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Summary. This study was to examine the
effects of treadmill exercise on the expres-
sion of brain-derived neurotrophic factor
(BDNF) in rat hippocampus. After 1-wk
treadmill familiarization, animals in exercise
groups received a 4-wk exercise training or
an acute exercise. They were sacrificed 2 h or
2 d after exercise and their hippocampal
BDNF mRNA and protein levels were deter-
mined. We demonstrated that 1) hippocampal
BDNF mRNA and protein levels were both
elevated in response to exercise training at
2 h after the last run but not after 2 d; 2) an
acute moderate exercise (1 or 3 d) increased
BDNF protein levels; 3) acute severe exer-
cise increased BDNF protein and mRNA
levels in animals under a familiarization
regimen, while suppressed the BDNF mRNA
level in rats without treadmill familiar-
ization, paralleling the stress effect of immo-
bilization=water exposure. We conclude that
compulsive treadmill exercise with pre-
familiarization acutely upregulates rat hippo-
campal BDNF gene expression.

Keywords: Treadmill exercise, neural plasti-
city, stress, BDNF.

Introduction

Brain-derived neurotrophic factor (BDNF),
broadly and abundantly expressed in mam-
malian brain, is a member of the neurotro-
phin family. It plays an important role in
various aspects of neural plasticity, such as
neurogenesis, long-term potentiation (LTP),
learning and memory, and even mood changes
(Yamada et al., 2002). The mutation or de-
letion of BDNF gene in mice results in learn-
ing deficits and LTP impairment, whereas
re-expression of BDNF restores LTP (Korte
et al., 1996; Gorski et al., 2003). In patients
with Alzheimer’s disease or major depres-
sion, the brain or serum levels of BDNF are
decreased (Murer et al., 2001; Karege et al.,
2002). Accrued evidence has demonstrated
that stress or corticosterone administration
reduces BDNF mRNA expression in the
brain (Smith et al., 1995; Schaaf et al., 1997;
Ueyama et al., 1997).

Epidemiological studies suggest that phys-
ical activity is associated with a low incidence
of cognitive impairment and Alzheimer’s dis-
ease (Byrne and Byrne, 1993). Furthermore,
some studies suggest that voluntary exercise



enhances neural plasticity and improves learn-
ing and memory (Fordyce and Wehner, 1993;
Cotman and Berchtold, 2002). Taken together,
these reports imply that exercise has benefi-
cial effects on the brain function even though
the underlying mechanisms deserve a full
spectrum of understanding. Several studies
suggest that exercise leads to changes in the
expression of a number of genes that are
involved in synaptic function and neural plas-
ticity. For instance, voluntary wheel running
exercise increases the BDNF gene expres-
sion in rat hippocampus (Neeper et al., 1995;
Oliff et al., 1998; Adlard et al., 2004). Thus, it
has been thought that exercise may exert ben-
eficial effects on the brain function by reg-
ulating BDNF levels and its related neural
plasticity.

Running wheel exercise is commonly
used in previous studies, as treadmill run-
ning is considered as a stressor to rodents.
Because stress and glucocorticoids have been
reported to suppress the BDNF expression
in hippocampus (Smith et al., 1995), the pos-
sible adverse effect of compulsive exercise
needs to be avoided. Nonetheless, results
obtained from voluntary wheel running stud-
ies could not completely rule out possible
confounding effects of non-exercise training
factors. For example, there might be genetic
differences between good runners and poor
runners. Likewise, voluntary wheel running
designs could not rule out the effects of
environment enrichment. Moreover, the tem-
poral relationship between the end of running
wheel exercise and the effect measurement
was ill-defined, as evidenced by animal sac-
rifice with little information about the dura-
tion, intensity, and cessation time of their last
run. Therefore, the purpose of this study was
to study whether the treadmill exercise pro-
tocols with controlled exercise duration,
intensity and cessation time affect rat hip-
pocampal BDNF gene expression, and to
further characterize whether such effects were
acute or chronic. Since compulsive treadmill

exercise was thought to have stress effects,
additional experiments were performed using
rats subjected to two different stressors, i.e.,
acute severe treadmill exercise without fa-
miliarization or exposure to immobilization=
water, as a comparison. Our results indicated
that compulsive exercise, when executed
properly, induced transient BDNF gene ex-
pression in rat hippocampus, and that this
effect depended on the intensity=previous
experience of exercise.

