent global ischemia induction and were
also under stress significantly increased, which
confirms the findings of  similar
abovementioned studies.

Stress, especially if it is chronic, can lead to
biochemical and structural alterations such as
the loss of dendritic spines in the hippocampus
(38). Moreover, the effects of acute and chronic
stress on the amygdala have been reported to
differ from those of the hippocampus. Acute
stress increases the density of dendritic spines
in the basolateral nucleus of the amygdala, and
chronic stress decreases the amygdala dendritic
spines (38,39).

Acute and chronic stress reduces dendritic
spines in parts of the prefrontal cortex but
increases the dendritic spines in neurons of the
orbitofrontal cortex, possibly associated with
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higher alertness (40). Recently, research has
shown that oxidative stress plays a role in
depression and anxiety. The literature reports a
link between oxidative stress and psychological
disorders (41). Our results demonstrated that
chronic stress as a risk factor could have a
significant effect on increasing the latency time
in the MWM, which is probably due to
increased oxidative factors and is confirmed by
other studies. However, acute stress
strengthened spatial memory.

Lucca et al. reported for the first time that
mild and chronic stress increases oxidative
damage and changes in superoxide dismutase
activity and ultimately exacerbates stress-
related disorders such as depression (15). Stress
leads to anxiety-like behaviors and raises
oxidative stress in the brain, as well as memory
impairment in rats (42). Both chronic and acute
stress models have been reported to
significantly impair memory, which is
associated with elevated corticosteroid levels
(43). In addition, cortisol and adrenal
corticosteroids are essential for the body's
health and their changes following stress or
various injuries can lead to inflammation and
cognitive impairment. Increased plasma levels
of cortisol affect the pituitary gland and,
therefore, the brain controls its secretion using
negative feedback (43). Increasing stress
hormones such as cortisol at the beginning and
end of stress is critical for protecting the body
and preparing it for emergencies. However, the
continuous increase of cortisol following
chronic stress inhibits the negative feedback
function of the hypothalamic-pituitary-adrenal
gland and thus raises inflammation and
oxidative stress in the body and brain (25).

Therefore, based on these results, stress
alone can cause memory impairment;
nevertheless, if it is followed by ischemia, due
to the disruption of the biochemical balance of
the brain caused by the increase of oxidant
factors, the destructive effect of cerebral
ischemia is multiplied playing an important role
as a main risk factor. On the other hand, Kirby
et al. stated that acute stress can increase
neurogenesis in the hippocampus of newborn
mice (44). It seems that acute stress leads to
biochemical changes, but its main effect is in
increasing alertness.
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CONCLUSION

The results revealed that chronic stress as a
risk factor can impair spatial memory and
increase oxidants in hippocampal damage due
to the induction of global ischemia, while acute
stress does not cause these effects.
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