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Abstract

Introduction: Damage to hippocampus can occur through ischemia. Memory problems are among the most significant
disabilities after stroke. Therefore, improving memory is of great interest in helping post-stroke patients. This study
demonstrated that intraperitoneally injection of atorvastatin with a short cycle of ischemia-reperfusion in the left
femoral artery improved hippocampal CA1 neurons injury and memory problems after global cerebral ischemia.

Materials and methods: In this article survey, we used 64 animals. Rats were divided into 8 groups, (n=8). Group 1:
control; group 2: sham; group 3: global cerebral ischemia (GCI) only; group 4: remote ischemic preconditioning (RIP)
+ GCI; group 5: GCI + atorvastatin (ATO); group 6: GCI + vehicle; group 7: RIP + GCI + ATOj; group 8: RIP + GCI
+ vehicle. We created global cerebral ischemia (GCI) with 20 min occlusion of the Common carotid artery.

Results and discussion: Remote ischemic preconditioning could improve rats performance in water maze tests along
with a decrease in neuronal death. Also, atorvastatin combined with remote ischemic preconditioning was more effec-
tive for memory improvement and reduction of neuronal death. Inconsistent with our result, the function of the animals
in the ischemia group was impaired. CA1 hippocampal neurons have an important role in memory and learning, and
they can be damaged after cerebral ischemia. Therefore, ischemia can create memory problems. Remote ischemic
preconditioning and atorvastatin had a neuroprotective effect and could improve rat performance in water maze test.

Conclusion: This study showed that remote ischemic preconditioning with atorvastatin could improve CA1 neuronal
injury and memory.
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Introduction

Stroke not only causes physical disorders, but also
cognitive problems (Farovik et al. 2010; Godinho et
al. 2018; Lugtmeijer et al. 2021). The pyramidal CA1
neurons of the hippocampus have an important role in
spatial learning and memory (Vorhees and Williams
2006; Farovik et al. 2010). It has been demonstrated
that ischemia reduces the number of hippocampal
neurons and produces memory problems demonstrated in
various behavioral tests. Therefore hippocampal damage
following ischemia can create memory deficit (Vorhees
and Williams 2006; Olafsdottir et al. 2018). Statins, one
of the common group of drugs, reduce the synthesis of
cholesterol and are used for high cholesterol patients.
Atorvastatin is a member of the family of statins often
used in hypercholesterolemia treatment (Veighey and
MacAllister 2012). Studies have shown atorvastatin
(ATO), both in pretreatment and post-treatment, can
decrease hippocampal neurons death (Berger et al.
2008; Hu et al. 2013; Ren et al. 2021). Statins cause
angiogenesis in ischemic limbs (Ding et al. 2012).
Furthermore, they have a neuroprotective effect with
activating phosphatidylinositol-3 kinases (PI3K) AKT
signaling pathway, which results in cell proliferation,
differentiation, and migration (Kesneretal. 2010). Remote
ischemic preconditioning (RIP) involves short cycles of
ischemia-reperfusion (Hu et al. 2013). Remote ischemic
preconditioning is one of the strategies that improve
neuronal injury following global cerebral ischemia
(Pérez-Pinzon 2004; Wang et al. 2016). According to
some studies, remote ischemic preconditioning has a
neuroprotective effect on CA1 neurons and memory after
cerebral ischemia (Ledn-Moreno et al. 2020). The goal of
cerebral ischemia (focal and global) models is to create an
animal model for studying the consequence of ischemia.
Transient occlusion of the bilateral carotid arteries is
often used as animal models for inducing global cerebral
ischemia. Following stroke, memory problems accrued,
and pretreatment strategies can help the ischemic patient.
Statins are used as a treatment for ischemia patients or as
pretreatment for high-risk people. Atorvastatin is a statin
that has a neuroprotective effect (Mounier et al. 2021).
Remote ischemic preconditioning is a pretreatment
strategy that can improve neuronal injury against
ischemia (Bachevalier and Meunier 1996). Therefore,
we wanted to study two effective treatments together
to earn reduce the neuronal injury after global cerebral
ischemia. On the other hand, we designed this study to
determine the role of remote ischemic preconditioning
combined with atorvastatin in neuronal damage in the
hippocampus and memory function following global

cerebral ischemia. CA1 neuronal injury has been shown
with the Nissl assay. Memory was examined using a
water maze; the Morris water maze is one of the credible
tests for investigating psychological processes and neural
mechanisms of spatial and working memory (Bachevalier
and Meunier 1996).