Materials and methods

Animals and exercise=stress protocols

Male Wistar rats were used in this study. All animals
were housed in an environmentally controlled room
(temperature 25� 1�C; 12 h light=12 h dark cycle) in
groups of three or four per cage with rat chow and
water ad libitum. This study was conducted with ap-
proval of the National Cheng Kung University Animal
Care and Use Committee and was carried out in accor-
dance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals (NIH Pub-
lications No. 80-23) revised in 1996. All efforts were
made to minimize the number of animals used and
their suffering.

For the exercise-training study, 4-wk-old male
Wistar rats were allowed to run on the treadmill at a
low speed of 9 m=min for 10 min each day for 5 days
to get familiar with the treadmill running. They were
then randomly divided into control and exercise groups.
The animals in exercise groups were trained for 4 weeks
on a motor-driven leveled treadmill (Model T408E,
Diagnostic & Research Instruments Co., Taoyuan,
Taiwan) at an intensity of �70% of maximal oxygen
consumption for 60 min=d, 5 d=wk for 4 weeks (Chu
et al., 2000). The training speeds began at 12 m=min
and reached 15 m=min by the end of the experiments.
The sedentary control groups were placed in the tread-
mill without running for 10 min=d. After training,
animals either received Morris water maze tests or
were sacrificed 2 h or 2 d after the last run for sample
collections.

For the acute-exercise study, 8-wk-old male Wistar
rats were assigned to either control or acute exercise
groups after 1-wk familiarization. The exercised ani-
mals performed moderate exercise (15 m=min for
30 min=d, for 1 or 3 consecutive days) or a single bout
of severe exercise until exhaustion (beginning with
12 m=min followed by 3 m=min increments every
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3 min up to 24 m=min until exhaustion). Because our
preliminary time-course study (0, 1, 2 and 4 h) showed
that an elevated BDNF protein level only occurred at 2
or 4 h after a single bout of exercise (data not shown),
the time point for animal sacrifice in the present study
was chosen at 2 h after exercise cessation.

To study the stress effects, some rats (8-wk-old)
were forced to run on the treadmill until exhaustion
without familiarization, or were immobilized by mesh
and exposed to 1.5 cm-depth water (20 � 2�C) for 1 h
(Morimoto et al., 2000). These animals were sacrificed
2 h after stress intervention.

The electric shock was never applied to animals
during treadmill running, and these animals were killed
under carbon dioxide euthanasia at specified time
points after exercise=stress treatments. In order to avoid
circadian differences in BDNF gene expression, all ani-
mals were sacrificed around 2 p.m.

Determination of citrate synthase
activity in soleus muscles

An increase in citrate synthase activity is commonly
used to confirm the exercise training effect. In the pres-
ent study, citrate synthase activity in soleus muscles
was measured using a method reported in details pre-
viously (Yang et al., 2003).

Morris water maze task

A separate group of animals received the water maze
test at the end of 4-wk treadmill running. A plastic
circular pool, 1.8 m in diameter, and 0.6 m in height,
were filled with water (20 � 2�C) 1.5 cm above a
hidden plexiglass platform, which was placed at a
specific location away from the edge of the pool.
Animals were subjected to four trials a session, two
sessions a day, with one given in the morning and the
other in the afternoon. A total of four sessions were
completed in two days. In each trial, animals were
placed at four different starting positions equally
spaced around the perimeter of the pool in a random
order. Animals were allowed to find the platform in
120 s. If an animal could not find the platform within
this period of time, it would be guided to the plat-
form. After mounting the platform, animals were
allowed to stay there for 20 s. The time each animal
spent to reach the platform was recorded as the
escape latency. The average escape latencies between
control and exercise groups were compared. To
rule out the effects of differential motor activities=
motivation between control and exercise animals,
the visible platform experiments were performed
following the water maze test.

