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Pre-ischemic exercise reduces apoptosis in hippocampal CA3 cells
after cerebral ischemia by modulation of the Bax/Bcl-2 proteins ratio
and prevention of caspase-3 activation
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Abstract Ischemia induces physiological alterations in
neurons that lead to cell death. This study investigated the
effects of pre-ischemic exercise on CA3 neurons. Rats
were divided into three groups. Animals in the exercise
group were trained 5 days a week for 4 weeks. Ischemia
was induced by occlusion of both common carotid arteries
(CCAs) for 20 min. Apoptotic cell death was detected by
TUNEL assay. Furthermore, expression of different pro-
teins was determined by immunohistochemical staining.
The number of TUNEL-positive cells was significantly
increased in the ischemia group, but pre-ischemic exercise
significantly reduced apoptotic cell death (P < 0.001). In
addition, our results showed a significant increase in the
Bax/Bcl-2 ratio in the ischemia group. Pre-ischemic exer-
cise attenuated this ratio (P < 0.05). Furthermore, the
number of active caspase-3-positive neurons was sig-
nificantly increased in the ischemia group, which was re-
duced markedly by exercise preconditioning (P < 0.05).
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This study showed that pre-ischemic exercise can exert
neuroprotective effects against ischemia in CA3 neurons.

Keywords Exercise - Ischemia - Hippocampus -
Apoptosis
Introduction

Cerebral ischemia leads to a cascade of events that causes
some important cellular changes [1]. Ischemia leads to
selective loss of vulnerable neurons by apoptosis in specific
brain regions. Certain areas of the brain as well as certain
types of neurons are more sensitive to cerebral ischemia
(e.g., pyramidal neurons of the hippocampus) [2, 3].
Moreover, it has been reported that apoptosis is the most
important process in hippocampal neurons exposed to
transient global ischemia [4]. According to the findings of
previous studies, neuronal death is induced by free radical
formation, brain inflammatory response and apoptosis [5].
Caspase-3 is the most widely studied member of the cas-
pase family and is one of the key executors of apoptosis.
Activation of caspase-3 is an important hallmark of apop-
tosis following ischemic brain insults [6].

The Bcl-2 multigene superfamily includes antiapoptotic
genes such as Bcl-2, Bel-xL and Bak [7] and proapoptotic
genes such as Bax and Bad [8]. Although characterized as
genes that are associated with developmental cell death,
accumulating evidence suggests that these genes may
participate in both pathologic apoptotic and necrotic cell
death pathways [9].

Decreased immune reactivity of Bcl-2 and Bcel-xL and
increased Bax immune reactivity were observed in injured
neurons following both focal [10] and global ischemia [11],
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while the Bcl-2 and Bcl-xL levels were relatively un-
changed in neurons that survived following the ischemic
insult [10]. Although these observations support the hy-
pothesis that cell survival is dependent on the ratio of anti-
and proapoptotic Bcl-2 proteins [12], previous studies
indicated the role of Bcl-2 and related mechanisms in the
apoptosis process. Bcl-2 is a survival factor that can block
both necrotic and apoptotic cell death [9]. Bcl-2 acts up-
stream to prevent caspase activation, inhibits free radical
formation, regulates calcium sequestration [13] and blocks
the proapoptotic actions of other members of the Bcl-2
family such as Bax and Bad [14].

The CA3 area holds a strategic position in the hip-
pocampus because it receives sensory information from the
external and internal environment via two main pathways:
the mossy fibers and perforant path [15]. Florian et al. [16]
suggested that the CA3 area is essential for spatial memory
processes and specifically for memory consolidation of
spatial information. A previous study demonstrated that
neuronal cell death in CA3 began to appear after 6 min of
ischemia [17]. Furthermore, Liu et al. showed that the
expression of TUNEL-positive neurons was high in the
cortical and CA3 areas of the hippocampus following
cerebral ischemia/reperfusion [18].

