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ABSTRACT: Cell damage and cell generation can be altered in a stressed and exercised brain. However, it is not known
whether voluntary exercise can prevent cell damage or cell death in stress situations, especially in the striatal region. To
address this question, male Sprague-Dawley rats (3 months old) were separated into three groups (sedentary, restraint stress,
and voluntary exercise+ restraint stress groups). The stress circumstances were restraint stress, light stress, and tilt cage. To
assess cell damage, staining for the heat shock protein (HSP90) was undertaken and the numbers of cells showing positive
HSP90 expression were counted. Neurogenesis was investigated by staining for nestin markers. The restraint stress effects
were assessed by determining the number of HSP90 expressed cells produced in the dorsal striatum. A significant difference
was found when the number of HSP90 positive cells in the restraint stress and the voluntary exercise+ restraint stress groups
were compared to those in the sedentary control group. In both experimental conditions there was neurogenesis in the striatal
area. However, the group that received voluntary exercise presented a significantly higher number of nestin-expressing cells
over the restraint stress group. Voluntary exercise might have an adaptive effect on neurogenesis in terms of replenishing
the cellular stressed neurons but it has no effect on ameliorating the level of stress marker. The evaluation of the effects of
voluntary exercise on neurogenesis in the striatal region in the stressed model might contribute to a better understanding of
beneficial interventions in movement disorders related to patients with depression.
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INTRODUCTION

Adult neurogenesis depends on numerous factors,
including age, disease, neurotrophic factors, neu-
rotransmitters, inflammation, and levels of physical
and mental activity1–4. Neurogenesis also appears
to respond to a variety of environmental changes
within the brain, such as stress, hormonal changes,
and exercise1. Stress activates the hypothalamo-
pituitary-adrenal (HPA) axis, triggering the release of
corticortropin-releasing hormone from the hypotha-
lamus; a cascade of signals triggers the release of
glucocorticoids from the adrenal cortex, which can
act on neurons displaying the appropriate receptor in
the brain. Different types of stress decrease prolifer-
ation and neurogenesis in rodents, especially in the
hippocampal regions2, 5. Stress plays a crucial role
in the progression of different pathologies. Imaging
studies have shown that the volumes of the hippocam-
pus6, striatum7, 8, and frontal cortex9 are decreased in
patients with depression. A number of studies have
identified numerous environmental factors that regu-
late adult neurogenesis and affect behaviour, possibly
via neurogenesis-dependent mechanisms4, 10. Chronic

stress induces depressive behaviour and reduces the
proliferation of new neurons3. One of the factors
attributed to stress-induced impairment of brain func-
tion is decreased neurogenesis, particularly in the
hippocampal dentate gyrus. Stress has been shown to
affect the dopaminergic system in the striatal region
which is responsible for the control of movement
and might influence the pathology of movement dis-
orders11. The striatum is composed of two distinct
parts, the dorsal striatum and the ventral striatum. The
dorsal striatum has been considered to encompass a
motor function and deterioration of this area results
in movements disorders including Parkinson’s dis-
ease and Huntington’s disease12. Psychophysiological
stress situations, such as heat stress, intense physical
exercise, and the use of various psychoactive and
addictive drugs, induce the expression of heat shock
proteins (HSPs)’ messenger RNA and/or protein13.
The expression of HSPs has been revealed to be a
sensitive marker of metabolic activation or oxidative
stress which results from increased metabolism levels
and the hyperthermia conditions induced. Thus HSP
is an important marker for detecting stress responses.

Restraint stress is an important method for phys-
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ical operation and as a model for psychiatric stress.
This method involves immobilization or restriction
of the range of locomotion in animals, which is
inexpensive and harmless to the animal subject. It is
straightforward, painless, and without lasting debili-
tation14. Moreover, restraint stress has been proved
and used as a common stress inducing model15–17.
Physical stress situations in rodents may be a useful
model of early adversity and depression and the mech-
anism may involve alterations in neurotrophins18, 19.
Exercise has an implementional effect on neurotrophic
expression in clinical and rodent studies similar to an-
tidepressant administration20. Numerous studies have
pointed towards an interaction between antidepres-
sants, exercise and neurotrophin expression includ-
ing the up-regulation of brain-derived neurotrophic
factor (BDNF) mRNA in the striatum after volun-
tary exercise21, and increasing BDNF levels in the
hippocampus after acute treadmill running22. BDNF
has been shown to activate the cascade of signalling
pathways and transcription factors which influence
the expression of various proteins involved with the
regulation of neural plasticity, stress resistance and
cell survival.

