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Voluntary wheel running ameliorates symptoms
of MK-801-induced schizophrenia in mice
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Abstract. Schizophrenia is a chronic and severe mental
disorder characterized by the disintegration of cognitive
thought processes and emotional responses. Despite the
precise cause of schizophrenia remains unclear, it is hypoth-
esized that a dysregulation of the N-methyl-D-aspartate
(NMDA) receptor in the brain is a major contributing factor
to its development. Brain-derived neurotrophic factor (BDNF)
is a member of the neurotrophin family and is implicated
in learning and memory processes. In the present study, we
investigated in vivo the effects of voluntary wheel running on
behavioral symptoms associated with NMDA receptor expres-
sion, using MK-801-induced schizophrenic mice. Abilify
(aripiprazole), a drug used to treat human schizophrenia
patients, was used as the positive control. For the assess-
ment of behavioral symptoms affecting locomotion, social
interaction and spatial working memory, the open-field, social
interaction and Morris water maze tests were conducted. For
investigating the biochemical parameters, NMDA receptor
expression in the hippocampal CA2-3 regions and prefrontal
cortex was detected by NMDA immunofluorescence and
BDNF expression in the hippocampus was measured using
western blot analysis. MK-801 injection for 14 days induced
schizophrenia-like behavioral abnormalities with decreased
expression of the NMDA receptor and BDNF in the brains of
mice. The results indicated that free access to voluntary wheel
running for 2 weeks alleviated schizophrenia-like behavioral
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abnormalities and increased the expression of NMDA receptor
and BDNF, comparable to the effects of aripiprazole treatment.
In the present study, the results suggest that NMDA receptor
hypofunctioning induced schizophrenia-like behaviors, and
that voluntary wheel running was effective in reducing these
symptoms by increasing NMDA receptor and BDNF expres-
sion, resulting in an improvement of disease related behavioral
deficits.

Introduction

Schizophrenia is a serious psychiatric disorder that occurs
in ~0.5-1.0% of the worldwide population (1). The positive
symptoms of schizophrenia include hallucinations, delusions,
cognitive deficits and movement disorders, which are coupled
with negative symptoms, such as the disruption of normal
emotions and behaviors (2). Patients with schizophrenia
suffer from severe deficits in mental processing and cognition,
which are associated with dysfunctions in several key neural
networks in the brain, including the frontal and temporal
cortex, hippocampus and subcortical regions (3). In particular,
abnormalities of the prefrontal cortex are implicated in
working memory deficits (4,5).

Dysregulation in physiological neurochemistry, including
dopamine dysfunction, dopamine-glutamate imbalance
and hypofunction of glutamate receptors, is considered as
important in the pathogenesis of schizophrenia (6). The
N-methyl-D-aspartate (NMDA) receptor is a glutamate
receptor that is associated with a number of diverse functional
properties within the sensory and motor systems (7), due to
its role in regulating neuronal communication and synaptic
functioning throughout the central nervous system (8).
Alterations in NMDA receptor function are implicated in the
pathophysiology of numerous psychiatric diseases, including
schizophrenia, major depression, posttraumatic stress disorder
and alcoholism (9,10).

The NMDA receptor antagonists, ketamine and dizocilpine
maleate (MK-801), dose-dependently impair spatial-delayed
alternation performance. Furthermore, NMDA receptor
antagonists and dopaminergic agonists have been used to
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induce schizophrenia in animal models (11). MK-801 is an
NMDA receptor antagonist that has been used for inducing
schizophrenia-like symptoms and behaviors in rodents (12).
While dopaminergic agonists mimic only the positive
symptoms of schizophrenia, MK-801-induced schizophrenic
animals exhibit the positive and negative symptoms (11).

Numerous different neuroleptic drugs have been developed
and proven to be partially effective in alleviating the behav-
ioral symptoms of schizophrenia. Abilify (aripiprazole) is used
to treat certain mental and mood disorders, including bipolar
disorder and schizophrenia (13). This antipsychotic medication
acts to improve mood swings, promote self-assurance, reduce
anxiety and encourage participation in activities of everyday
life (14).

Brain-derived neurotrophic factor (BDNF) is a member of
the neurotrophin family that modulates the proliferation, differ-
entiation and growth of hippocampal progenitor cells during the
development of the vertebrate nervous system (15,16). BDNF is
implicated in learning and memory processes, as suppressing its
expression leads to cognitive abnormalities and subsequent defi-
cits (17). Furthermore, BDNF expression is selectively increased
following activity-dependent learning and memory tasks (18).