Measurement of hippocampal
BDNF protein levels

The hippocampus of control or experimental (exercise
or stress) animals was obtained after CO2 euthanasia.
The BDNF protein concentration in the hippocam-
pal homogenate was determined in duplicate using
an enzyme-linked immunosorbent assay (ELISA) kit
(Promega, Madison, WI, USA) following the manu-
facturer’s instructions.

Measurement of the hippocampal
BDNF mRNA levels

Total RNA was extracted from the hippocampus of
individual rat using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) after homogenizing the hippocam-
pal tissues by a homogenizer (Tissue Tearor, Model
985370, Biospec Products). DNase I (Promega,
Madison, WI, USA) treatment was used to remove
DNA contamination in the total RNA. The BDNF
mRNA was measured by real-time RT-PCR (Light-
Cycler System, Roche, Mannheim, Germany), and
was normalized by the mRNA level of b-tubulin.
Briefly, 1mg of hippocampal total RNA from each rat
was reversely transcribed by the reverse transcriptase

SuperScriptTM II (Invitrogen) in a 20ml reaction mix-
ture. The RT products were diluted 10 times. Five ml of
the diluents were mixed with 15ml of the amplification
mixture containing 1�LightCycler FastStart Reaction
Mix SYBR Green I, FastStart Enzyme and 1mM each
of the specific primers. The mixture was subjected to
initial denaturation at 95�C for 7 min followed by a 45-
cycle amplification program consisting of denaturation
at 95�C for 5 s, annealing at 60�C for 5 s, and elonga-
tion at 72�C for 10 s. The temperature transition rate for
the amplification program was 20�C=s. The melting
curve analysis was performed immediately after ampli-
fication to confirm the specificity of PCR products, and
consisted of 1 cycle of heating at 20�C=s to 95�C with a
0-s hold, cooling at 20�C=s to 65�C with a 15-s hold,
and heating at 0.1�C=s to 98�C with a 0-s hold. For
the establishment of standard curves, 5ml of BDNF or
tubulin cDNA diluted in series were added into the
amplification mixture. The primer sequences were: for-
ward 50-GGACATATCCATGACCAGAAAGAAA-30

and reverse 50-GCAACAAACCACAACATTATCGAG-
30 for BDNF exon V (Korte et al., 1996); forward
50-CCAGATCGGTGCTAAGT-30 and reverse 50-
CGGAGTCCATAGTCCC-30 for b-tubulin. The ampli-
con size is 89 bp for BDNF gene, and 185 bp for
b-tubulin gene. Fluorescence signals of each capillary
were continuously acquired once per cycle for quan-
tification analysis during the melting curve analysis.
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The values of fluorescence signals and crossing points
were used to establish standard curves. Data anal-
yses were performed using the Lightcycler software
Version 3.5.

Determination of serum
corticosterone levels

To evaluate the possible stress levels associated with
our exercise protocols, serum corticosterone levels
were measured by ELISA (IDS, Bolodn, UK).

Statistical analysis

Data were expressed as mean� SEM. Sample sizes
were indicated by n. Unpaired Student’s t test was used
to compare the differences between the exercise and
control groups. One-way analysis of variance was em-
ployed to analyze the differences, followed by Tukey’s
multiple comparison if appropriate. Significance was
established at P<0.05.

Results

Citrate synthase activity

The enzyme activity of citrate synthase, an
index of oxidative metabolism, was signifi-
cantly increased after 4-wk exercise training
(1.26� 0.03 vs. 1.18� 0.03 mmole=min=g
wet weight for exercise training and seden-
tary control groups, respectively; P<0.05),
indicating that the exercise training protocol
was effective.

Effects of exercise on BDNF mRNA
and protein expressions

After 4 weeks of treadmill exercise training,
an increase in the expression of BDNF
mRNA and protein was found 2 h after the
last run, but not 2 days later (Fig. 1). These
results imply that the effect of exercise train-
ing on BDNF expression is an acute rather
than a chronic effect. As for acute exercise
experiments, we also found that 2 h after
single bouts of either moderate or severe
exercise significantly elevated BDNF pro-
tein expression (Fig. 2B). Interestingly, acute
exercise with high intensity dramatically
increased BDNF mRNA expression, whereas

acute exercise with moderate intensity was
ineffective in this regard (Fig. 2A).

