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Treadmill exercise ameliorates disturbance of spatial
learning ability in scopolamine-induced amnesia rats
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Alzheimer's disease is the most common neurodegenerative disease
and this disease induces progressive loss of memory function Scopol-
amine is a non-selective muscarinic cholinergic receptor antagonist
and it induces impairment of learning ability. Exercise is known to ame-
liorate memory deficits induced by various brain diseases. In the pres-
ent study, we investigated the effect of treadmill exercise on spatial
learning ability in relation with cell proliferation in the hippocampus us-
ing the scopolamine-induced amnesia mice. For the induction of amne-
sia, 1 mg/kg scopolamine hydrobromide was administered intraperito-
neally once a day for 14 days. Morris water maze test for spatial learning
ability was conducted. Immonofluorescence for 5-bromo-2-deoxyuri-
dine (BrdU) and western blot for brain-derived neurotrophic factor
(BDNF) and its receptor tyrosine kinase B (TrkB) were performed. In the

INTRODUCTION

Alzheimer’s disease (AD) is most common neurodegenerative
disease and this disease induces progressive loss of learning ability
and memory function (Moosavi et al., 2012). The degree of memo-
ry loss is correlated with the severity of AD (Howes et al., 2003).
Scopolamine is a non-selective muscarinic cholinergic receptor an-
tagonist and it deteriorates learning ability and short-term memory.
Scopolamine is used to create the amnesia animal model (Araujo et
al., 2005; Heo et al., 2014). Scopolamine also inhibits central cho-
linergic neuronal activity (Konar et al., 2011). Central cholinergic
system s closely associated with and neurogenesis and/or cell prolif-
eration in the hippocampus (Kotani et al., 2006; Yoo et al., 2011).

present results, scopolamine-induced amnesia mice showed deteriora-
tion of spatial learning ability. Inhibition of cell proliferation and suppres-
sion of BDNF and TrkB expressions were observed in the scopol-
amine-induced amnesia mice. Treadmill exercise improved spatial
learning ability and increased cell proliferation through activating of BD-
NF-TrkB pathway in the amnesia mice. These findings offer a possibility
that treadmill exercise may provide preventive or therapeutic value for
the memory loss induced by variable neurodegenerative diseases in-
cluding Alzheimer’s disease.

Keywords: Scopolamine, Amnesia, Treadmill exercise, Cell proliferation,
Spatial learning ability, Brain-derived neurotrophic factor

Hippocampus plays a crucial brain area for the process of learn-
ing and memory (Kim et al., 2010). It is vulnerable to neuronal
injury produced by scopolamine, resulting in the deficits of synap-
tic plasticity and spatial memory (Mattson et al., 2002). The gen-
eration of neurons in the hippocampus plays an important role in
the learning ability and memory function. Neurogenesis in the
hippocampal dentate gyrus is known to be enhanced by enriched
environment, neurotrophic growth factors, and exercise, while ad-
renal steroids, opioid peptides, and stress inhibit it (Baek et al.,
2012; Gould and Tanapat, 1999; Kim et al., 2003; van Praag et
al., 1999).

Adult hippocampal neurogenesisis and neuroplasticity are mod-
ulated by many neurotrophic factors such as brain-derived neuro-
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trophic factor (BDNF), nerve growth factor (NGF), and neurotro-
phin-3 (Malberget al., 2000), Of these, BDNF has been intensive-
ly studied and shown to be involved in the learning and memory
(Poo et al., 2001). BDNF is a neurotrophin involved in neuronal
survival and plasticity that binds to high-affinity receptors, tyro-
sine kinase B (TrkB) (Givalois et al., 2004). BDNF-TrkB interac-
tion promotes the survival and differentiation of neurons and syn-
aptic plasticity of the central nervous systems (Kim et al., 2010
Lu et al., 2008).

The enhancing effects of exercise on learning ability and memo-
ty functions have been reported in many studies (Baek et al., 2012;
Ji et al,, 2014; Kim et al., 2010; van Praag et al., 1999). In the
present study, we investigated the effect of treadmill exercise on
spatial learning ability in relation with cell proliferation in the
hippocampal dentate gyrus using the scopolamine-induced amne-
sia mice. For this study, Morris water maze test, immonofluores-
cence for 5-bromo-2’-deoxyuridine (BrdU) and western blot for
brain-derived BDNF and TrkB were conducted.