Exercise has been recommended as a non-pharmaco-
logical strategy for treating those with neuropsychiatric
diseases (19-22), however, little information is available
regarding the effects of exercise on schizophrenia-related
behavioral abnormalities. In the present study, we investigated
the effects of voluntary wheel running on the behavioral
symptoms associated with NMDA receptor expression in
MK-801-induced schizophrenic mice.

Materials and methods

Animals and experimental design. Male C57BL/6 mice
(6 weeks old, weighing 25+2 g) were used in this study. The
mice were individually housed in plastic cages at a controlled
temperature (23+2°C) and maintained under light-dark cycles
consisting of 12 h of light (08:00 h to 20:00 h) and 12 h of
dark and were provided with food and water ad libitum.
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 (Seoul,
Korea). This study was approved by the Institutional Animal
Care and Use Committee of Kyung Hee University (Seoul,
Korea). The mice were divided into four groups (n=10 in each
group): the control group, the MK-801 injection group, the
MK-801 injection and wheel running group and the MK-801
injection and aripiprazole-treated group. Aripiprazole was
purchased from the Korea Otsuka Pharmaceutical Co., Ltd.
(Seoul, Korea).

The mice in the MK-801 injection and voluntary wheel
running group were housed individually with free access to
an appropriately sized running wheel for 2 weeks. A digital
counter was used to measure the total number of revolutions of
the running wheel. Data were downloaded every morning and
the mean daily running distance was 6,490+1,690 m/mouse.

Preparation of MK-801-induced schizophrenia model
in mice. MK-801 is a non-competitive NMDA receptor
antagonist and was purchased from the Sigma Chemical Co.
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(St. Louis, MO, USA). MK-801 was prepared as a stock solu-
tion (1 mg/ml, dissolved in saline) and 0.6 mg/kg of it was
intraperitoneally (i.p.) injected once a day for 2 weeks as previ-
ously described (12).

Open field test. To determine locomotion activity, an open field
test was conducted two weeks following the start of the study,
as previously described (23). An open field test was performed
in an open arena (length 85 cm x width 75 cm x height 30 cm).
After allowing an initial 1 min for adaptation to the cubic area,
the total distance traveled during an additional 5 min was
recorded as the locomotion activity, using an automatic video
tracking system (Smart version 2.5; Panlab, S.L.U., Barcelona,
Spain).

Social interaction test. The social interaction test was
performed two weeks after the study began, as previously
described (24). Two weight-matched mice, drawn from
different cages, were used for this test. The normal mouse was
used as the dummy partner and the index mouse was marked
with an oil pen. The mice were then placed in the center of an
open arena (length 85 cm x width 75 cm x height 30 cm). The
animals were closely observed and the interactions exhibited
by the index mouse were recorded over a period of 7 min. The
social behaviors (genital investigation, sniffing, following,
grooming) demonstrated by the index mouse were visually
assessed throughout the duration of the test period.

Morris water maze test. Spatial working memory was
evaluated using the Morris water maze task, as previously
described (25). This task requires mice to learn the spatial
location of a hidden platform in a white circular pool (140 cm
in diameter and 45 cm in height) filled with water (25+1°C).
The hidden platform (15 cm in diameter and 35 cm in height)
was placed 2 cm below the surface of water in the middle of
the north quadrant and was camouflaged by virtue of being
transparent against a white background. Distal visual cues
were placed on the walls surrounding the pool. The position
of the cues remained unchanged throughout the task. One
day prior to the start of training, the mice were habituated to
swimming for 60 sec in the pool without a platform. The test
consisted of three acquisition phases and two probe trials. In
the acquisition phase, all mice were trained twice a day for
three consecutive days. When finding the platform, the mice
were allowed to remain for 30 sec. If mice did not find the
platform within 60 sec, they were guided by hand to the plat-
form. Mice were given 60 sec of the probe test and then the
platform was removed from the pool. Total occupancy time in
the quadrant that had the platform was recorded automatically
by a video tracking system (Panlab, S.L..U.).

