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Effect of Exercise Prior or After Ischemia on the Density of
Neurons and Astrocytes in the Brain of Rats
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Abstract: The aim of this study was to analyse the density of astrocytes and
neurons in the motor areas of the cortex, striatum and hippocampus of rats that
performed exercise before or after cerebral ischemia. A total of 36 Wistar rats
were separated into two groups: One that was subjected to Middle Cerebral
Artery Occlusion (MCAO) and the other that underwent surgical access in the
absence of ischemia. Both groups were subdivided into: Animals that
underwent exercise prior to MCAO and sham surgery (AI and AC, n = 12);
animals that underwent exercise after MCAO and sham surgery (DI and DC, n
= 12); and animals that did not undergo exercise (SI and SC, n = 12). The
brains of mice were sectioned and stained by the Nissl method for staining of
neurons and the astrocytes were labeled by immunohistochemistry with glial
fibrillary acidic protein. Physical training was conducted after the surgery for 6
weeks (30 min/day), 5 days per week. The animals exercised before cerebral
ischemia showed greater density of neurons in the striatum, in the apex of the
dentate gyrus of the hippocampus, in the motor cortex contra lateral to the
lesion and more astrocytes in the motor cortex of the cerebral hemispheres
compared with the untrained group (p<0.05). The density of neurons in the
brain regions analysed remained unchanged in exercised animals from the
fourth day after cerebral ischemia when compared with the sedentary group.
Keywords: Cerebral Ischemia, Immunohistochemistry for Glial Fibrillary
Acidic Protein, Astrocytes, Neurons

Introduction
Astrocytes are involved in neuroplasticity through the
absorption and release of brain-derived neurotrophic
factor, the synthesis of Glial Fibrillary Acidic Protein
(GFAP) and the transport of glutamate and glutamine
synthetase (Bergami et al., 2008; Eng et al., 2000). A
mechanism for the regulation of excitotoxicity in cerebral
ischemia is the conversion of glutamate to glutamine by
the enzyme glutamine synthetase, present in astrocytes
(Cammer et al., 1990; Eddleston and Mucke, 1993).
The most abundant glial cells in the central nervous
system (Abbott, 2002; Goudstein and Betz, 1986) are the
astrocytes, covering 90% of the cerebrovascular surface
(Willis et al., 2004). These cells participate in the
regulation of free neurotransmitters, immune response,
repair of the extracellular matrix, control of the

cerebrovascular barrier and trophic support (Eddleston and
Mucke, 1993). GFAP is a protein that makes up the
intermediate filaments of the cytoskeleton of astrocytes
(Eng et al., 2000) and its immunostaining allows us to
highlight the reactive astrocytes in central nervous
system lesions (Ridet et al., 1997).
A high density of astrocytes plays a part in a
mechanism related to the recovery of the area around
the site of cerebral ischemia in rats trained after
ischemia (Li et al., 2005), since these cells also
participate in the regulation of the blood-brain barrier
and are important in maintaining brain permeability
(Arthur et al., 1987; Kondo et al., 1996; Tao et al., 1987).
Exercise reduces brain injury by decreasing local
edema and by the maintenance of micro vascular integrity
(Ding et al., 2006; Li et al., 2005). It also promotes the
remodeling of synapses in the hippocampus (Liu et al.,
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2011). Astrocytes play an important role in this process
(Humm et al., 1998; Taskapiliogly et al., 2009) by
synthesizing glial-derived neurotrophic factor, which is
responsible for the increased survival of dopaminergic
neurons and by promoting neuroplasticity (Senna et al.,
2011; Henderson et al., 1994; Lin et al., 1993).
As there are few studies that describe the density of
astrocytes and neurons in rats with cerebral ischemia
undergoing physical exercise, this study aimed to analyse
the density of astrocytes and neurons in the brain of rats that
performed exercise before or after brain ischemia.

The exercises after MCAO (DI) and after the sham
operation (DC) lasted 6 weeks and the rats exercised for
30 min/day, on the treadmill without inclination, 5 days
per week, with a speed of 12 m/min (Liu et al., 2011;
Zhang et al. 2012a; 2012b). The exercise speed was
gradually increased: On the first day the rats ran with a
speed 8 m/min, on the second day at 10 m/min and on
the third day at 12 m/min (Liu et al., 2011; Zhang et al.
2012a; 2012b). The rats that were able to run for 2 min at
speeds of 8, 11 and 12 m/min in the first 3 days of the
physical training continued in the research.