Previous evidence indicated that physical exercise has
protective effects against ischemia/reperfusion-induced
injury in many organs such as the brain and heart in rats
[19, 20]. Physical exercise provides this protective effect
by amelioration of risk factors. Moreover, it has been
shown that exercise can exert endogenous neuroprotection
from ischemia/reperfusion injury by preserving neuronal
viability [20, 21]. Furthermore, according to previous
studies, physical exercise improves cognitive function via
increased cellular oxygenation [22]. Seo et al. [23] indi-
cated that treadmill exercise has protective effects on the
hippocampal dentate gyrus granular cells in ischemic ger-
bils. Nevertheless, the mechanism by which physical ex-
ercise induces protection particularly in the CA3 area of the
hippocampus following cerebral ischemia remains unclear.

The purpose of this study was to investigate the effects
of pre-ischemic exercise on apoptosis and apoptosis-related
protein (Bax, Bcl-2 and caspase-3) expression in hip-
pocampal CA3 pyramidal neurons of male rats after in-
duction of transient global cerebral ischemia.

Materials and methods
Animals
Twenty-one adult male Wistar rats (weighing 260-300 g)

were obtained from the Tehran Pasteur Institute and housed
in standard cages and a controlled environment (22-24 °C,
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45-50 % humidity and 12-h light/dark cycle) with free
access to food and water. All experiments were performed
in accordance with the Helsinki Declaration.

Experimental groups

Rats were randomly divided into three groups: the sham
operation group, exercise + ischemia group (ischemia
with 4 weeks of pre-ischemic exercise) and ischemia group
(7 rats in each group). In the ischemia group, the animals
underwent occlusion of both common carotid arteries
(CCA). In the exercise + ischemia group, the animals had
4 weeks of exercise before induction of ischemia. Sham-
operated animals (serving as controls) were subjected to
the same surgical procedures except that the common
carotid arteries were not occluded.

Exercise training protocol

The rats in the training intervention group were trained to
run on a treadmill (4-lane animal treadmill; IITC Life Sci-
ence Inc., USA) 5 days a week for 4 weeks. Initially, the rats
were acclimatized to run for 10—15 min at 57 m/min, 0 %
slope for 2 days before the formal treadmill training ses-
sions. Initially, electrical shocks (1.0 mA) were needed to
force animals to run forward. Subsequently, they ran with-
out electrical stimulation. After an adaptive running session,
the rats started formal training. The rats in the training
groups were scheduled to run on the treadmill for all
4 weeks. The formal treadmill training was started with a
speed of 18 m/min for 35 min and 0° slope for 5 days per
week in first week. The duration and intensity of the exercise
and treadmill slope were increased progressively so that the
animals were running for 40 min at 18 m/min with 5° slope,
45 min at 18 m/min with 10° slope and 50 min at 18 m/min
with 15° slope, respectively, in the second, third and fourth
week of training. Sedentary animals were placed on a sta-
tionary treadmill daily and were given electrical stimulation
in a manner identical to that used for the exercise group. In
order to monitor possible stress induced by treadmill run-
ning, body weight was monitored every 3 days.

Induction of transient global cerebral ischemia

To induce transient cerebral ischemia, 3 days after the last
exercise training, rats were anesthetized with ketamine/
xylazine (40 mg/kg, IP), then both common carotid arteries
were exposed and freed from the carotid sheet, and the
vagus nerves were carefully separated [24]. Both common
carotid arteries were occluded for 20 min using Yasargil
aneurysm micro clips. Subsequently, the carotid arteries
were released and inspected for immediate reperfusion.
Recirculation of blood flow was established by releasing the
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clips, and restoration of blood flow in the carotid arteries
was confirmed by observation. Rectal temperature was
maintained at 36.5 & 0.5 °C throughout the surgery by
using a feedback-regulated heating system. Animals were
returned to their home cage after the surgery with free ac-
cess to food and water and kept separately for 4 days (96 h).