Materials and methods

Animal care

Temperature (22+1 °C) and humidity (40-70%) were
controlled, and the cages were with a 12 h light/dark cycle
(lights on at 7:00 A.M.). All behavioral tests were perfor-
med throughout the day and in the experimental room.
We had accustomed all the animals to the laboratory con-
ditions of Tehran University of Medical Sciences at least
7 days before the start of the experiment, and all the ex-
periments were based on supervised by the Animal Ethics
Committee (IR. TUMS.MEDICINE.REC.1396. 3693, 20-
5-2017) of Tehran University of Medical Sciences. Male
Sprague-Dawley rats weighing between 200-250 g were
selected. We used 8 rats in every group.

Animal preparation and administration

Rats were in 8 groups:

Group 1: Control (n=8): neither drug nor surgical in-
tervention was applied.

Group 2: Sham group (n=8): the rats were subjected to
the same surgical way, but without occluding a common
carotid artery.

Group 3: GCI group (n=8): surgery was undertaken
with general anesthesia, and rats were exposed to 20 mi-
nutes of global cerebral ischemia.

Group 4: RIP + GCI group (n=8): the rats were sub-
jected to 5-minute ischemia and 5-minute reperfusion 5
times in the left femoral artery, and after 24 h rats were
exposed to global cerebral ischemia for 20 minutes.

Group 5: GCI + ATO group (n=8): surgery was under-
taken with general anesthesia, and rats were subjected to 20
min of global ischemia. Then, 24 h after ischemia rats recei-
ved an intraperitoneal injection of atorvastatin for 3 days.

Group 6: GCI + vehicle group (n=8): rats subjected to
20 min of global ischemia. 24 h after ischemia rats recei-
ved an intraperitoneal injection of saline for 3 days.

Group 7: RIP + GCI + ATO group (n=8): rats were
subjected to 5 series of ischemia-reperfusion (each cycle
lasted 5 min) in the left femoral artery, and, after 24 h,
rats endured global ischemia for 20 min. Then, 24 h after
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ischemia rats received an intraperitoneal injection of ator-
vastatin for 3 days.

Group 8: RIP + GCI + vehicle group (n=8): rats were
subjected to S-minute ischemia and 5-minute reperfusion 5
times in the left femoral artery, and after 24 h, rats endured
global ischemia for 20 min. Then 24 h after ischemia, rats
received an intraperitoneal injection of saline for 3 days.

Remote ischemic preconditioning

Rats were anesthetized with Ketamine (100 mg/kg) and
Xylazine (10 mg/kg), and then therats were subjected to
5-minute ischemia and 5-minute reperfusion 5 times by
tourniquet application on the left femoral artery. During
the cycles, we checked skin color and temperature (in the
first phase of the experiment) (Fig. 1).
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Figure 1. The animals endure 5-minute ischemia and 5-minute
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reperfusion 5 times on the left femoral artery to induce remote
ischemic preconditioning.

Global ischemia

Firstly rats were anesthetized with an intraperitoneal in-
jection of Ketamine (100 mg/kg) and Xylazine (10 mg/
kg), and then global ischemia was induced with occluding
the bilateral common carotid artery for 20 min. (Fig. 2).
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Figure 2. To create a global cerebral ischemia model, bilateral
carotid arteries were occluded for 20 minutes.

Drug treatment

Atorvastatin (sigma co) that dissolved in saline was injec-
ted intraperitoneally for 3 days at a dose of 10 mg/kg 24 h
after GCI. Saline was used as a vehicle. Rats were treated
with atorvastatin 24 h after global cerebral ischemia for 3
days in treatment groups

Nissl staining

In this study, we needed used the brain of rats for
investigating the CAl region of the hippocampus.
Seven days after treatment of rats with remote ischemic
preconditioning and atorvastatin, intraperitoneal
injection of Ketamine (100 mg/kg) and Xylazine
(10 mg/kg) were used for rats’ anesthesia, and then the
animals were sacrificed. At first, rats thorax was opened
and perfused with 120 ccs normal saline, and then, with
120 ccs paraformaldehyde 4% via intracranial injection.
Hippocampal tissues were put in paraffin after fixation.
Slides were sectioned at 5 pm thicknesses with 120 pm
intervals and then were stained with 0.5% cresyl violet
solution for 2 min, and finally mounted. Then sections
were investigated with an Olympus microscope (CX31,
Tokyo, Japan) at 400x magnification and photographed
with a digital camera (Leica, Miinchen, Germany). A
total number of 100 Purple-stained cells were counted
as viable cells.