Materials And Methods

Occlusion of the Middle Cerebral Artery

Animals

The animals were pre-treated with the analgesic
fentanyl (0.3 mg/kg intramuscularly), sedated with
diazepam (2.5 mg/kg intraperitoneally) and anesthetized
with an anesthetic circuit of isoflurane with 100%
oxygen. Prophylaxis was performed with enrofloxacin
(10 mg/kg) intramuscularly.
After anesthesia, saline atropine diluted to 2% (0.1
mL per animal) was administered intraperitoneally for
the prevention of cardiac arrhythmia and bronchial
hypersecretion secondary to mechanical stimulation of
the vagal nerve during the operation.
The surgical procedure used to perform transient
occlusion of the Middle Cerebral Artery (MCA) has
been described by Longa et al. (1989). After
trichotomy and antisepsis of the ventral cervical
region, a median sagittal incision of approximately 3
cm in length was performed. The tissues were divulsed,
exposing the bifurcation of the left Common Carotid
Artery (CCA). The pterygopalatine branch of the
Internal Carotid Artery (ICA) was clamped at its origin.
The External Carotid Artery (ECA) was ligated with
nylon Vicryl n-0 wire at the distal bifurcation of the
CCA. After the CCA and ICA were clamped, the ECA
was sectioned for passage of the monofilament
(silicone, 0.12 mm in diameter and 5.0 mm long;
Doccol®) and the wire occlusion. The wire was inserted
through the left ACE within the ICA to the origin of the
MCA, approximately at a 20-21 mm distance from the
bifurcation of the CCA. To allow passage of the wire
occlusion, the clip was removed from the ACI. To
determine the length of the wires, they were previously
marked at the lengths of 18, 20 and 22 mm. The
introduction of 20 mm from the edge of the occlusion is
associated with slight resistance to the passage of the
wire, indicating the location of the origin of the ACM.
The surgical incision was closed, keeping the wire of
the occlusion and clip in the CCA.
The wire and the clip remained for 60 min
(Duarte et al., 2003; Ma et al., 2006) then the animal was
anesthetized again, the wire was removed and the
proximal portion of the ACE to the bifurcation of the CCA
(where the wire was introduced) was connected.

A total of 36 Wistar rats were obtained from the animal
colony of the Federal University of Viçosa. Their mean
weight was 138.7±2.18 g and for 30 days they were kept in
cages with free access to water and food (12-h photoperiod
at room temperature between 21 and 22°C and relative
humidity of 60-70%). The animals were weighed at the
beginning of the experiment (30 days), immediately before
surgery (76 days) and after surgery (81 days) and at the end
of the experiment (126 days). All procedures were approved
by the Ethics Committee on Animal Use, Federal
University of Viçosa (protocol 32/2011).
A total of 18 animals were subjected to ischemia by
transient Middle Cerebral Artery Occlusion (MCAO)
and distributed (Table 1) in the following subgroups: AI
(n = 6) underwent exercise on the treadmill (Insight
Instruments®, Ribeirão Preto, SP) prior to the ischemia;
DI (n = 6) underwent exercise on the treadmill after
ischemia; and SI (n = 6) did not undergo exercise.
Another 18 animals (control) underwent surgical
access, but not to MCAO and were distributed (Table 1)
in the following subgroups: AC (n = 6) were trained
before surgery; AD (n = 6) were trained after surgery;
and SC (n = 6) were not trained on the mat.

Physical Training
Animals that were exercised before the surgical
procedure were adapted to the treadmill for 5 days at a
speed of 10-12 m/min, for 12 min/day. After the
adaptation period, the rats belonging to the groups
trained before surgery (AI, AC) were subjected to the
physical training treadmill without inclination for 6
weeks, 5 days a week for 30 min/day at a speed of 15
m/min. The speed of the exercise was gradually
increased, from 10 m/min on the first day, to 12 m/min
on the second day and from the third day onwards 15
m/min (Ding et al., 2004b; 2006).
The rats allocated to the exercise groups after surgery
(DI and DC) began the exercises 7 days after the surgical
procedure and the adjustment period on the treadmill.
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Table 1. Distribution of rats (n = 36) according to experimental group
Exercise before
Animals subjected to cerebral ischemia
AI
(n = 6)
Operated animals, but without cerebral ischemia
AC
(n = 6)

Approximation of tissues and dermal suture were
performed with Vicryl 3-0 nylon.
After surgery, the animals were kept in recovery
for 2 h under warm conditions to maintain body
temperature between 36 and 38°C, with water and
food. To reset body fluid, saline was injected
intraperitoneally daily (10 mL) during the first 3 days
of observation (Modo et al., 2000).