Tissue preparation

Four days (96 h) after ischemia, the rats were anesthetized,
and transcardiac perfusion was performed with 0.9 % sal-
ine, followed by 4 % paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4). The brains were then extracted and
post-fixed in the same fixative overnight. Then brains were
embedded in paraffin. Afterward, 7-um-thick paraffin-em-
bedded coronal sections were cut (with a microtome) for
TUNEL and immunohistochemical staining between 3.3
and 4.2 mm posterior to the bregma fortune according to
the paxinos atlas [25].

TUNEL staining

DNA fragmentation and apoptotic cell death were detected
using a TUNEL assay [26, 27]. TUNEL staining was per-
formed using an In Situ Cell Death Detection Kit (Roche,
Mannheim, Germany), a kit for the detection and quantifi-
cation of apoptosis on the single cell level, based on labeling
of DNA stand breaks, according to the manufacturer’s
protocol. Briefly, the sections (three sections per animal)
were deparaffinized in xylene (Sigma), rehydrated by suc-
cessive series of alcohol, washed in PBS and permeabilized
by proteinase K 10 mM for 30 min at room temperature.
Then, the sections were rinsed and incubated with 3 % H,O,
in methanol for 10 min in the dark to block the endogenous
peroxidase. Then the sections were incubated in the TUNEL
reaction mixture for 60 min at 37 °C in humidified atmo-
sphere. After washing the sections with PBS, sections were
visualized by using a converter-POD for 30 min at 37 °C in
a humidified atmosphere in the dark, then rinsed with PBS
and 50-100 ul DAB (0.05 % 3,3-diaminobenzidine) sub-
strate as a chromogen was added for 10 min and rinsed with
PBS. Then all slides were mounted on a coverslip and were
analyzed by light microscope (Olympus AX-70). TUNEL-
positive cells were quantified using light microscopy at
400x magnification. Images were analyzed using Image
Tool 2 software. The number of TUNEL-positive cells was
counted along a 400-pm-long transect (0.160 mm?) of the
CA3 area of the right hippocampus. All counting procedures
were performed blindly.

Immunohistochemical staining

The purpose of this study was to investigate levels of
different proteins (Bax, Bcl-2 and caspase-3) in the CA3
area of the hippocampus. We are faced with technical
limitations in separating the CA3 area from other parts of
the hippocampus for RT-PCR and Western blot analysis;
we used immunohistochemical staining to better detect
protein expression. Immunohistochemical staining was
performed on 7-pum tissue sections (three sections per
animal) [28]. Briefly, tissue sections were incubated for
30 min at 60 °C, rehydrated through a descending alcohol
series and treated with 10 % hydrogen peroxide in
methanol for 10 min to reduce endogenous peroxidase
activity. After being washed in Tris buffer [H,NC (CH,.
OH);, pH 7.4], antigens were retrieved by autoclaving for
11 min in citrate buffer (C¢HsNa3;O,-2H,0, pH 6). Then,
sections were incubated with primary antibodies (Biorbyt,
UK) overnight at 4 °C temperature. Optimal dilution was
found to be 1/100. Tissues were then incubated in goat
polyclonal secondary antibody (HRP) (Biorbyt, UK) for
30 min at room temperature with the addition of DAB
(Sigma, USA) to achieve visualization of the antigen. In
the final step, tissue sections were lightly counterstained
with hematoxylin (Sigma), dehydrated in alcohol, cleared
in xylene and mounted for visualization. The primary
antibody was not included in the processing of the
negative control slide. Human cervical carcinoma tissue
was used as a positive control. Photomicrographs of
sections were prepared using light microscopy at 400x
magnification by a blinded investigator. The number of
immune positive cells was counted along the 400-pm-
long transect (0.160 mm?) of the CA3 area of the right
hippocampus.