Morris water maze

The water maze contains a wide black tank (diameter
183 cm) filled with water (27 °C). There is an escape plat-
form (diameter 10 cm) submerged 2 cm below the surface
of the water in the southeast quadrant of the maze and the
rats were to look for the platform on the trial days. During
the probe test, the location of the platform could be chan-
ged to under the maze. For the visible platform task, the
platform was placed 2 cm above the water surface. A large
red geometric-shape tank of white texture that entirely en-
closed the maze provided an extra-maze visual indication.
There is a camera above the maze to monitor the rats’ per-
formance, which is connected to a computerized tracking
system. In this test, the trial lasted for 3 days, and on the
4 day, a probe test was performed.

Visible test

A visible test was done to investigate the spatial learning
and memory of the rats after ischemia. We indicated the
location of the platform with a marker above the water, and
the normal animals used the spatial cues to escape from the
water. This simple related non-spatial task is considered to
be independent of the hippocampus function.

Spatial acquisition test phase as spatial working me-
mory (SAT)

In these tests, the animals were taught to spot an invisi-
ble platform by the following finding extra-maze signs. A
platform (10x10 cm) was under the surface of the water
(0.5 cm) in the southeast quadrant of the tank. In those
tests, there were used 16 spatial trials, with the fixed start
area. For every trial, the rats were allowed a 60 sec time
to find the platform. If the rats failed to find the plat-
form within 60 sec, we located the rats on the platform.
There was a 20 sec break between trials. We recorded
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the swimming time (sec), distance (cm), and swim speed
(sec/cm). the animals with lower values had better per-
formance, although, faster-swimming speed demonstra-
ted better performance.

Spatial probe trial

To investigate how the rats would find the platform,
one probe trial was lasted 60 sec. During the trial, the
rats were supposed to find the hidden platform within
60 sec. The higher numbers for time and distance in the
fourth quadrant show better performance in contrast
to swim speed in the fourth quadrant. The platform in
the fourth quadrant in the probe trial was removed. It
helped to investigate reference memory (Vorhees and
Williams 2006).

Statistics

One-way ANOVA was used for a statistical analysis, and,
for more than two groups ,Turkey’s test was used. In the
case of comparison of two different groups, an unpaired
Student #-test was used. Graph Pad Prism (version 5.0,
Graph Pad Software Inc., San Diego, California) was
used for statistical analyses and p<0.05 was considered as
significant. Data were shown as mean + SEM.

Results

Nissl assay

Our findings in the Nissl assay showed that the number
of hippocampal CAl neurons decreased after ischemia
(Fig. 3b). The number of normal hippocampal CAl
neurons in the control group was 57+4, and 5+2 in the
ischemia group (Fig. 3a). In treatment groups (RIP + GCI),
(GCI+ATO), and RIP + GCI + ATO, the number of normal
neurons significantly increased. The numbers of normal
cells in RIP + GCI, and GCI + ATO groups were (30+4) and
(3543), respectively. The highest number of damaged cells
was in the ischemia group, and treatment with atorvastatin
and remote ischemic preconditioning could improve cells
after ischemia. Furthermore, the combination use of remote
ischemic preconditioning and atorvastatin can significantly
improve CA 1 hippocampal neurons injury and increase
the number of normal cells (4243) in comparison with the
other treatment groups (RIP + GCI), (GCI + ATO).