MATERIALS AND METHODS

Experimental animals

Male ICR mice weighing 35%0.5 g were used in this experi-
ment. The experimental procedures were performed in accordance
with the animal care guidelines of the National Institutes of
Health (NIH) and the Korean Academy of Medical Sciences. The
mice were housed under controlled temperature (20+2°C) and
lighting (07:00 to 19:00 h) conditions with food and water avail-
able ad libitum. The mice were randomly divided into 4 groups
(n=10 in each group): control group, exercise group, scopol-
amine-induced amnesia group, and scopolamine-induced amnesia
and exercise group. All mice received 50 mg/kg BrdU (Sigma
Chemical Co., St. Louis, MO, USA) intraperitoneally once a day
30 min before the treadmill exercises for 5 consecutive days, start-
ing experiment.

Administration of scopolamine

To induce amnesia, 1 mg/kg scopolamine hydrobromide (Sigma
Chemical Co.) dissolved in physiological saline was injected intra-
peritoneally once a day for 14 consecutive days, as the previously
described method (Heo et al., 2014). The mice in the control
group received saline instead of scopolamine. Morris water-maze
test was carried out at 30 min after last injection of scopolamine.
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Treadmill exercise protocol

The mice in the exercise groups were forced to run on a motor-
ized treadmill for 30 min once a day for 14 days. Exercise load for
the running groups consisted of running at a speed of 5 meters/
min with the 0° inclination. The mice in the non-exercise groups
were left on the treadmill without running for the same duration
as the exercise groups.

Morris water-maze test

In order to evaluate the spatial learning ability in mice, occu-
pancy time in the Morris water maze test was determined, as the
previously described method (Kim et al., 2010; Sim et al., 2014).
The water maze was a circular pool (diameter=115 cm, height =22
cm) constructed of fiberglass. The water was maintained at a tem-
perature of 22+ 2°C. During testing in the water maze, a platform
(diameter=9 cm, height = 20 cm) was located 2 cm below the wa-
ter surface in one of four locations in the pool. Clearly visible cues
outside the basin were provided for orientation. The test consisted
of three acquisition phases and two probe trials. In the acquisition
phase, the mice had daily four trials for 3 consecutive days to find
the platform submerged 2 cm under the water surface. For each
trial, the mice were placed in the water, facing the wall of the
tank, in one of the four start locations. The mice were allowed to
search for the platform for 60 sec. If the mice found the platform,
remaining on the platform for 10 sec was permitted. If the mice
did not find the platform within 60 sec, the mice were guided and
allowed to remain on the platform for 10 sec. The interval be-
tween trials was 20 sec. After each training session, the mice were
dried with a towel and returned to their cages. To assess spatial
learning ability, the animals were subjected to the 60 sec probe
trial following the last training session, and then the platform was
removed from the pool. The occupancy time in the quadrant plat-
form was recorded automatically by a video tracking system
(SMART; Pan-Lab, Barcelona, Spain).

Tissue preparation

The mice were sacrificed immediately after determining occu-
pancy time. The mice were anesthetized using Zoletil 50" (10
mg/kg, i.p.; Vibac Laboratories, Carros, France), transcardially
perfused with 50 mM phosphate-buffered saline (PBS), and fixed
with a freshly prepared solution consisting of 4% paraformalde-
hyde in 100 mM phosphate buffer (PB, pH 7.4). The brains were
dissected and post-fixed in the same fixative method overnight,
and transferred to a 30% sucrose solution for cryoprotection.
Then, 40 pm thick coronal sections were made using a freezing
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microtome (Leica, Nussloch, Germany). On average 10 slice sec-
tions in the hippocampal region were collected from each mice.

BrdU immunofluorescence

Immunofluorescence for the BrdU-positive and NeuN-positive
cells in the hippocampal dentate gyrus was performed, according
to the previously described method (Shin et al., 2013). The sec-
tions were first permeabilized by incubation in 0.5% Triton
X-100 in PBS for 20 min, then pretreated in 50% formamide-2
X standard saline citrate (SSC) at 65°C for 2 h, denatured in 2 N
HCI at 37°C for 30 min, and rinsed twice in 100 mM sodium
borate (pH 8.5). After washing in PBS for 15 min at 27°C, the
sections were followed by wash for 10 min three times at room
temperature. The sections were incubated overnight with rat an-
ti-BrdU antibody (1:200; Abcam, Cambridge, Cambridgeshire,
UK) and mouse anti-NeuN antibody (1:400; Chemicon, Temecu-
la, CA, USA). The sections were next incubated for 2 h with
cy3-conjugated anti-rat secondary antibody (1:200; Jackson Im-
munoResearch Laboratories, West Grove, PA, USA) for the BrdU
antibody and fluorescein isothiocyanate (FITC)-conjugated an-
ti-mouse secondary antibody (1:200; Jackson Immuno Research
Laboratories) for the NeulN antibody. The sections were then
mounted on gelatin-coated glass slides, and the cover slips were
mounted using fluorescent mounting medium (Dako Cytoma-
tion, Carpinteria, CA, USA). The slides of the fluorescent images
were captured using a confocal laser scanning microscopy (LSM-
700; Carl Zeiss, Miinchen-Hallbergmoos, Germany).