Effects of acute stress on BDNF
mRNA expression

Figure 3 shows that stress from immobili-
zation plus water exposure for 1 h led to a
decrease in BDNF mRNA and protein ex-
pression in animals sacrificed 2 h post-stress.
Similarly, an acute severe exercise without
familiarization also resulted in a reduction
of BDNF gene expression (Fig. 4).

Effects of exercise training
and restraint stress
on spatial learning

Animals after 4-wk exercise training had
lower mean escape latency than the controls
(37.6� 2.2 and 44.3� 3.1 s, respectively;
P<0.05, n¼ 24). This result was not due to

Fig. 1. Effects of 4-wk treadmill running on the ex-
pression of BDNF mRNA (A) and protein levels (B).
Increases in BDNF mRNA and protein expression oc-
curred 2 h (�P<0.05, comparing with sedentary con-
trol), but not 2 d, after the last run (n¼ 7–10 for each

group). h hour; d day
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differences in swimming capability or moti-
vation between control and exercise groups
since both groups performed similarly in
visible platform experiments (3.2� 0.1 vs.
3.0� 0.1 s for control and exercise groups,
respectively, P>0.1). In contrast, animals in
the immobilization=water exposure stress
group tended to spend more time to find the
hidden platform (50.2� 4.0 vs. 45.6� 4.7 s
for the stress and control groups, respec-
tively, n¼ 12–13). These results suggested
that 4 weeks of treadmill exercise training
significantly improved the spatial learning
capability, whereas acute stress seemed to
impair it.

Immediately after acute exercise, the
serum corticosterone level drastically in-
creased (Fig. 5), an expected normal re-
sponse to acute exercise. One hour later,
serum corticosterone levels returned back to
resting values. We also observed that exercise
training did not alter resting serum corti-
costerone level measured two days after the
last running. These results supported that
the treadmill exercise with a familiarization
protocol used in the present study did not
cause significant stress to the animals.

Fig. 2. Effects of acute treadmill exercise with pre-
vious familiarization on the BDNF mRNA expression
(A) and protein levels (B). BDNF protein levels in rat
hippocampus significantly increased 2 h after a single
bout of severe=moderate exercise, or three repetitive
moderate exercises (#P<0.01, comparing with rest-
ing control). However, BDNF mRNA was significant-
ly upregulated 2 h after a single bout of severe
exercise (�P<0.05, comparing with resting control),
but not after one or three repetitive moderate exercise

(n¼ 9–11 for each group). C control; E exercise

Fig. 3. Effects of immobilization stress on the expres-
sion of BDNF mRNA (A) and protein (B). BDNF
mRNA expression and protein levels were signifi-
cantly suppressed 2 h after immobilization stress in-
tervention (�P<0.05, comparing with unstressed

control; n¼ 4 for each group)

Fig. 4. Effects of acute severe exercise stress without
familiarization on the expression of BDNF mRNA (A)
and protein (B). BDNF mRNA expression and protein
levels were significantly suppressed 2 h after this in-
tervention (�P<0.05, comparing with unstressed con-

trol; n¼ 4 for each group)
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Discussion

Compulsive treadmill exercise and voluntary
wheel running are two totally different exer-
cise paradigms. Previous reports using volun-
tary wheel running paradigm as the exercise
protocol have demonstrated the beneficial
effect of exercise on the brain. This study is
the first to reveal that treadmill exercise with
careful animal handling in Wistar rats can
also be a good paradigm to study the effects
of exercise on the brain function. Our results
indicate that a single bout of compulsive
treadmill exercise or repetitive moderate ex-
ercise training with previous familiarization
acutely induces hippocampal BDNF gene
expression. In addition, we have demonstrat-
ed that the BDNF mRNA expression is re-
duced not only by immobilization plus water
exposure but also by strenuous exercise with-
out familiarization.