Statistical analysis

All results are reported as mean = SD. The Kolmogorov-
Smirnov test was used to verify the normality of the dis-
tribution. One-way analysis of variance (ANOVA) test was
used to compare the differences between the groups. When
a significant difference was revealed, the Dunnett’s T3 or
Scheffé’s post hoc test was used to specify where the dif-
ference occurred. When the homogeneity of variance was
established, Scheffé’s post hoc test was used; otherwise, we
applied Dunnett’s T3 post hoc test. The level of sig-
nificance was set at P < 0.05. All data were analyzed using
the SPSS software package (SPSS for Windows; SPSS Inc.,
Chicago, IL, USA; version 16.00).
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Fig. 1 Photomicrographs of TUNEL staining in the hippocampus
after transient global cerebral ischemia. a The CA3 area of the
hippocampus, b sham-operated group, ¢ ischemia group and

Results

Pre-ischemic exercise reduced ischemia/reperfusion-
induced apoptosis in the CA3 area following
ischemia

The results of TUNEL staining showed that the number of
TUNEL-positive cells in the CA3 area of the hippocampus
in the ischemia group significantly increased (12.2 £ 2.4)
compared to the sham group (1.8 £ 0.5, P < 0.001),
indicating that transient cerebral ischemia induces apop-
tosis in hippocampal CA3 pyramidal cells. On the other
hand, in ischemic rats preconditioned with exercise, the
number of TUNEL-positive cells was decreased
(7.0 £ 1.2) compared to the ischemia group (P < 0.001)
(Figs. 1, 2).

Pre-ischemic exercise increased the Bcl-2 protein
level in the CA3 area

According to the results of Bcl-2 immunohistochemical
staining, there was a significant difference in the number of
Bcl-2-positive cells among groups in the CA3 area. Bcl-2
protein expression was higher in the sham-operated group
(27.0 £ 1.4), and ischemia decreased the number of Bcl-2-
positive cells (16.2 £ 2.8, P <0.01). In ischemic rats

@ Springer

_ =

L4

-«yq

. . - P
e —

a

d exercise + ischemia group (arrows indicate the active TUNEL-
positive cells, magnification x400)

[y
»
)

*

[y
N
L

=
o
L

| ]
0

Sham Ischemia

TUNEL-Positive Cells in CA3 Area (0.160 mm?)
-]

Exercise + Ischemia

Fig. 2 Effects of exercise preconditioning on the number of
hippocampal CA3 area TUNEL-positive cells after ischemia. *Sig-
nificantly different compared with the sham group (P < 0.001).
#Significantly different compared with the sham (P < 0.01) and
ischemia (P < 0.001) groups

preconditioned with exercise, the number of Bcl-2-positive
cells increased (27.1 £ 3.7) compared to the ischemia
group (P < 0.001) (Figs. 3, 4).

Effect of exercise preconditioning on the Bax protein
level in the CA3 area following ischemia

The results of Bax immunohistochemical staining showed
that there was no notable difference among groups in the
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Fig. 3 Photomicrographs of Bcl-2 immunohistochemical staining in
the CA3 area of right hippocampus after transient global cerebral
ischemia. a The CA3 area of the hippocampus, b sham-operated
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Fig. 4 Effects of exercise preconditioning on the number of Bcl-2-
positive cells in the rats’ hippocampal CA3 area after the transient
global cerebral ischemia. Exercise preconditioning significantly
attenuated the ischemia/reperfusion-induced increase in the number
of Bcl-2-positive cells. *Significantly different compared with the
sham group (P < 0.01). *Significantly different compared with the
ischemia group (P < 0.001)

number of Bax-positive cells in the CA3 area. Bax protein
expression in the ischemia group (27.4 £ 10.4) was not
significantly different compared to the sham-operated
group (11.5 £ 3.5, P > 0.05). In addition, physical exer-
cise (23.5 £ 5.2) did not change the level of this protein
significantly compared to the ischemia group (P > 0.05)
(Figs. 5, 6).

group, ¢ ischemia group and d exercise 4 ischemia group (arrows
indicate the Bcl-2-positive cells, magnification x400)

Exercise preconditioning modulated the Bax/Bcl-2
ratio in the CA3 area following ischemia

The Bax/Bcl-2 ratio was significantly different among
groups. The Bax/Bcl-2 ratio was higher in the ischemia
group (1.6 & 0.6) compared to the sham-operated group
(0.4 £ 0.1, P < 0.05) and was lower in rats preconditioned
with exercise (0.8 £ 0.2) (P < 0.05) (Fig. 7).