Tissue preparation. The mice were sacrificed 15 days following
the start of the study. At the beginning of the sacrificial proce-
dure, the animals were weighed and overdosed with Zoletil
50® (10 mg/kg, i.p.; Vibac Laboratories, Carros, France). After
a complete lack of response was observed, the mice were trans-
cardially perfused with 50 mM of phosphate-buffered saline
(PBS) and then with 4% of paraformaldehyde in a 100 mM
phosphate buffer (PB) at pH 7.4. The brains were dissected,
postfixed in the same fixative overnight and transferred into a
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Figure 1. Effects of wheel running on locomotion distance, social interaction time and spatial working memory. Left upper: Locomotion distance in the open
field test. Left lower: Time of social interaction in the social interaction test. Right: Morris water maze test. (A) Control group; (B) MK-801 injection group;
(C) MK-801 injection and wheel running group and (D) MK-801 injection and aripiprazole-treated group. Data are expressed as the mean + SEM. "P<0.05
compared with the control group; “P<0.05 compared with the MK-801 injection group. MK-801, dizocilpine maleate; SEM, standard error of the mean.

30% sucrose solution for cryoprotection. Brains were rapidly
frozen in a deep freezer at -80°C and serial coronal sections of
40 mm thickness were conducted using a freezing microtome
(Leica, Nussloch, Germany).

Immunofluorescence for NMDA receptor assays. To visu-
alize NMDA receptor expression, immunofluorescence for
NMDA receptor was performed, as previously described
(25). Brain sections were selected and incubated overnight
with goat anti-NMDA receptor antibody. After washing, the
sections were incubated for 2 h with fluorescent isothiocya-
nate (FITC)-conjugated goat anti-rabbit secondary antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). The sections were then mounted on gelatin-coated glass
slides and the coverslips were mounted using a fluorescent
mounting medium (DakoCytomation, Carpinteria, CA, USA).
The slides of the fluorescent images were captured using
confocal laser-scanning microscopy with LSM 510 META
(Carl Zeiss, Oberkochen, Germany). Negative controls were
performed by omitting the primary antibody and therefore did
not exhibit any signals.

Western blotting for BDNF expression. BDNF expression
was determined using western blot analysis, as previously
described (26). Collected hippocampal tissues were imme-
diately frozen at -70°C. The hippocampal tissues were
homogenized on ice and lysed in a lysis buffer containing
50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% deoxycholic
acid, 1% Nonidet P-40,0.1% SDS, 1 mM PMSF and 100 mg/ml
leupeptin. Protein content was measured using a Bio-Rad
colorimetric protein assay kit (Bio-Rad, Hercules, CA, USA),
then 30 ug of protein was separated on SDS-polyacrylamide
gels and transferred onto a nitrocellulose membrane, which
was incubated with mouse B-actin antibody (1:3,000; Santa

Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and rabbit
BDNF antibody (1:1,000; Santa Cruz Biotechnology, Inc.).
Horseradish peroxidase-conjugated anti-rabbit antibody for
BDNF was used as the secondary antibody. The experiment
was performed under normal lab conditions and at room
temperature except for the transferred membrane, which was
performed at 4°C with a cold pack and prechilled buffer. Band
detection was performed using an enhanced chemilumines-
cence (ECL) detection kit (Santa Cruz Biotechnology, Inc.).

Data analysis. The number of NMDA receptor-positive cells
in the hippocampal CA2-3 regions and prefrontal cortex were
counted hemilaterally under a light microscope (Olympus,
Tokyo, Japan) and they were expressed as the number of
cells/mm? in the selected areas. To confirm the expression of
BDNEF, detected bands were calculated densitometrically using
Molecular Analyst™, version 1.4.1 (Bio-Rad). Statistical analysis
was performed using a one-way analysis of variance (ANOVA)
followed by Duncan's post-hoc test. Results are expressed as the
mean =+ standard error of the mean (SEM). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Effect of wheel running on the locomotion distance. The loco-
motion distance in the open field test was 1057.58+106.97 cm in
the control group, 1677.63+116.29 cm in the MK-801 injection
group, 1125.80+83.63 cm in the MK-801 injection and wheel
running group and 1065.78+150.01 cm in the MK-801 injection
and aripiprazole-treated group (Fig. 1, upper left). Locomotion
distance in MK-801-injected mice was significantly higher
compared with that in normal mice (P<0.05), however, wheel
running and aripiprazole treatment decreased locomotion
distance in the MK-801-injected mice (P<0.05).
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Figure 2. Effects of wheel running on the number of NMDA-receptor-
positive cells in hippocampal CA2-3 regions and the prefrontal cortex.
Upper: Number of NMDA receptor-positive cells in hippocampal CA2-3
regions. Lower: Number of NMDA receptor-positive cells in the prefrontal
cortex. Scale bars represent 200 ym. (A) Control group; (B) MK-801 injec-
tion group; (C) MK-801 injection and wheel running group and (D) MK-801
injection and aripiprazole-treated group. Data are expressed as the
mean + SEM. "P<0.05 compared with the control group; “P<0.05 compared
with the MK-801 injection group. NMDA, N-methyl-D-aspartate; MK-801,
dizocilpine maleate; SEM, standard error of the mean.
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Figure 3. Effect of wheel running on BDNF expression in the hippocampus.
(A) Control group; (B) MK-801 injection group; (C) MK-801 injection and
wheel running group and (D) MK-801 injection and aripiprazole-treated
group. Data are expressed as the mean + SEM. "'P<0.05 compared with the
control group; “P<0.05 compared with the MK-801 injection group. BDNF,
brain-derived neurotrophic factor; MK-801, dizocilpine maleate; SEM, stan-
dard error of the mean.

