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Diabetes mellitus is a chronic metabolic disorder, leading to many complications including cognitive
deficit. Regular exercise has often been recommended as a therapeutic maneuver to the diabetic pa-
tients for the prevention of secondary complications. In the present study, the effects of treadmill ex-
ercise on memory and brain-derived neurotrophic factor (BDNF) in the hippocampus of streptozotocin
(STZ)-induced diabetic rats were investigated. Male SD rats, aged 6 weeks, were randomly assigned
to the following three groups: control group(n==8), STZ-induced diabetic group(n=8), and STZ-induced
diabetes and exercise group(n=8). Diabetes was induced by a single injection of STZ (50 mg/kg body
weight). Treadmill running was conducted with duration and frequency of 30 minutes and 5 times
per week, respectively, for 8 weeks. Memories were tested in the Morris water maze. Western blotting
was performed to detect BDNF expression in the hippocampus. In this study, we found that com-
pared to the control group, the STZ-induced diabetes group had a significantly impaired cognitive
performance along with suppressed BDNF expression in the hippocampus and the exercise group had
a higher cognitive function in diabetic rats. Therefore, the current findings of the study show that a
treadmill running exercise can improve diabetes-induced impairment of cognitive function. And the
improved cognitive function appears to be related to an alleviation in diabetes-induced BDNF ex-
pression in hippocampus.
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Introduction

Diabetes mellitus (DM) is a common and serious meta-
bolic disease characterized by disturbed glucose metabolism
due to the absolute or relative insulin deficiency. In addi-
tion to the diabetic condition itself, long-term diabetes has
been associated with numerous secondary complications.
As these complications appear to be prevented incompletely
by control of blood glucose level, additional therapeutic in-
terventions are warranted in the case of long-term diabetes.
The brain has recently known as a vulnerable organ to be
damaged by diabetes [40]. In human, diabetes is associated
with impaired cognitive function, including learning and
memory [6]. Longitudinal population-based studies show
that the rate of cognitive decline is accelerated both in Type
I DM [11] and Type II DM [3]. Recent pathological studies
have suggested that diabetes is one of the risk factors for
senile dementia of Alzheimer type [544]. Impairment of
cognitive function has also been demonstrated in streptozo-
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tocin (STZ)-induced diabetic rats [10,23,38].

The positive effect of exercise on the control of blood glu-
cose levels in diabetes is widely endorsed. It has been re-
ported that physical exercise increases blood flow [13] and
enhances glucose uptake in muscles, which results in increas-
ing insulin sensitivity in type 2 diabetes [25]. In addition,
the potential of exercise to protect against neurological dam-
age of diabetes is well recognized. For example, exercise de-
creased hemorrhagic injury in diabetic rats {36]. Treadmill
exercise alleviated diabetes-induced decrease in hippocampal
cell proliferation [32]. Shin et al.[48] reported that exercise
suppresses a diabetes-induced increase of neuropeptide Y ex-
pression in the hypothalamus, inhibiting diabetes-induced in-
crement of the desire for food. On the other hand, an epi-
demiological study indicates that regular exercise can de-
crease cognitive decay associated to diabetes [16].

Brain derived neurotrophic factor (BDNF) is a member
of the neurotrophic factor family, which plays a key role
in regulating survival, growth, and maintenance of neu-
rons in many areas of the brain [39]. In the hippocampus,
a major hub for learning and memory formation, BDNF is
synthesized predominantly by neurons intimately asso-



ciated with the processing of cognitive function [52].
Therefore, BDNF plays a central role in learning and mem-
ory in the hippocampus. It has been suggested that the re-
duction in BDNF synthesis is a pathogenetic factor to de-
mentia [51]. In fact, Connor et al. [14] demonstrated the
suppression of BDNF expression in the hippocampus of
dementia patients. Recently, Krabbe et al. [35] showed that
an output of BDNF from the human brain with diabetes
was decreased, and Nitta et al. [42] reported that in the di-
abetic brains, both protein and mRNA levels of BDNF
were severely reduced. These results all suggest that the
suppression of hippocampal BDNF expression be the im-
portant factor for cognitive dysfunction in diabetes, and
thus measures to stimulate BDNF expression in the hippo-

campus may be potential preventive strategies against dia-

betes-induced cognitive dysfunction.