The beneficial effects of exercise on brain func-
tions have been observed in numerous studies. The
effects of exercise were verified on cell proliferation
and neurogenesis in mice in which acute stress had
been induced. The animals responded to exercise
with increased cell proliferation and neurogenesis in
the dentate gyrus23. Physical activity increases the
number of new cells and improves performance in
learning24. Exercise also appears to protect neurons
from destruction in the substantia nigra of maternally
separated rat pups25.

However, the protective effects of voluntary ex-
ercise on cell formation in the striatum have not yet
been investigated. The majority of studies examining
neurogenesis in the context of stress and exercise have
examined the effects on cell proliferation, especially
in the hippocampal region. In contrast, very few
stress studies and no running studies have examined
the effects of these factors in the striatal region. In
addition, it is interesting to consider the possible
protective effects of voluntary exercise in the restraint
stress model in relation to neurogenesis. In the present
study, we examined whether voluntary exercise could
protect the striatal cells from deterioration and en-
courage neurogenesis in the restraint stress model.
Immunohistochemistry was used to verify heat shock
protein (HSP90) expression, comparing the restraint
stress-induced group, the voluntary exercise+restraint
stress-induced group and the sedentary control group.

MATERIALS AND METHODS

Animal preparation

This project was approved by the Committee for
Experimental Animal Research of the Faculty of
Medicine, Srinakharinwirot University, Thailand
(No. 1/2554). Male Sprague-Dawley rats (3 months
old) were used in this experiment. The rats were
housed under standard laboratory conditions (12 h/
12 h light/dark cycle; lights on at 6:00 am; food and
water supplied ad libitum).

Stress induction protocols

Sprague-Dawley rats were divided into three groups:
restraint stress-induced, voluntary exercise + restraint
stress-induced group, and sedentary (eight rats/group).
The stress induction protocols were performed using
the following procedure: The animals were put into
separate Plexiglas cylindrical cages, the diameter and
length of which were adjusted to accommodate the
size of each animal. The restraint stress was per-
formed 4 h daily during the dark phase of the cycles.
During restraint stress, the cage was tilted and bright
light was shone to increase the stress to the animal.

Voluntary exercise

The exercised rats were housed in individual cages
with a running wheel (diameter = 31.8 cm, width =
10 cm) and left free to run. The number of running
cycles were continuously recorded by an automatic
cycle counter which recorded the level of voluntary
exercise. The animals that ran more than 500 rounds
per night consecutively for 14 nights were classified
in the voluntary exercise group. The selected ani-
mals were then instantly put under restraint stress for
7 days. Animals were sacrificed immediately after the
last session of stress induction.

Tissue preparation and immunohistochemistry

The brains of the rats in all three groups—restraint
stress-induced, voluntary exercise + restraint stress-
induced group, and sedentary control—were excised
after the last session of the stress induction. The
animals were deeply anaesthetized using sodium pen-
tobarbital (Nembutal) and were then transcardially
perfused with 4% paraformaldehyde. The brains
were rapidly removed, post-fixed overnight in 4%
paraformaldehyde, and then cryoprotected in solu-
tions containing 30% sucrose. The brains were then
embedded in optimal cutting temperature compound
and frozen in liquid nitrogen. Coronal sections
(20 µm) were taken using a cryostat. Immunohisto-
chemistry was performed in line with previous litera-
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ture26. In brief, the sliced tissues were permeabilized
with 0.3% Triton X in PBS for 10 min, treated with
10% donkey serum for 15 min in PBS containing 0.3%
Triton X-100 to block nonspecific binding, and then
incubated with appropriate primary antibodies against
Heat Shock Protein-90 (HSP90, Santa Cruz, CA),
double-labelled with anti-nestin (Amersham Pharma-
cia Biotech, Piscataway, NJ) in PBS containing 3%
albumin at 4 °C overnight. After being washed twice
with PBS containing Tween 20 (0.1%) for 30 min, the
sections were incubated with FITC- and rhodamine-
conjugated secondary antibodies in PBS containing
3% albumin for 1 h and then washed twice. All tis-
sue slides were mounted using Vectashield mounting
medium. The sliced tissues were examined using
a laser-scanning confocal microscope (Zeiss). The
numbers of immunopositive stained cells were deter-
mined and averaged for the entire field of the image
from four consecutive sections within the striatal area.