Effect of wheel running on social interaction time. Time
spent socially interacting was 206.60+10.99 sec in the
control group, 78.60+4.01 sec in the MK-801 injection group,
170.20+13.13 sec in the MK-801 injection and wheel running
group and 162.25+12.99 sec in the MK-801 injection and
aripiprazole-treated group (Fig. 1, lower left). The time that
MK-801-injected mice spent socially interacting was lower
compared with that spent by normal mice (P<0.05), but the
wheel running and aripiprazole treatment increased the time
that MK-801-injected mice spent socially interacting (P<0.05).

Effect of wheel running on spatial working memory. The
percentage of time spent in the probe quadrant of the Morris
water maze test was 32.96+3.00% in the control group,
19.12+3.41% in the MK-801 injection group,28.94+1.66% in the
MK-801 injection and wheel running group and 30.03+4.11%
in the MK-801 injection and aripiprazole-treated group (Fig. 1,
right). The percentage of time that the MK-801-injected mice
spent in the probe quadrant was lower than that in normal mice
(P<0.05). Wheel running and aripiprazole treatment increased
the percentage of time MK-801-injected mice spent in the
probe quadrant (P<0.05).

Effects of wheel running on NMDA receptor expression in
hippocampal CA2-3 regions and the prefrontal cortex. The
number of NMDA receptor-positive cells in hippocampal
CA2-3 regions was 1154.06+73.09/mm? in the control
group, 739.03+34.51/mm? in the MK-801 injection group,
1007.89+35.20/mm? in the MK-801 injection and wheel
running group and 1012.28+59.32/mm? in the MK-801
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injection and aripiprazole-treated group (Fig. 2, left).
The number of NMDA receptor-positive cells in the
prefrontal cortex was 1724.10+£47.50/mm? in the control
group, 1022.50+28.03/mm? in the MK-801 injection group,
1517.81£53.54/mm? in the MK-801 injection and wheel
running group and 1498.21+53.54/mm? in the MK-801 injec-
tion and aripiprazole-treated group (Fig. 2, right). The number
of NMDA receptor-positive cells in hippocampal CA2-3
regions and the prefrontal cortex of the MK-801-injected
mice was lower than that in normal mice (P<0.05). Wheel
running and aripiprazole treatment increased this number in
MK-801-injected mice (P<0.05).

Effect of wheel running on BDNF expression in the hippo-
campus. The level of BDNF expression in the hippocampus of
the control group was set as 1.00. The level of BDNF expression
was 0.77+0.03 in the MK-801 injection group, 1.34+0.03 in the
MK-801 injection and wheel running group and 0.85+0.02 in
the MK-801 injection and aripiprazole-treated group (Fig. 3).
The expression of BDNF in the MK-801-injected mice was
lower than that in normal mice (P<0.05). Wheel running and
aripiprazole treatment increased the expression of BDNF in
the MK-801-injected mice (P<0.05).

Discussion

The importance of NMDA receptors in the pathogenesis of
schizophrenia is well documented. A postmortem study by
Harrison et al (27) demonstrated that NMDA receptor subunit
expression was reduced in various brain regions of schizo-
phrenic patients, particularly in the hippocampus. NMDA
receptor hypomorphic mice exhibit alterations in sensorimotor
gating and typical conspecific interactions, reminiscent of
behavioral disturbances associated with schizophrenia (28).
NMDA receptor antagonists cause locomotor hyperactivity
similar to that observed in schizophrenia (29). Impaired
working memory in schizophrenia is associated with a decline
in dorsolateral prefrontal cortex activity (30). Furthermore,
reduced NMDA receptor functioning has been correlated
with an increase in locomotor activity, and non-dopaminergic
blocking agents, such as olanzapine, reduce hyperactivity
in NMDA receptor-deficient mice (31). NMDA receptor
obligatory subunit 1 deletion knockout mice are impaired in
prepotent inhibition of the auditory startle reflex, as well as
in object-based short-term memory (32). In the present study,
repeated injections of the NMDA receptor antagonist MK-801
reduced the expression of NMDA receptors in hippocampal
CAZ2-3 regions and the prefrontal cortex, indicating the pres-
ence of schizophrenia-like biochemical alterations in the
brain. In the open field test, mice in the MK-801 injection
group demonstrated a greater increase in locomotion distance
compared with mice in the control group. Decreased social
interaction time was also observed in the MK-801-injected
mice. These results suggest that reducing NMDA receptor
produces schizophrenia-like behavioral abnormalities in mice.