In addition to enhancing the hippocampal
BDNF gene expression, treadmill exercise
also improves spatial learning capability, in

confirming with a previous study done by
Fordyce and Wehner (1993). The fact that
treadmill exercise in the present study has
hippocampal BDNF upregulating effects pro-
vides noteworthy implication. First, treadmill
running not only offers a well-controlled ex-
ercise paradigm but also is suitable for study-
ing the exercise effects on brain functions,
if the animals are handled carefully to avoid
confounding stress effects. Second, as a
compulsive exercise has beneficial effects in
terms of BDNF upregulation and learning=
memory improvement in rats, a similar me-
chanism may explain why human exercise
with efforts is effective in improving cogni-
tive functions (Byrne and Byrne, 1993). Sev-
eral previous reports have indicated that
voluntary wheel running for various days
increases BDNF gene expression in the hip-
pocampus of either male or female Sprague-
Dawley rats (Neeper et al., 1995; Oliff et al.,
1998; Berchtold et al., 2001; Adlard et al.,
2004). Similar results have been confirmed
in a study comparing various rat strains
(Sprague-Dawley, Brown Norway, Dark
Aguouti, and PVG), indicating that BDNF
levels increase with voluntary exercise re-
gardless the strain differences in spontaneous
activity (Johnson and Mitchell, 2003).

When comparing running wheels with
treadmills, differential exercise effects on
brain monoamine levels and some behavioral
tests have been reported (Dishman, 1997).
Assuming that the compulsive treadmill run-
ning is stressful to rodents, many investi-
gators prefer to use running wheel as an
exercise mode. The strength of running
wheel protocol is that animals exercise
voluntarily and thus avoiding possible stress
effects. In our hands, the possible stress asso-
ciated with treadmill exercise was minimal
if animals were familiarized with the tread-
mill running for one week before the exper-
iments. If this familiarization step was
omitted, acute severe exercise would impair
the gene expression of BDNF, similar to that
exposed to the immobilization stress. These

Fig. 5. Effects of exercise on serum corticosterone
levels. The serum corticosterone levels increased im-
mediately after acute moderate exercise (i.e., 0 h;
�P<0.05, comparing with resting control), and re-
turned to basal levels after 1 h (n¼ 4 for each group).
In addition, treadmill exercise training did not signifi-
cantly change resting serum corticosterone levels, as
shown in 2 d. AE acute exercise; ET exercise training
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results are consistent with previous studies
reporting that stress and glucocorticoids sup-
press hippocampal BDNF mRNA expression
in normal or adrenalectomized rats (Smith
et al., 1995; Schaaf et al., 1997; Ueyama et al.,
1997).

It is interesting to note that repetitive
exercise increases BDNF protein levels to a
greater extent than a single bout of exercise
(Figs. 1 and 2); possibly due to the priming
effect of repetitive exercise (Berchtold et al.,
2005). Moreover, the exercise-induced BDNF
upregulation is an acute effect in the current
study. That is, BDNF gene expression was
upregulated 2 h, but not 2 d, after the last
run of 4-wk treadmill running. In fact, BDNF
has been reported to act as a brain-activity de-
pendent immediate-early gene (Lautherborn
et al., 1996; Castren et al., 1998; Hall et al.,
2000). To our knowledge, rats have higher
activity in the dark phase than in the light
phase. Animals accessing the running wheels
in previous studies were likely to be sacri-
ficed within a few hours after their last run,
i.e., in the early morning of the following
day. Therefore, it would be difficult to rule
out the possibility that the effect of voluntary
wheel running on BDNF gene expression
may be an acute effect.