Regular physical exercise has frequently been recom-
mended as a therapeutic modality for the treatment of dia-
betic patients, targeted toward the prevention of secondary
complications. However, no study has been made to the
effect of treadmill exercise on memory ability in relation to
BDNF in the hippocampus of diabetic rats. In the present
study, the effects of treadmill exercise on memory function
and BDNF expression in the hippocampus of STZ-induced
diabetic rats were investigated.

Materials and methods

Animals and treatments

Male Sprague-Dawley rats (starting weight ~235g, 6 weeks
of age) were used in this experiment. The experimental ani-
mals were housed under controlled temperature (20 + 2°C)
and were maintained on a photocycle of 12 hr of light and
12 hr of darkness (lights on from 07:00 to 19:00), with food
and water being made available ad libitum. The animals were
divided into three groups (n = 8 in each group): the control
group; the STZ-induced diabetes group, and the STZ-induced
diabetes and exercise group.

Induction of diabetes

Diabetes was induced by a single intraperitoneal in-
jection of 50 mg/kg streptozotocin (STZ) (Sigma chemical
Co., St. Louis, MO, USA) in saline. Control animals were
injected with equivalent dose of normal saline. Blood glu-
cose levels were determined 2 days after STZ injection us-
ing a blood glucose tester (Arkray, Kyoto, Japan). Animals

Journal of Life Science 2007, Vol. 17. No. 11 1465

with the blood glucose level 300 mg/dl or higher were
used as the diabetes groups.

Exercise protocol

The exercise regimen for the treadmill running consisted
of running on a motorized treadmill for 30 min five times
per week for 8 weeks. Rats in all groups, including the
controls, were run for 5 m/min, 0° slope, 5 min/session,
3 daily sessions for a week to adapt running before the
experiment. Electric shocks were used sparingly to moti-
vate the animals to run. The workload for the exercise con-
sisted of running at a speed of 2 m/min for the first 5
min, 5 m/min for the next 5 min, and then 8 m/min for
the last 20 min, with 0° slope, which has been considered
as a light-intensity exercise [33]. Kim et al. [33] demon-

~strated that a light-intensity exercise is more effective than

moderate-and severe-intensity exercises in enhancing hip-
pocampal synaptic plasticity in rats. Rats in the non-ex-
ercise groups were left in the treadmill without running
for the same period as the exercise groups.

Morris water maze

One day after the last exercise session, animals were
subjected to Morris water maze tests. Published methods
were followed [54]. The Morris Water Maze consisted of a
circular tank 200 cm in diameter containing water (28 =+
1°C) made opaque with nontoxic black paint. Briefly, spa-
tial learning and memory was tested using a hidden plat-
form or place test, where a platform 11.5 cm in diameter
was .submerged 1 cm below the surface in the center of
one of four quadrants. Each of the four surrounding walls
located 2 feet beyond the edge of the tank had different
shaped symbols that served as cues to locate the sub-
merged invisible platform. Rats were placed randomly in
one quadrant, against the side of the tank, and were al-
lowed up to 120 sec swimming time to locate the platform.
Rats that had located the platform, or had failed and were
placed on the platform, were allowed to remain there for
30 sec to permit spatial orientation. Thereafter, rats were
removed and placed under a heat lamp between trials.
Rats were subjected to 3 daily trials, with a 60-sec interval
between trials, for 5 consecutive days. A video camera was
mounted above the tank and swim paths were analyzed
with a Video Tracking System (Panlab). Both latency times
and distances swum to reach the platform were computed.
On the final day of the training rats were tested in the wa-
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ter maze with a new location. The test with the visible
platform does not require spatial orientation and was used
to show possible deficits in sensorimotor processes. Rats
were allowed to swim for 60 sec.