Exercise after
DI
(n = 6)
DC
(n = 6)

Sedentary
SI
(n = 6)
SC
(n = 6)

Tween 20 was used to block non-specific reactions and
leave the more permeable fabric. Then, the sections were
immersed in 3% H2O2 to block endogenous peroxidase.
Sections were incubated with primary antibody overnight in
a humidified chamber at 4°C. Then, the sections were
washed in PBS and incubated with biotinylated secondary
antibody (Dako LSAB®2 system-HRP, DakoCytomation)
for 2 h and then with streptavidin-peroxidase conjugate for
45 min. For immunostaining the sections were revealed
with chromogen solution of 3-3’diaminobenzidina
tetrachloride (1:2; DAB, Sigma-Aldrich) and counterstained
with hematoxylin. For the negative control, the histological
sections did not receive the primary antibody.

Neurological Evaluation Scale
The scale was used for the model of MCAO in rats
proposed by Menzies et al. (1992). The scale has scores
of 0-4; the higher the score, the worse the neurological
deficit. On the first day after surgery, the animals with a
score of 4 were included in the experiment and used in
subgroups AI (exercise before MCAO), DI (exercise
after MCAO) and SI (sedentary and MCAO).

Morphometry
For quantitative analysis of the cells three images of
each histological section were captured, totaling nine
images of each animal and 54 images for each group. To
capture the images an Axio Vision Digital Camera
(AxionCam ERC5S) coupled to a microscope (Zeiss
Axio Lab A1), with 200× and an area of image analysis
of 50×106 µm2 (version 4.8), was utilized. Then, the cells
of the selected images were quantified with the aid of the
image J software program (Image-Pro Plus, version 4.5,
Windows 98), yielding an average of cells of each
histological section. Quantification was performed in
both cerebral hemispheres of the specific regions of each
section in relation to the bregma: In the 3.20 mm section
two regions were considered: The edge of the motor
cortex region and the penumbra area of the ischemia; in
the 0.20 mm section the transition between the motor
cortex and the striatum was considered; and in the -2.80
mm section the apex region of the dentate gyrus
(hippocampus) was measured. For quantification of
neurons, we considered the larger cells with nucleus
limits and a well-defined nucleolus, as well as the
marking of Nissl bodies in the cytoplasm of neurons
(Scorza et al., 2005). For the quantification of GFAPimmunoreactive astrocytes, cells were considered in
which cytoplasm showed brown coloration.

Histochemistry by the Nissl Method
After 126 days, all animals were anesthetized with
intraperitoneal injection of ketamine (1%, 30 mg/kg) and
xylazine (4 mg/kg) (Lim et al., 2008). Subsequently,
hearts were perfused with heparinized saline (0.9% NaCl
containing 5000 IU heparin/l) for 5 min, followed by
perfusion with a 4% solution of paraformaldehyde for 5
min. Then, brains were removed and sliced into 1 mm
sections in the coronal plane. The slices were paraffin
embedded and the sections, 3.20, 0.20 and -2.80 mm
(Scorza et al., 2005) of the bregma, were selected for the
Nissl staining method. These sections were sectioned
(Leica® microtome, model RM2255), for obtaining
cross-sections of 10 µm thick. After deparaffinization
and hydration in descending alcohol series, the sections
were stained with cresyl violet solution (Sigma-Aldrich)
at 0.5% for 30 min, for the marking of Nissl bodies
present in the cytoplasm of neurons. Then we proceeded
to assemble and analyse the slides (Alvarez-Buylla et al.,
1990; Scorza et al., 2005).

Immunohistochemistry
Sections of 3 µm of the intervals of 3.20 mm, 0.20
mm and -2.80 mm to the bregma were deparaffinized in
xylene under heating in an oven at 60°C for 30 min. The
primary antibody used was to GFAP (1:200, Anti-GFAP,
Sigma-Aldrich). For antigen retrieval, a pre-treatment
with citrate buffer (pH 6.0) at 95°C was used for 30 min
in the microwave. After washing with PBS a buffer
containing 2% Triton X-100 + bovine serum albumin +

Statistics
The analysis of the mean values of the density of
neurons and astrocytes, between the two groups were
analyzed by one-way ANOVA test followed by posthoc Tukey, considering a significance level of p<0.05.
Results were expressed as mean ± Standard Error of
the Mean (SEM).
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differences (p<0.05) between the group exercised prior
to MCAO and the sedentary group and also the group
that was exercised after cerebral ischemia (Fig. 1C). In
the left cerebral hemisphere no difference was observed
between the groups (Fig. 1D).
After analysis of the density of neurons at the edge of
the cerebral infarction in both cerebral hemispheres, no
difference between the groups was observed. However,
the corresponding areas in the motor cortex of the
cerebral hemispheres of the control group had lower cell
density in the group of animals that was exercised after
surgery compared with the sedentary group (p<0.05).