Furthermore, the exercise-evoked BDNF
mRNA expression was absent either after
acute moderate exercise or 2 d after 4-wk
exercise training, but it occurred 2 h after
acute strenuous exercise or 2 h after the last
run of exercise training. These observations
suggest that the upregulation of BDNF
mRNA expression depends on exercise inten-
sity or duration. However, both acute moder-
ate and severe exercise elevated BDNF
protein contents in the hippocampus. We
therefore speculate that acute treadmill exer-
cise, regardless of its intensity, may alter
BDNF expression at the translational level
or posttranslational level, whereas only high
intensity or long-term exercise can affect
BDNF gene expression at the transcriptional
level. In general, the real-time PCR analysis

is rather confined to steady state mRNA
levels, and mRNA abundance dose not nec-
essarily reflect the levels of correspond-
ing proteins (Pradet-Balade et al., 2001).
Protein levels are regulated not only by tran-
scriptional mechanism but also by several
posttranscriptional mechanisms including
transcript localization and stability, transla-
tional regulation and protein degradation
(Sonenberg et al., 2000). Further study is
needed to explore the underlying mecha-
nisms of exercise-evoked BDNF expression.

Although the underlying mechanisms of
treadmill exercise-induced upregulation of
BDNF gene expression are still unknown,
several possible explanations are enlisted in
the following. First, an elevation of catecho-
lamine, such as norepinephrine (NE), during
exercise may activate BDNF gene expres-
sion. It has been suggested that the released
NE may act upon its G-protein coupled re-
ceptor, which in turn activates downstream
intracellular signaling pathways. One possi-
bility is the cAMP=protein kinase A=CREB
pathway. Another possibility is that the trans-
activation of tropomyosin related kinase B by
NE receptor binding activates the phosphati-
dylinositol 3-kinase=glycon synthase kinase-
3=CREB pathway. The phosphorylated
CREB then binds to the cAMP response ele-
ment on the promoter region of the BDNF
gene and increases the BDNF mRNA and
protein levels (Chen and Russo-Neustadt,
2005). In contrast, NE blockade has been
reported to inhibit BDNF mRNA activation
following exercise in an animal study (Ivy
et al., 2003). Second, exercise-evoked neuro-
nal activity may increase BDNF gene expres-
sion. As indicated in previous animal
studies, an increase in the neuronal activity
enhances BDNF transcription (Castren et al.,
1998; Murer et al., 2001). Third, an elevated
calcium level in the brain during exercise
(Akiyama and Sutto, 1999) may upregulate
BDNF gene expression via the activation of
cyclic AMP response element-binding pro-
tein (Shen et al., 2001; West et al., 2001).
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In this study, we found that 4-wk treadmill
exercise running not only increased hippocam-
pal BDNF gene expression but also improved
spatial learning. Whether the increased BDNF
expression contributes to the better spatial
learning after treadmill exercise training is
still unknown. An indirect association between
hippocampal BDNF level and learning=
memory is likely. Elevated BDNF levels may
facilitate neurogenesis and increase synaptic
connections, which in turn help learning and
memory functions (Yamada et al., 2002). A
recent study illustrates that inhibiting BDNF
action blocks the beneficial effects of running
wheel exercise on the performance in the
Morris water maze task (Vaynman et al.,
2004). Therefore, treadmill exercise training
in the present study could improve spatial
learning by elevating BDNF gene expression.
To clarify the crucial role of BDNF in tread-
mill exercise-improved spatial learning, fur-
ther studies by using BDNF knockout mice
will be needed in the future.

The rat BDNF gene consists of four 50-
exons (exons I–IV) and one 30-exon (exon
V) encoding the mature protein (Timmusk
et al., 1993). In the present study, we mea-
sured the total mRNA expression of BDNF
by designing the primers for exon V. Pre-
vious studies have shown that neuronal ac-
tivity induced by stimulation of a single
paroxysmal afterdischarge mainly increases
the expression of BDNF exon III- and IV-
containing transcripts in 2 h (Lautherborn
et al., 1996), and that 3 days of voluntary
wheel running significantly upregulates
BDNF exon III mRNA expression in hippo-
campal regions (Oliff et al., 1998). Whether
the treadmill exercise upregulates BDNF
exon III or other transcripts remains to be
answered.

In conclusion, our results demonstrate
that treadmill exercise training in rats im-
proves spatial learning, and that compulsive
treadmill exercise with familiarization and
careful animal handling increases hippocam-
pal BDNF gene expression transiently.
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