Water maze

Firstly, all six groups could swim easily. However, the
rats in groups (GCI) and (GCI + VEHICLE) could not
find the hidden platforms immediately on the training

Figure 3. CA1 hippocampus neurons after 20 min of global cerebral ischemia (GCI). a. Control group; b. Ischemia group; ¢. Global
cerebral ischemia (GCI) + atorvastatin (ATO) group; d. Remote ischemic (RIP) + global cerebral ischemia (GCI) group; e. Remote

ischemic (RIP) + global cerebral ischemia (GCI) + atorvastatin (ATO) group. Normal cells in the control group had defined shape

and range, but after ischemia the shape of neurons was destroyed.
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day (Fig. 4). Remote ischemic preconditioning and
atorvastatin could improve the rats’ performance in
a water maze test and decreased the time of finding
the platform. Much less time was used by the group
(RIP + GCI + ATO). In other words, using remote
ischemic preconditioning and atorvastatin together
could decrease the time of swimming (Fig. 4). The rats
in the group (GCI) and group (GCI + VEHICLE) had
less speed than the rats in the (CONTROL), (SHAME),
(RIP + GCI), (GCI + ATO), (RIP + GCI + ATO), (RIP +
GCI + VEHICLE), and speed significantly increased in
(CONTROL), (SHAME), (RIP + GCI), (GCI + ATO),
(RIP + GCI + ATO), (RIP + GCI + VEHICLE)
compared to that in (GCI) and (GCI + VEHICLE). Also,
the rats which had received the combined treatment
with atorvastatin and RIP showed a higher speed of
swimming in comparison with that in RIP + GCI and
GCI + ATO groups (Fig. 5). In the probe experiment,
the swimming time of the mice in the northern quarter
and the number of platform intersections were used
to count the maintenance performance (Fig. 6). Our
findings in the probe test showed that distance in
the treatment groups (RIP + GCI) and (GCI + ATO)
increased, and the rats in the combined treatment group
(RIP + GCI + ATO) had better performance in the
maze test in comparison with other treatment groups
(RIP + GCI) and (GCI + ATO).

Spatial task acquisition
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Figure 4. Effects of global cerebral ischemia on memory. After
ischemia, time of finding the escape platform increased. Data
were represented as mean+SEM, and p<0.05 was considered sig-
nificant. ** was used for showing a significant difference between
groups. Treatment with atorvastatin and remote ischemic de-
creased the time for reaching the escape platform, and the shortest
time in the control and shame groups was for the combined treat-
ment group (RIP + GCI + ATO). GCI — global cerebral ischemia,
RIP — remote ischemic preconditioning, ATO — atorvastatin.
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Figure 5. Effects of global cerebral ischemia on memory. Data
were represented as mean+SEM and p<0.05 was considered
significant. ** was used for showing a significant difference
between groups. Ischemia decreased the swimming speed. The
swimming speed was higher in RIP + GCI + ATO rats compared
to that in other treatment groups. GCI — global cerebral ischemia,
RIP — remote ischemic preconditioning; ATO — atorvastatin.
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Figure 6. Effects of global cerebral ischemia on memory. Data
were represented as mean+SEM, and p<0.05 was considered
significant. ** was used for showing a significant difference
between groups. The swim distance decreased in the ischemia
group compared to that in the other groups. The treatment
groups could increase distance, and the longest distance was
covered by the combined treatment group (RIP + GCI + ATO).
GCI — global cerebral ischemia, RIP — remote ischemic precon-
ditioning; ATO — atorvastatin.

Discussion

Inthis study, global cerebral ischemia and reperfusion cause
significant cerebral injury in male mice. Ischemia in the
brain causes neuronal loss in the neocortex, hippocampus,
and striatum and leads to memory deficit (Lee et al. 2020).
Furthermore, ischemia causes an increased production of
reactive oxygen species (ROS), inflammation, necrosis,
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and apoptosis. Ischemia damages CAl hippocampal
neurons, which causes damage to long-term and short-
term neurological function and memory (Bachevalier
and Meunier 1996; Bendel et al. 2005). The brain is a
vulnerable organ to ischemia, as pyramidal neurons in
the CAl region of the hippocampus are sensitive and
can be damaged after ischemia (Kiyota et al. 1991). CAl
hippocampal neurons play an important role in cognitive
and non-cognitive behaviors, which ischemia can damage,
thus causing cognitive problems, such as memory deficit
(Hu et al. 2013; Eydipour et al. 2017; Dolatabadi et al.
2019). There are different behavioral tests, such as the
Morris water maze, for investigating behavioral changes
and memory function after ischemia (D’Hooge and De
Deyn 2001; Iihoshi et al. 2004; Gordan et al. 2012). The
Morris water test makes it possible to study cognitive
deficits following brain injury (Tucker et al. 2018). Our
findings in the maze test showed that ischemia damaged
CA1 hippocampus neurons and destroyed spatial learning
and memory abilities in the ischemia group of rats in
comparison with the control group. We investigated
memory capability after ischemia and used two strategies
to improve memory and learning after ischemia. Studies
showed that a short cycle of ischemia-reperfusion
could improve short-term and long-term memory and
neurological function (Hu et al. 2018; Liu et al. 2019).
Remote ischemic preconditioning is a strategy that consist
of short cycles of ischemia-reperfusion in a specific limb
before the onset of stable ischemia that reduces infarct
size through inhibition of oxidation and inflammation
(He et al. 2019). Remote ischemic preconditioning could
significantly reduce the ischemiareperfusion injury through