Cell counting and statistical analysis

The density of HSP90 was detected and measured
through immunostaining and confocal microscope
study in the striatal area of the animals. The animals
were sacrificed immediately after seven days of stress
protocol to determine the effects of stress on the
striatal neurons. The numbers of nestin-expressing
and HSP90-expressing cells in the striatal area of the
brain were counted using four consecutive sections
per animal. In order to gain a more detailed picture
of the distribution of the positive cells for counting,
each section of the striatum was divided into quadrants
of roughly equal size. Areas were measured using
the NIH Image program on images captured using
a digital camera system. Within each section, the
boundaries of the dorsal striatum were established.
In brief, the sections examined were located caudal
to the nucleus accumbens and rostral to the globus
pallidus according to the atlas of Paxinos and Watson
as previous work has shown that the pattern of cells in
this region of the dorsal striatum27. The results of the
cell counts were reported as the mean±SD numbers
of positive cells averaged in each group. Statistical
analysis was performed by one-way ANOVA followed
by Tukey’s test. The level of significance was estab-
lished at p < 0.05.

RESULTS

The tissue samples from the striatal area were anal-
ysed to determine the level of expression of HSP90
and nestin. The sedentary control group clearly
displayed low expression of both HSP90 and nestin
positive cells. Conversely, the voluntary exercise +
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Figure 1. Present the expression of HSP-90 and Nestin positive (arrows) in the dorsal 441 
striatum of the brain in sedentary (A) voluntary exercise + restraint stress-induced (B) and 442 
restraint stress-induced (C) animals. Representative 20 μm striatal section illustrating the 443 
location for cell counting in the dorsal striatal area (D). Corpus callosum (Cc.), Lateral 444 
ventricle (Lv.)    445 
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Fig. 1 Expression of HSP-90 and Nestin positive (arrows)
in the dorsal striatum of the brain in (A) sedentary, (B) vol-
untary exercise + restraint stress-induced, and (C) restraint
stress-induced animals. (D) Representative 20 µm striatal
section illustrating the location for cell counting in the dorsal
striatal area. Cc.: Corpus callosum; Lv.: Lateral ventricle.

restraint stress-induced and restraint stress-induced
groups tended to express HSP90 in numerous cells of
the dorsal striatum. The nestin positive immunore-
activity was marked predominantly in the voluntary
exercise group over the stress-induced group alone
(Fig. 1).

The expression values of each marker in the
different experimental groups were quantified from
four consecutive sections from the striatal region of
each animal (Fig. 2). HSP90 was highly expressed
in the stress-induced group. A significant difference
was found when comparing the number of HSP90
positive cells in the restraint stress-induced group and
the voluntary exercise+ restraint stress-induced group
to the sedentary control group (p < 0.05). Never-
theless, there was no significant difference between
the restraint stress-induced and voluntary exercise +
restraint stress-induced groups.

A very limited number of cells expressed nestin
in the sedentary control group (Fig. 2). We found the
number of nestin positive cells was clearly expressed
in the voluntary exercise + restraint stress-induced
group. The results showed a significant difference
between the three groups when the number of nestin
positive cells in the restraint stress-induced group was
compared to those in the voluntary exercise+ restraint
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 457 
 458 
Figure 2. The results showed remark expression of HSP-90 in both voluntary exercise + 459 
restraint stress-induced (vol+stress) and restraint stress-induced induced group. There was 460 
no significant different of HSP-90 between the stress induced and voluntary exercise + 461 
stress induced groups. Voluntary exercise promotes neuroprogenitor cells (represented by 462 
nestin expression) and showed statistical different over the stress induced and sedentary 463 
control group. (*p<0.05) 464 

Fig. 2 Expression of HSP-90 in both voluntary exercise +

restraint stress-induced (Vol+Stress) and restraint stress-
induced induced group. There was no significant different of
HSP-90 between the stress induced and voluntary exercise+
stress induced groups. Voluntary exercise promotes neu-
roprogenitor cells (represented by nestin expression) and
showed statistical different over the stress induced and
sedentary control group. (*p < 0.05).

stress-induced group and in the sedentary control
group (p < 0.05).