Results
Neurons
The density of neurons in the apex of the dentate
gyrus of the hippocampus of animals with cerebral
ischemia was significantly different in the right (p<0.05)
and left (p<0.05) brain hemispheres comparing the
animals that exercised before MCAO with the sedentary
group. In the control group no difference was observed
in either of the cerebral hemispheres (p>0.05).
The study identified a greater density of neurons in
the striatum of the right cerebral hemisphere (p<0.05) for
the group that exercised before MCAO compared with
the sedentary animals and those that exercised after
MCAO. In the left hemisphere a greater density of
neurons was also identified for the group exercised before
MCAO compared with the untrained group (p<0.05).
In the control group, there was a greater density of
neurons in the striatum of the left cerebral hemisphere of
the animals that exercised before surgery compared with
those that exercised after surgery and that were sedentary
(p<0.05). In the right cerebral hemisphere no difference
was observed between the groups (p>0.05).
Analysis of the density of neurons in the penumbra
area of the right cerebral hemisphere identified

Astrocytes
Quantification of astrocytes in the apex of the dentate
gyrus of the hippocampus of both hemispheres revealed
no significant difference in the immunoreactivity of
GFAP in astrocytes between the groups with cerebral
ischemia. Quantification of astrocytes in the striatum of
the right cerebral hemisphere showed no significant
difference. In the left cerebral hemisphere the number of
GFAP-reactive cells in the animals trained after cerebral
ischemia was significantly different (p<0.05) from that
in the animals trained before the ischemia.

Fig. 1. Quantification of neurons in the motor cortex of the left and right cerebral hemispheres by the Nissl method. SI, sedentary
group; AI, animals exercised prior to Middle Cerebral Artery Occlusion (MCAO); DI, animals that exercised after MCAO.
(A) Scheme of the slice of the motor cortex, with representation from the edge of the infarct area and penumbra area of the
motor cortex. (B) Neurons of the edge (a) and the penumbra area of the left cerebral hemisphere (b) of an AI group animal.
Bar = 50 µm. (C) Quantification data of neurons in the penumbra region of the right cerebral hemispheres. (D) Quantification
data of neurons in the penumbra region of the left cerebral hemisphere. SI, sedentary group; DI, animals that exercised after
MCAO. Mean ± SEM (n = 6/group). *p<0.05, by one-way ANOVA, followed by the post hoc Tukey test
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A greater number of astrocytes at the edge of the motor
cortex of the left and right cerebral hemispheres were
observed in the animals exercised before ischemia
compared with the sedentary group (p<0.05). In the
penumbra area of the motor cortex of the right cerebral
hemisphere there was a greater amount of astrocytes in
animals trained before cerebral ischemia compared with
the sedentary group (p<0.05). In the penumbra area of the
left cerebral hemisphere no difference was observed in the
number of astrocytes in the groups with cerebral ischemia.
In the control group there was a significant increase
in the number of astrocytes in the striatum and the motor
cortex of the left and right cerebral hemispheres of
animals that exercised before surgery compared with the
sedentary animals and those exercised after surgery.
In the GFAP immunohistochemistry it is possible to
observe the largest number of labeled astrocytes in the
striatum and motor cortex of rats with cerebral ischemia
of group AI in comparison with the SI group, in the left
cerebral hemisphere. There was a greater number of
reactive astrocytes for GFAP in the penumbra area of the
right cerebral hemisphere in group AI compared with SI
group animals. Equally, in the DI group, the presence of
gemistocytic astrocytes (astrocytes with large cytoplasm)
in the penumbra area of the right cerebral hemisphere.