Western blotting analysis

Western blot for the detection of the BDNF proteins was
performed as previously described [12]. One day after the
completion of the Morris water maze, animals were deeply
anesthetized with Zoletii 50® (10 mg/kg, ip,; Vibac
Laboratories, Carros, France) and then underwent rapid
decapitation. Brains were quickly removed and dissected on
a Petri dish over ice. After tissue dissection, samples were
stored at -80°C until analysis. In preparation for Western
blotting, tissue from hippocampus were placed in 350-800
ul of lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 0.5% deoxycholic acid, 1% NP40, 0.1% SDS, 1
mM PMSF, 100 g/ml leupeptin. Samples were sonicated for
10 s at 30 mV. The lysates were centrifuged at 13,000 r.p.m.
for 30 min at 4°C. The supernatants were aliquoted and fro-
zen at -80°C. Protein concentration was measured using a
Bio-Rad colorimetric protein assay kit (Bio-Rad). Protein 50
g was separated on SDS-polyacrylamide gels and transferred
onto a nitrocellulose membrane. Anti-BDNF (1:1000; Santa
Cruz Biotech, Santa Cruz, CA, USA) were used as the pri-
mary antibody. Horseradish peroxidase-conjugated an-
ti-mouse antibody for BDNF (Amersham Pharmacia
Biothech GmbH, Freiburg, Germany) were used as the sec-
ondary antibody. The detection of band was performed us-
ing the enhanced chemiluminescence (ECL) detection system
(Amersham Pharmacia Biothech GmbH).

Statistical analysis

All the results are expressed as the mean + standard error
of the mean (SEM.). Between group differences in body
weight, blood glucose, and BDNF were analysed by one-way
analysis of variance (ANOVA) followed by Duncan’s
post-hoc analysis. The water maze data were analyzed using
ANOVA with repeated measures, with group as the between
subject factor and trials/time as the within subject factor.
Interaction effects were analyzed further by contrast
analysis. A statistical significance was tested at p = 0.05.

Results

Body weight changes
The weights of the rats on the 1 day, 3 day, and 56 day

from the starting of experiment are summarized in Table
1. In the diabetes group, significant weight loss was ob-
served at 3 days after the STZ injection, in contrast, the an-
imals in the control group showed significaht weight gain.
Treadmill exercise exerted no significant effect on body
weight change in the diabetic rats.

Blood glucose levels

The blood glucose levels on the day 1, day 3, and day
56 from the starting of experiment are summarized in
Table 2. The blood glucose level was significantly in-
creased at 3 days after the STZ injection. Treadmill exercise
exerted no significant effect on the blood glucose levels in
the diabetic rats.

Effect of treadmill exercise on performance of
diabetic rats in a Morris water maze task

There was a significant decrease in the latencies to es-
cape to the hidden platform over the 5 days of the test in
all three group: control, p < 0.01; diabetic, p < 0.02; dia-
betic + exercise, p < 0.01. (Fig. 1). The time course for the
decrease in latency was similar between the control group
and the STZ-induced diabetes and exercise group; there
was a progressive decline in latencies throughout the 5
days of testing. By contrast, there was a 3-day lag before
latencies began to decline in the STZ-induced diabetes
group. The mean latency on 3 day, 4 day, and 5 day of the

Table 1. Body weights on Day 1, 3, and 56 of the experiment

(Unit: g)
Group Day 1 Day 3 Day 56
A 223812.6 233.6+2.7 4164492
B 2213431 196.9+1.6° 1544429
C 220.1+2.7 195.622.0" 161.9+2.3"

A, Control group; B, STZ-induced diabetes group; and C,
STZ-induced diabetes and exercise group. Each value repre-
sents mean * SEM. * means P < 0.05 compared to the control

group.