Physical exercise reduced ischemia-induced caspase-3
activation

According to the results of caspase-3 immunohistochemical
staining, there was a significant difference in the number of
active caspase-3-positive cells among groups. The number
of active caspase-3-positive cells was significantly higher in
the ischemia group (17.0 &+ 3.4) compared to the sham-
operated group (4.0 £ 0.8, P < 0.001), while the rats pre-
conditioned with exercise had fewer active caspase-3-
positive cells in the CA3 area (P < 0.05) (Figs. 8, 9).

Discussion
In this study, we investigated the effects of pre-ischemic

exercise on apoptosis and apoptosis-related protein (Bax,
Bcl-2 and Caspase-3) expression in the CA3 area of the
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Fig. 5 Photomicrographs of Bax immunohistochemical staining in
the CA3 area of the right hippocampus after transient global cerebral
ischemia. a The CA3 area of the hippocampus, b sham-operated
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Fig. 6 Effects of exercise preconditioning on the number of Bax-
positive cells in the rats’ hippocampal CA3 area after transient global
cerebral ischemia. Exercise did not cause significant changes in the
number of Bax-positive cells

hippocampus following transient global cerebral ischemia.
The results of TUNEL staining demonstrated that the
number of TUNEL-positive cells in the CA3 area of the
hippocampus was significantly higher following cerebral
ischemia. However, treadmill exercise significantly sup-
pressed the ischemia-induced increase in apoptotic cell
death in this area; in addition, ischemic insult enhanced the
Bax/Bcl-2 ratio in the hippocampal CA3 area. Also, pre-
ischemic exercise, by increasing Bcl-2, with no change in
the Bax levels, significantly attenuated the Bax/Bcl-2 ratio.
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indicate the Bax-positive cells, magnification x400)
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Fig. 7 Effects of exercise preconditioning on the Bax/Bcl-2 ratio in
the rats’ hippocampal CA3 neurons after transient global cerebral
ischemia. Exercise preconditioning significantly modulated the
ischemia/reperfusion-induced increase in the Bax/Bcl-2 ratio. *Sig-
nificantly different compared with the sham group (P < 0.05).
*Significantly different compared with the ischemia group (P < 0.05)

Moreover, the results of caspase-3 immunohistochemical
staining demonstrated that the number of active caspase-3-
positive cells in the CA3 area of the hippocampus was
significantly increased following transient global cerebral
ischemia. Pretreatment with exercise significantly reduced
the ischemia/reperfusion-induced caspase-3 activation.
Our findings support the hypothesis that modulation of
alterations in the Bax/Bcl-2 ratio with treadmill exercise
can regulate downstream caspase-driven apoptosis
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Fig. 8 Photomicrographs of caspase-3 immunohistochemical stain-
ing in the CA3 area of the right hippocampus after transient global
cerebral ischemia. a The CA3 area of the hippocampus, b sham-
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Fig. 9 Effects of exercise preconditioning on the number of active
caspase-3-positive cells in the rat’s hippocampal CA3 area after
transient global cerebral ischemia. Exercise preconditioning sig-
nificantly attenuated the ischemia/reperfusion-induced caspase-3
activation. *Significantly different compared with the sham group
(P <0.001). *Significantly different compared with the sham
(P < 0.01) and ischemia (P < 0.05) groups

following transient global cerebral ischemia. The under-
lying mechanism by which this action takes place is still
unknown. It has been well established that caspase sig-
naling, inflammatory factors, oxidative stress, calcium
dysregulation and excitotoxicity represent the main causes
of neuronal apoptosis [29]. It seems any factor that inhibits
this process can be used in the treatment of brain ischemia.

operated group, ¢ ischemia group and d exercise + ischemia group
(arrows indicate the active caspase-3 positive cells, magnification
x400)