compared with sedentary animals. This can be justified
by neuroplastic changes that occur in the region of the
lesion (Chung et al., 2010; Kim et al., 2005), because
after brain injury there is growth of axons in the contra
lateral cortex that project to the motor cortex and striatum
of the injured area, as a means of recovery of the impaired
area (Carmichael and Chesselet, 2002; Jones et al., 2009).
This process happens through the issuance of a neuronal
stimulus of the area of injury for the neurons of the
contralateral motor cortex region allowing cortical
reorganization (Carmichael and Chesselet, 2002;
Carmichael, 2003). Also involved in this process is the
increased synthesis of neurotrophic factors such as brainderived neurotrophic factor and nerve growth factor in the
motor cortex contralateral to the lesion (Chung et al.,
2010, 2013; Kim et al., 2005; Vaynman et al., 2004).
In the present study of employee exercise program
after cerebral ischemia there was no increase in the
number of neurons in the brain areas analysed;
however, there was an increase of astrocytes in the
striatum of the hemisphere that suffered the lesion.
These results are important because astrocytes perform
various functions in the brain and the repair of the
injured area is helped by the release of growth factors
that stimulate fibroblasts to deposit proteins in an
extracellular matrix for tissue remodeling of the lesion
(Eddleston and Mucke, 1993). Even so, physical exercise
should be considered beneficial since it improves muscle
strength, motor performance, coordination and balance of
animals (Ding et al., 2004a; Zhang et al., 2012a).
The maximum velocity employed in this study was
obtained gradually to minimize the impact on the
region of the brain injury. However, it is believed that
the beginning of the exercise program may have been
too late (fourth postoperative day). Some studies that
started the exercise program 1 day after cerebral
ischemia showed recovery in the region of cerebral
ischemia (Liu et al., 2011; Zhang et al., 2012a; 2012b).
Analysis of the GFAP-reactive astrocytes in the
hippocampus of the rats of the present study
demonstrated a lower density of these cells at the apex of
the dentate gyrus compared with the striatum and motor
cortex, confirming the results of other studies where
some particularities of hippocampal morphology were
observed (Eddleston and Mucke, 1993; Ridet et al., 1997).
Although the data of this study show a lower density of
astrocytes in the hippocampus, the quantification of
neurons showed that rats trained before cerebral ischemia
showed a greater density of neurons compared with the
sedentary group. These results can be supported by some
studies that demonstrate the benefits of physical exercise
in the rescue and recovery of neuronal death in the injured
area (Altman and Das, 1965; Curlik and Shors, 2011;
Curlik et al., 2013; Ploughman et al., 2007).
The highest density of astrocytes demonstrated in the
motor cortex of rats trained before ischemia and in the
striatum of rats trained after cerebral ischemia

Discussion
This study aimed to analyse the density of astrocytes
and neurons in the brain of rats that performed exercise
before or after ischaemia. The results indicated that the
practice of physical exercise, before cerebral ischemia,
benefited the morphology of brain tissue, with increased
density of neurons in important regions of motor planning,
such as the hippocampus, striatum and motor cortex.
The present study demonstrated that physical activity
prior to the injury causes a decrease in neuronal death
and consequent recovery in the injured area. In the study
of Wang et al. (2001) the physical preconditioning
increased angiogenesis by an increase in metabolic
demand in cortical and subcortical regions of the rat
brain. Endres et al. (2003) identified the increased
expression of endothelial nitric oxide as a
neuroprotective factor of physical activity in the rat brain
with cerebral ischemia.
In the control group that exercised before surgery, an
increase in neurons and astrocytes in the striatum and
motor cortex of the cerebral hemispheres was also
evident, which confirms the benefits of an exercise
program for the prevention of brain disorders. There are
several neurotrophic factors that are released as a result
of physical training, allowing increased brain
neuroplasticity (Kim et al., 2005).
The present study identified a greater density of
neurons in the cerebral hemisphere contra lateral to the
lesion in animals exercised prior to cerebral ischemia
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demonstrates the interference of physical exercise on the
number of these cells and therefore their participation in
the repair of the region of the brain injury in this study.
Astrocytes are important in modulating neuroplasticity
and the complexity and versatility of these cells to repair
nerve tissue depend on the diversity of the repertoire of
markers, receptors, expression of factors as well as the
location and extent of lesions (Ridet et al., 1997).
The animals trained before cerebral ischemia also
benefited from a higher number of astrocytes in the
motor cortex of the cerebral hemispheres, which may
have contributed to neuronal survival. Astrocytes act in
the regeneration of the brain tissue and microvascular
integrity, interfering in the basal lamina and decreasing
cerebral edema in ischemia (Ding et al., 2004b; 2006).
The neurotrophic factors synthesized by astrocytes also
protect the central nervous system, because they
participate in neuronal calcium homeostasis and reduce
toxicity at the lesion site (Eddleston and Mucke, 1993).
The results of this study show that there are important
neuroprotective mechanisms in the regeneration of areas
of ischemic injury in previously trained rats, but the
exact mechanisms involved in this process need to be
studied in more depth. Furthermore, different physical
training protocols may interfere in different ways with
the morphology of the rat brain.
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