Table 2. Blood glucose levels on the Day 1, 3, and 56 of the

experiment (Unit: mg/dl)
Group Day 1 Day 3 Day 56
A 103.9+1.8 100.6£2.2 98.8+2.6
B 102.0+2.2 527.0£21.2° 562.1£16.1°
C 100.3+1.6 518.8+26.1° 515.0+23.3"

Each value represents mean + SEM. * means P < 0.05 com-
pared to the control group.
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Fig. 1. Effect of treadmill exercise on the latency to the hidden
platform in Morris water maze in STZ-induced diabetes
rats. A, Control group; B, STZ-induced diabetes group;
and C, STZ-induced diabetes and exercise group. The
data are presented as the mean + SEM.

test was significantly prolonged in diabetic rats versus con-
trol rats (p < 0.01),

Distances swam to find the hidden platform decreased
significantly over the 5 days of the test in the control rats
(p < 0.01) and the STZ-induced diabetes and exercise
group (p < 0.01) (Fig. 2), demonstrating that shortening of
their search path for escaping to the hidden platform was
the cause of their reduced latencies. By contrast, the dis-
tance swam by diabetic rats did not change significantly
over the 5 days (p < 0.458). The mean distances on 3 day,
4 day, and 5 day of the test were significantly higher in
the STZ-induced diabetes group than both the control
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Fig. 2. Effect of treadmill exercise on the distance to the hid-
den platform in Morris water maze in STZ-induced
diabetes rats. A, Control group; B, STZ-induced dia-
betes group; and C, STZ-induced diabetes and exercise
group. The data are presented as the mean + SEM.
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group and the STZ-induced diabetes and exercise group (p
< 0.01). All groups were submitted to a test of their ability
to escape to a visible platform. The performance of all the
groups of rats in the trial with the visible platform was not
significantly different.

Effect of treadmill exercise on hippocampal BDNF
expression in STZ-induced diabetes rats

The levels of BDNF protein in the control group was
designated at 100. The levels of BDNF protein was found
to have significantly decreased in the STZ-induced diabetes
group to 57.72 £ 1.24. On the other hand, treadmill ex-
ercise significantly increased the levels of BDNF protein in
the STZ-induced diabetic rats from 57.72 + 1.24 to 89.33 =
2.51 (Fig. 3). Actin levels did not differ significantly among
any of the groups. In the present results, treadmill exercise
significantly alleviated diabetes-induced suppression on
BDNF protein expression in the hippocampus.

Discussion

STZ-induced diabetes is a well-documented model of
experimental diabetes. A single high dose of STZ is toxic
to insulin-producing B cells, and it produces irreversible

Actin
BDNF

120

BDNF expression

A B C

Fig. 3. Upper: Representive expressions of the protein level of
BDNF and actin in the hippocampus. A, Control
group; B, STZ-induced diabetes group; and STZ-in-
duced diabetes and running group. Lower: Relative
BDNF expression in the hippocampus. Molecular
weights of BDNF = 15 kDa; Actin = 42 kDa. The data
are presented as the mean = SEM. * means P < 0.05
compared to the control group. # means P < 0.05 com-
pared to the STZ-induced diabetes group.
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damage to those cells [55]. Many studies have shown that
STZ-induced diabetic rats produces clinically similar con-
ditions to diabetes mellitus, resulting in many complica-
tions such as alterations in neurotransmission, electro-
physiological abnormalities, and structural changes [9,10,
17]. Long-term diabetes is associated with the impairment
in learning ability and memory formation and hinders cog-
nitive processing of new information through disruption of
hippocampal functions [9,30]. Longitudinal study show a
two-fold increased incidence of developing Alzheimer’s
disease or vascular dementia [15].

In the present study, STZ-induced diabetes induced the
learning and memory impairments, as accessed by the
Morris water maze task. The results of the behavioral study
demonstrated that diabetic rats spent more time to find the
hidden platform compared to the control group. These ob-
servations are consistent with previous reports, which dis-
played performance deficits in the Morris water maze fol-
lowing the induction of diabetes [10,30,31). Spatial learning
and memory in the Morris water maze is known to involve
multiple cognitive components such as problem solving, en-
hanced selective attention, formation of internal representa-
tions of the external world, and storage and retrieval of rel-
evant information [54]. Deficits in learning and memory in
diabetic rats were earlier shown to be paralleled by alter-
ations in hippocampal synaptic plasticity [7,23].