A reduction in short-term and spatial working memory
is a characteristic feature of the normal aging process, and
is accompanied with suppression of BDNF expression in the
hippocampus (33). The results of this study are consistent with
those of previous studies, which demonstrated that enhanced
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BDNF expression in the hippocampus improves short-term
and long-term memories (34,35). Of note, BDNF expression
in the hippocampus is suppressed by traumatic brain injury,
suggesting that BDNF exerts a neuroprotective effect (36).
The NMDA receptor antagonist MK-801 also suppresses
hippocampal expression of BDNF (37). Decreased BDNF
expression has been identified in several mental disorders,
including schizophrenia and depression (26,38). Furthermore,
induction of intracerebral hemorrhage has been demon-
strated to suppress BDNF expression in the hippocampus,
with the impairment in spatial learning memory occurring
as a result (39). In the present study, repeated injections of
the NMDA receptor antagonist MK-801 suppressed BDNF
expression in the hippocampus. Impairment in spatial working
memory was also observed in the MK-801-injected mice.
These results suggest that MK-801 injections deteriorated
spatial working memory by depressing BDNF expression in
the hippocampus.

The benefits of exercise on brain functioning are well
documented (20,22,25,40). Beebe er al (19) reported that
experimental participants in a 16-week walking program for
outpatients diagnosed with schizophrenia had greater aerobic
fitness, lower body mass indexes and fewer psychiatric symp-
toms, than the controls at the conclusion of the program. In
the present study, mice with free access to wheel running
demonstrated decreased locomotor activity, enhanced social
interaction time and improved spatial working memory, which
was comparable to the effects of aripiprazole treatment.

The glutamate receptor, NMDA, is involved in
activity-dependent synaptic plasticity, including long-term
potentiation (41). It was identified that exercise is a neces-
sary step for initiating activity of the NMDA receptor in the
hippocampus (42) and that exercise-enhanced NMDA receptor
expression promotes postnatal motor-unit maturation in a
spinal muscular atrophy mouse model (43). Treadmill exercise
increases NMDA receptor immunoreactivity and protein level
in the hippocampus (44). Nishijima et al (45) suggested that
exercise-induced increase in hippocampal cerebral blood flow
is regulated by hippocampal neuronal activity, mediated mainly
through the NMDA receptor. In the present study, mice that
participated in voluntary wheel running demonstrated enhanced
NMDA receptor expression in the hippocampus, comparable to
the effects of aripiprazole treatment. These results suggest that
exercise alleviates the symptoms of schizophrenia by enhancing
NMDA receptor expression in the hippocampus.

The enhancement effect of physical exercise on hippo-
campal BDNF expression has been consistently reported in
previous studies (36,46,47). Enhanced BDNF expression in the
hippocampus via exercise inhibits age-induced deterioration of
short-term and spatial working memories (33). Exercise-induced
BDNF expression also alleviates spatial working memory
impairment in attention deficit/hyperactivity disorder (ADHD)
rats (21). Voluntary wheel running is more effective in the
upregulation of hippocampal BDNF levels in rats with brain
ischemia, as compared with forced treadmill running (48). In
the present study, voluntary wheel running enhanced BDNF
expression in the hippocampus, comparable to the effects of
aripiprazole treatment. These results suggest that exercise
alleviates spatial working memory impairment by enhancing
BDNF expression in schizophrenic mice.



KIM et al: WHEEL RUNNING AMELIORATES SYMPTOMS OF SCHIZOPHRENIA IN MICE

Based on the present findings, it was concluded that

NMDA receptor hypofunctioning induces schizophrenia-like
behaviors in mice. Physical exercise increases NMDA
receptor expression by enhancing BDNF expression, resulting
in improvement of schizophrenia-like behaviors. The present
study suggests that voluntary regular exercise may facilitate in
alleviating the symptoms of schizophrenia in human patients.
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