One of the possible mechanisms of the neuroprotective
effect of exercise in the CA3 area following transient global
ischemia/reperfusion is the capacity to block NMDA-in-
duced cytotoxicity. NMDA receptor-mediated intracellular
calcium ([Ca®']i) elevation, as well as subsequently high
levels of Ca®™ within the mitochondria, has an essential role
in mitochondrial membrane depolarization, modulating its
permeability. This is an important step in the process of
caspase activation and apoptosis [30]. Previous studies have
shown that cerebral ischemia can lead to the uncontrolled
release of glutamate [31]. Overactivation or misuse of
glutamate and its receptors has been shown to increase in-
jury following cerebral ischemia, especially in neurons of
the hippocampus [32]. According to previous studies, ex-
ercise preconditioning may lessen the overexpression of
glutamate and be involved in glutamate receptor down-
regulation, consequently reducing brain damage after is-
chemia [33]. Jia et al. [31] showed in their study that
treadmill training can protect striatal neurons from ischemic
injury. They suggested that this protective effect takes place
by preventing NMDA-induced cytotoxicity [31].

It is known that reperfusion injury plays an important
role in the brain ischemic cascade [34]. Returned blood
flow can reintroduce oxygen to the cells, damaging their
proteins, DNA and plasma membranes. The level of free
radicals may increase if the plasma membrane is damaged.
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These processes can play an important role in redox sig-
naling, ultimately causing cell apoptosis [35]. Reactive
oxygen species (ROS) are produced in the mitochondrial
electron transport chain as a normal product, but when their
level exceeds the cellular antioxidant capacity, they can
lead to cell death. ROS-induced oxidative stress plays a
crucial role in the ischemic cascade [36, 37]. According to
previous studies, Bcl2 protein is known to be a factor that
can enhance the antioxidant activity by increasing the GSH
level and Cu/Zn superoxide dismutase (SODI) activity
[38]. Therefore, another possible mechanism for the neu-
roprotective effect of exercise in the CA3 area of the hip-
pocampus following cerebral ischemia could be related to
the increased level of Bcl-2 and its ability to block free
radical formation.

Extracellular signal-regulated kinase 1/2 (ERK1/2) are
involved in mitogen-activated protein kinase pathways and
are constitutively expressed in the adult brain [39]. These
ERK1/2-regulated pathways are very important in signal
transduction and neuroprotection in the setting of ischemia/
reperfusion injury. Based on the results of previous studies,
activation of this regulatory kinase enables tissue repair in
the setting of ischemia/reperfusion injury, which results in
a decrease in cell death [40].

Furthermore, exercise preconditioning appears to upre-
gulate ERK1/2 [41]. In addition, a recent study demon-
strated that pre-ischemic treadmill training, by
upregulation of heat shock protein-70 (HSP-70), can re-
duce the brain infarction volume. Moreover, HSP-70 and
ERK1/2 can increase Bcl-2 protein and decrease the Bax/
Bcl-2 ratio [37].

Therefore, Bcl-2, by blocking free radical formation,
regulating calcium sequestration, preventing caspase-3
activation and blocking the proapoptotic actions of other
members of the Bcl-2 family such as Bax and Bad, ulti-
mately can inhibit apoptosis following transient global
cerebral ischemia in the hippocampal CA3 area neurons.

In conclusion, our study demonstrated that pre-ischemic
treadmill training results in the reduction of the Bax/Bcl-2
ratio and caspase-3 activity in the hippocampal CA3 neu-
rons against cerebral ischemia. Physical exercise can exert
protective effects in brain ischemia models via some pos-
sible mechanisms such as preventing NMDA receptor cy-
totoxicity, reducing ROS production and upregulating
ERK1/2 and HSP-70. The neuroprotective mechanisms of
exercise can provide a neuroprotective therapy that will
simultaneously promote cell survival and decrease neu-
ronal death, therefore ameliorating much of the functional
and memory loss following ischemic stroke.
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