DISCUSSION

In this study we have demonstrated the expression of
HSP90 immunoreactivity in the dorsal striatum in a
restraint stress model. Our results provide evidence
that restraint stress induced the expression of HSP90
in the dorsal striatum in line with an increase in
physiological responses to cellular stress28. Previous
research has shown that the association between stress
and striatal apoptosis may be related to the circulating
levels of corticosteroids27. The number of apoptotic
striatal cells seen in the dorsomedial region of the
striatum suggests that this number may be correlated
with how stressed the animals were. Regarding the
specific association of HSPs with the glucocorticoid
receptor (GR), HSP90 assists GR to achieve hormone
binding conformation29. Moreover, the binding of
glucocorticoids triggers GR translocation to the nu-
cleus where it regulates the transcription of a wide
variety of genes. The processes of GR nuclear
translocation30 and GR transcriptional activity31 are
also dependent on HSP90 chaperone machineries.
Conversely, it has been reported that HSP expression
plays a protective role and provides tolerance against
cellular stress. It is involved in the modulation of
proteolytic machinery, preventing protein misfolding
and aggregation, thereby accelerating cellular repair
processes32. In this experiment, voluntary exercise
did not alter the level of HSP90 expression when com-

pared to the restraint stress-induced group. However,
the level of HSP90 expression appears to be a reliable
marker for studying cellular stress in the striatal area
in response to restraint stress. This result is supported
by a previous study which showed that HSP90 protein
levels and genes gradually increased in the central
nervous system (CNS) with stress and age33. Another
previous study reported that the basal HSP90 level is
significantly increased in the blood cells of elderly
human subjects34. They suggested that higher levels
of HSP90 might be due to the higher load of damaged
proteins.

We have also shown that the conditions in both
the restraint stress-induced and voluntary exercise +
restraint stress-induced groups drive neurogenesis in
the striatal area. However, the group that received
voluntary exercise before stress induction presented a
significantly higher number of nestin-expressing cells
over the restraint stress-induced group. This result
supports previous studies which found that voluntary
wheel running enhanced neurogenesis in mice35, 36.
Brain-derived neurotrophic factor, IGF-1 (insulin like
growth factor-1), and neurotrophin are the particular
neurotrophic factors which are related to cell survival
and cell proliferation. Several studies have found that
voluntary exercise increases the level of these factors
in CNS, which might also have the effect of modu-
lating the number of neuroprogenitor cells in CNS. In
particular, IGF-1 is known to be involved in enhancing
proliferation, preventing apoptosis and inducing the
differentiation of neuroprogenitor cells37, 38. Run-
ning also resulted in a very significant reduction of
corticosterone (CORT) levels in CNS23. This might
be one mechanism to explain the effect of voluntary
exercise in decreasing the CORT level. Despite
various evidence which has shown that the activation
of the HPA axis had a suppressive effect on adult
neurogenesis, glucocorticoids have been involved in
the stress-induced impairment of adult neurogenesis.
There are some types of behaviour that activate the
HPA axis but are associated with enhanced rates of
adult neurogenesis. For instance, physical exercise
augments cell proliferation, neuronal differentiation
and the survival of new neurons in the dentate gyrus of
the adult mouse39, 40 and rat41, 42. Thus it is possible
that by employing voluntary exercise before stress
induction the model in this study did not entirely
eliminate the level of stress signals, but extensively
activated neurogenesis as an adaptive response to
cellular stress. The effects of voluntary exercise may
not be able to moderate the stress marker, HSP90,
as we observed no significant difference between
HSP90 in voluntary exercise before stress induction
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and restraint stress alone. However, voluntary exercise
can have attainable effects on neurogenesis and might
play a crucial role in replenishing damaged cells.
Elevated levels of neurogenesis were also found in
the restraint stress group. A number of studies have
recently demonstrated that selective neuronal death or
degeneration in regions such as the cerebral cortex and
striatum of adult mammals can induce modest levels
of neurogenesis43, 44. Nevertheless, the forming of the
new neurons does not seem as robust as that in the
voluntary exercise animals.

Despite this finding, we cannot rule out that vol-
untary exercise has an explicit effect in preventing the
expression of stress markers in the striatal region. An
increase in neurogenesis due to the effect of voluntary
exercise might lead to the restitution of neuroprogen-
itor cells as a response to the stress affected striatal
cells cessation. Further study is needed to verify the
stress hormone level, cell proliferation markers and/
or apoptosis markers to gain an understanding of the
exact mechanism by which voluntary exercise impacts
restraint stress. The evaluation of the effects of volun-
tary exercise on neurogenesis in the striatal region in
relation to the restraint stress model might contribute
to a better understanding of what interventions are
beneficial in treating movement disorders related to
patients with depression.
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