Western blot analysis

Western blot analysis was conducted for the determination of
BDNF and TrkB expressions, as the previously described method
(Kim et al., 2010). Hippocampal tissues were collected and then
immediately frozen at -70°C. Hippocampal tissues were homoge-
nized on ice, and lysed in a lysis buffer containing 50 mM HEPES
(pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1
mM PMSE, 1 mM EGTA, 1.5 mM MgCl-6H,0, 1 mM sodium
orthovanadate, and 100 mM sodiumfluoride. Protein content was
measured using a Bio-Rad colorimetric protein assay kit (Hercu-
les, CA, USA). Protein (30 pg) was separated on SDS-polyacryl-
amide gels and transferred onto a nitrocellulose membrane. Mouse
beta-actin antibody (1:500; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), rabbit BDNF antibody, and rabbit TrkB anti-
body (1:1,000; Santa Cruz Biotechnology) were used as the pri-
mary antibodies. Horseradish peroxidase-conjugated anti-rabbit
antibody (1:3,000; Vector Laboratories, Burlingame, CA, USA)
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for BDNF and TrkB were used as the secondary antibodies. Ex-
periments were performed under normal laboratory conditions
and at room temperature, except for the transfer to membranes.
The transfer was performed at 4°C with a cold pack and pre-
chilled buffer. Band detection was performed using enhanced che-
miluminescence (ECL) detection kits (Santa Cruz Biotechnology).

Data analysis

The numbers of BrdU-positive cells in the hippocampal den-
tate gyrus were counted hemilaterally under a light microscope
(Olympus, Tokyo, Japan), and they were expressed as the numbers
of cells per mm” in the hippocampal dentate gyrus. To compare
the relative expressions of BDNF and TrkB, the detected bands
were calculated densitometrically using Image-Pro Plus software
(Media Cybernetics, Silver Spring, MD, USA). The data are ex-
pressed as the number of cells per mm? of the hippocampus. Sta-
tistical analysis was performed using one-way ANOVA followed
by Duncan’s post-hoc test. The results are presented as the
mean *standard error of the mean (SEM). Significance was set as
P<0.05.

RESULTS

Effect of treadmill exercise on the time spent in the probe
quadrant of Morris water maze test

Spatial learning ability was measured using the Morris-water
maze test (Fig. 1). The time spent in the probe quadrant was
28.69+0.63% in the control group, 32.66+2.49% in control
and exercise group, 22.27+0.72% in the scopolamine-induced
amnesia group, and 28.00+1.39% in the scopolamine-induced
amnesia and exercise group. The present results revealed that spa-
tial learning ability in the mice was deteriorated by the induction
of amnesia (P <0.05). In contrast, treadmill exercise improved
spatial learning ability in the scopolamine-induced amnesia mice
(P <0.05). In the normal mice, treadmill exercise enhanced spatial
learning ability.

Effect of treadmill exercise on the number of BrdU-
positive in the dentate gyrus of hippocampus

Cell proliferation in the hippocampal dentate gyrus is presented
in Fig. 2. The number of BrdU-positive cells in the hippocampal
dentate gyrus was 167.70+3.44/mm” in the control group,
244.22+8.00/mm’ in control and exercise group, 93.33+5.11/
mm’ in the scopolamine-induced amnesia group, and 134.24 +
11.46/mm’ in the scopolamine-induced amnesia and exercise
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Fig. 1. Effect of treadmill exercise on spatial learning ability. (A) Control group,
(B) Exercise group, (C) Scopolamine-induced amnesia group, and (D) Scopol-
amine-induced amnesia and exercise group. The data are presented as the
mean+ standard error of the mean (SEM). *P<0.05 compared to the control
group. *P<0.05 compared to the scopolamine-induced amnesia group.

group. The present results showed that cell proliferation in the
hippocampal dentate gyrus was significantly suppressed in the
scopolamine-induced amnesia mice (P <0.05). In contrast, tread-
mill exercise enhanced cell proliferation in the scopolamine-in-
duced amnesia mice (P <0.05). In the normal rats, treadmill exer-
cise increased cell proliferation in the hippocampal dentate gyrus
(P<0.05).
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Fig. 2. Effect of treadmill exercise on cell proliferation in the hippocampal den-
tate gyrus. (A) Control group, (B) Exercise group, (C) Scopolamine-induced am-
nesia group, and (D) Scopolamine-induced amnesia and exercise group. The
scale bar represents 100 um. The data are presented as the mean + standard
error of the mean (SEM). */<0.05 compared to the control group. #A<0.05
compared to the scopolamine-induced amnesia group.