Cellular and molecular consequences of ischemic stroke

Ca'™, ROS, RNS

upregulation and expression of Nrf2 as a transcription
factor that regulates the expression of antioxidant proteins
(Chen et al. 2018) (Fig. 7). Furthermore, remote ischemic
preconditioning was shown to protect against ischemia
injury by downregulating the key steps leading to systemic
inflammation. This process blocks NFkB, subsequently
reducing systemic inflammation (Kim et al. 2014).
Studies have shown that remote ischemic preconditio-
ning can reduce apoptosis by reduction in the expression
of caspase-3 and Bax. This reduction showed a decreased
incidence of ischemia injury after initial ischemic insult
(Wei etal. 2011; Duan et al. 2012; Peng et al. 2012; Park et
al. 2016). Kim et al showed that remote ischemic precondi-
tioning was able to increase the survival rate and decrease
the tumor necrosis factor (TNFa) level (Kim et al. 2014).
In this study, remote ischemia preconditioning improved
CA1 hippocampal neurons and deficits of memory after
global ischemia. Atorvastatin is one of the statin group
with a neuroprotective effect, which can improve neuronal
injury induced by ischemia (Asahi et al. 2005; Hong et
al. 2006). Statins cause angiogenesis, neurogenesis, and
synaptogenesis after stroke (Chen et al. 2003; Piermartiri
et al. 2009). Also, statins can recover memory and learning
ability (Baytan et al. 2008; Georgieva-Kotetarova and
Kostadinova 2013; Wroolie et al. 2020). Atorvastatin
improves the impairment of memory and learning by
downregulating the activation of caspase-3 via increasing
the phosphorylation of AKtlduring ischemia reperfusion
(Yangetal. 2015). Our findings showed that global cerebral
ischemia created with occlusion of common carotid arteries
causes deficits in rat performance, neurodegeneration,
and a decreased number of neurons in the hippocampus.
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Our findings are in agreement with the previous studies
showing that treatment with atorvastatin could improve
neuronal injury of CAl and improve memory after
ischemia (Robin et al. 2014). Our results showed that
atorvastatin - and remote ischemia preconditioning
separately can improve rats’ performance, but using
remote ischemic preconditioning and atorvastatin together
was more effective. In other words, according to the Morris
water maze results, the best performance was shown by
the group in which remote ischemic preconditioning
was used together with atorvastatin. The previous report
indicated the effects of remote ischemic preconditioning
and atorvastatin on cognitive behavior and memory (Qu
et al. 2005; Karki et al. 2009). Our research shows that
combined treatment with atorvastatin and remote ischemic
preconditioning has a neuroprotective effect on memory
and learning of rat, which can be mediated by a modest
increase in neurogenesis. In the present study, the animals
were subjected to a visible test before conducting the water
maze test to ensure the readiness of the animals. All the
experimental rats performed the visible tests successfully.
In the visible test, all the rats got the similar score. This is
consistent with the readiness of all the rats for performing
a Morris water maze. In the present study, we investigated
working memory (as assessed in STA) and reference
memory (probe test) after ischemia using the water maze
test (Volpe et al. 1989). Studies have examined spatial
reference memory and working memory using the water
maze test (Bizon et al. 2009; Kraeuter et al. 2019). We
demonstrated that the working memory and reference
memory of rats are impaired after ischemia. Reference
memory is involved in retaining fixed information, and
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