Recently, it has become clear that physical exercise have
beneficial effects on brain plasticity [43]. Exercise appears
to maintain cerebrovascular integrity [18], increase capillary
growth [50], increase dendritic connections [46], and en-
hance the efficiency of processing functions of the central
nervous system [27]. Our present results demonstrated that
treadmill exercise in diabetic rats had shorter escape latency
than diabetic rats at third and fourth, and fifth days of
learning trials, indicating better learning and memory per-
formance than diabetic rats. It has been reported that learn-
ing and memory can be influenced by exercise. Animal
studies on rats and mice reported better cognitive perform-
ance as a result of increased physical activities [4,22].
Regular exercise also reduced age-related decline in memo-
ry and cognition in aging humans [19]. Clinical evidence
has shown that exercise decreases risk for cognitive impair-
ment associated to diabetes [16]. It has been suggested that
physical exercise modulates cognitive functions through
various signaling mechanisms that lead to BDNF up-regu-
lation in the adult hippocampus [24,53]. BDNF is known to

induce the expression of long-term potentiation in the rat
hippocampus [34]. In diabetic rats, the impairment of
long-term potentiation has been related to the severity of
cognitive deficit [29]. Farmer et al. [21] reported that ex-
ercise enhances the expression of long-term potentiation by
increasing BDNF expression in the hippocampus.

Neurotrophins, including brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), neurotrophin-3
(NT-3), and NT-4/5 have been implicated in neuronal sur-
vival, differentiation, connectivity, and plasticity [47]. Of
them, BDNF is also known to exert neuroprotective effects
on the hippocampus [37]. The diabetes-induced reduction
of BDNF is considered as a major factor in the impairment
of cognitive function [42]. Nitta et al. [42] has reported that
cognitive dysfunction by diabetes was prevented by the
administration of a stimulator of BDNF synthesis. In the
present study, we examined the effect of treadmill exercise
on BDNF expression in the hippocampus of STZ-induced
diabetic rats. Here, we showed that STZ-induced diabetic
rats undergo a significant reduction of BDNF expression in
the hippocampus, and treadmill exercise significantly en-
hanced the expression of BDNF in hippocampus of dia-
betic rats. In STZ-induced diabetic rats, these observation
is accordance with result previously reported that both
protein and mRNA levels of BDNF were severely reduced
in the hippocampus [42], and the diabetes-induced reduc-
tion of BDNF is considered as a major factor in the impair-
ment of cognitive function.

In the present results, treadmill exercise increased the
expression of BDNF in hippocampus of diabetic rats.
BDNF plays a central role in mediating exercise-induced
effects on brain plasticity [8,53]. Previous studies have con-
sistently shown that voluntary exercise enhances both pro-
tein and mRNA levels of BDNF in the rat hippocampus
[21,28] in line with studies showing a clear involvement of
BDNF with synaptic transmission and neuronal plasticity,
resulting in increases in learning ability and memory capa-
bility {41]. Forced running also increased BDNF mRNA
and protein in the hippocampus of adult rats [49]. In addi-
tion, exercise has been reported to reverse the decrease in
hippocampal BDNF under various pathological conditions
such as Alzheimer’s disease [56], aging [2], traumatic brain
injury [26], ischemia [45], depression [20], and stress [1]
with an improved behavioral outcome. In this respect, the
exercise-induced enhancement of hippocampal BDNF has
been tentatively implicated in brain plasticity under vari-



ous brain insults. Our data suggest that treadmill exercise
ameliorate the diabetes-induced suppression of BDNF ex-
pression in the rat hippocampus.

In conclusion, we have shown that STZ-induced dia-
betes suppresses the expression of BDNF protein in the
hippocampus and results in memory deficits in rats.
However, treadmill exercise alleviates memory deficits by
enhancing BDNF expression in the hippocampus of
STZ-induced rats. The data from the present study suggest
that treadmill exercise may be useful in the alleviation of
memory dysfunction in STZ-induced diabetic rats.
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