Effect of treadmill exercise on BDNF and TrkB expressions
in the hippocampus

We determined the relative expression of BDNF in the hippo-
campus (Fig. 3). When the level of BDNF (14 kDa) in the control
group was set at 1.00, the level of BDNF was 1.65+0.52 in the
control and exercise group, 0.35+0.22 in the scopolamine-in-
duced amnesia group, and 0.88+0.27 in the scopolamine-in-
duced amnesia and exercise group. The present results demon-
strated that the expression of BDNF in the hippocampus was de-
creased in the scopolamine-induced amnesia mice (P <0.03). In
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Fig. 3. Effect of treadmill exercise on brain-derived neurotrophic factor (BDNF)
and tyrosine kinase B (TrkB) expressions in the hippocampus. (A) Control group,
(B) Exercise group, (C) Scopolamine-induced amnesia group, and (D) Scopol-
amine-induced amnesia and exercise group. The data are presented as the
mean+ standard error of the mean (SEM). *P<0.05 compared to the control
group. *P< 0.05 compared to the scopolamine-induced amnesia group.

contrast, treadmill exercise remarkably increased the BDNF ex-
pression in the scopolamine-induced amnesia mice (P <0.05). In
the normal mice, treadmill exercise increased the BDNF expres-
sion in the hippocampus (P < 0.05).
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We determined the relative expression of TrkB in the hippo-
campus (Fig. 3). When the level of TrkB (95-145 kDa) in the
control group was set at 1.00, the level of TrkB was 1.59+0.14 in
the control and exercise group, 0.47£0.29 in the scopolamine-in-
duced amnesia group, and 1.73+0.56 in the scopolamine-in-
duced amnesia and exercise group. The present results showed
that the expression of TrkB in the hippocampus was decreased in
the scopolamine-induced amnesia mice (P <0.05). In contrast,
treadmill exercise remarkably increased the TrkB expression in
the scopolamine-induced amnesia mice (P <0.05). In the normal
mice, treadmill exercise increased the TrkB expression in the hip-
pocampus (P <0.05).

DISCUSSION

AD is the most common cause of progressive loss of memory in
the elderly (Rubio et al., 2007). Scopolamine dysregulates cholin-
ergic activity, resulting in the deficits of the learning ability and
memory tasks (Elvander et al., 2004). Scopolamine-induced
memory impairment is closely associated with the cholinergic
dysfunction (Sharma et al., 2010). Short-term memory was deteri-
orated in the scopolamine-induced amnesia mice (Heo et al.,
2014). In the present results, spatial learning ability was deterio-
rated in the scopolamine-induced amnesia mice, while treadmill
exercise ameliorated spatial learning deficits in the amnesia mice.

Lesion in the cholinergic nuclei leads to the suppression of neu-
rogenesis in the hippocampus (Cooper-Kuhn et al., 2004). Scopol-
amine also inhibits neurogenesis in the hippocampus (Kotani et
al., 2006). Enhanced hippocampal neurogenesis by physical exer-
cise is closely associated with improving memory function (van
Praag et al., 2005; Kim et al., 2010). In the present results, cell
proliferation in the hippocampal dentate gyrus was decreased in
the scopolamine-induced amnesia mice, while treadmill exercise
increased neurogenesis in the amnesia mice.

Increased neurogenesis and improved memory function by ex-
ercise are induced by BDNF up-regulation in the brain (Cotman
and Berchtold, 2002). Exercise increases the level of BDNF in the
hippocampus and stimulates hippocampal neurogenesis (Rhodes
et al., 2003). BDNF has been suggested as the potential mediator
for the exercise-derived hippocampal plasticity and neurogenesis
(Cotman and Berchrtold, 2002; Kim et al., 2010). Decrement in
BDNF and TrkB contributed memory deficits in the AD (Li et
al., 2010).

Heo et al. (2014) demonstrated that treadmill exercise amelio-
rated short-term memory impairment through suppressing ace-
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tylcholine esterase and enhancing angiogenesis in the scopol-
amine-induced amnesia mice. In the present results, BDNF and
TrkB expressions in the hippocampus were suppressed in the sco-
polamine-induced amnesia mice, while treadmill exercise en-
hanced BDNF and TrkB expressions in the amnesia mice.

In the present study, induction of scopolamine-induced amnesia
showed inhibition of cell proliferation and suppression of BDNF
and TrkB expressions in the hippocampus, and resulted in the im-
pairment of spatial learning ability. Treadmill exercise improved
spatial learning ability by increasing cell proliferation through ac-
tivation of BDNF-TrkB pathway. The present results offer a possi-
bility that treadmill exercise may provide preventive or therapeu-
tic value for the memory loss induced by variable neurodegenera-
tive diseases including AD.
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