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Abstract This study examined the effects of downhill
treadmill exercise on brain-derived neurotrophic factor
(BDNF) protein on the hippocampus and striatum of mice.
Twenty-four adult mice were assigned to three groups:
non-runners control, level or downhill (16° decline)
running exercise. The exercise schedule consisted of pro-
gressive treadmill running for 5 days week™' over
8 weeks. Blood lactate levels classified exercise intensity
as moderate to high. Both training types increased citrate
synthase activity of the soleus muscle when compared to
untrained controls. While level running increased BDNF
levels selectively in the hippocampus (68.5%), the eccen-
tric running resulted in a pronounced BDNF increase in
both the hippocampus (137.0%) and the striatum (49.9%).
Further studies will specify whether the observed altera-
tions in BDNF are due to downhill-induced upregulation or
complex learning-induced mechanisms that influence
BDNF levels in these brain regions.
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Introduction

The benefits that physical exercise can produce on the brain
function and on mental health are well documented. For
instance, exercise enhances hippocampal-dependent learn-
ing and memory and improves executive functioning
(Cotman and Berchtold 2002; Hunsberger et al. 2007).
These exercise effects seem to be associated with adaptive
responses in the central nervous system (CNS) such as the
upregulation of neurotrophic factors, most notably the
brain-derived neurotrophic factor (BDNF) (Huang et al.
2006). BDNF is an important intercellular signal that
mediates neurogenesis, synaptic plasticity and cell survival
(for review see Hu and Russek 2008).

There is extensive literature indicating that wheel run-
ning programs, voluntary and low-intensity exercise, result
in an upregulation of BDNF protein and mRNA levels in
different brain areas of rodents such as the hippocampus
(Berchtold et al. 2005; Ploughman et al. 2007; Vaynman
et al. 2004) and the striatum (Cotman and Berchtold 2002;
Pang et al. 2006). Moreover, Soya et al. (2007) have
recently documented that moderate-intensity exercise and
forced-treadmill schedule increase BDNF levels in the rat’s
hippocampus. However, the effects of high-intensity
forced-treadmill schedule on striatal BDNF remain unclear.

The effects of downhill exercise on the CNS has been
fairly well studied, probably because exercise that includes
a large eccentric component such as downhill training has
been associated with muscle damage (Chapman et al. 2006)
and intense muscle fatigue (Carmichael et al. 2005). In
accordance with this notion, previous data from our labo-
ratory have shown that high-intensity downhill training
schedule results in brain mitochondrial dysfunction
and decreased BDNF levels in the frontal cortex of mice
(Aguiar et al. 2007, 2008). Here, we extended these results
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by using neurochemistry assays to show that downhill
exercise upregulates BDNF protein levels in the striatum
and hippocampus of mice.

Materials and methods

All procedures were performed in accordance with the
European Communities Council Directive of 24 November
1986 (86/609/EEC) and were approved by the Ethics
Committee of the Universidade do Extremo Sul Catarin-
ense, Brazil. Twenty-four male CF1 mice (6 weeks old and
weighing 25-30 g at the beginning of the experiments)
were used. They were maintained in a room under con-
trolled temperature (20 £ 2°C) and were subjected to a
12-h light cycle (lights on 7:00 a.m.) with free access to
food and water. The mice were randomly assigned to three
groups (n = eight each group) designated: non-running
controls, level runners and downhill runners. Each animal
was weighed upon inclusion in the study and checked for
weight loss.

The exercise training protocol was performed as
described previously (Aguiar et al. 2007, 2008). Initially,
all groups were habituated to a nine-channel motor-driven
treadmill at a speed of 5 m min~" for 10 min day ' during
1 week (Table 1). During the following 8 weeks, the level
(0° incline) and downhill (16° decline) trained groups
performed a continuous running program once a day (7:00—
8:00 p.m.), 5 days week ', performing a total of 40 days
(Table 1). Non-runner control animals were put on the
switched-off treadmill during the same 8 weeks to equal
environmental and noise stress. The exercise training pro-
tocol was discontinued 48 h before sacrifice. The mice
were anesthetized with CO, and sacrificed by cervical
dislocation. The hippocampus, the striatum and the soleus
muscle were removed, weighed, stored and frozen at
—80°C until analysis.

Blood lactate level was acutely determined at end of the
last session of exercise and was used to classify the

exercise intensity. Therefore, to acquire sedentary respon-
ses to exercise, non-running control animals also
performed this last session of physical training. A com-
mercial kit from Roche, Germany, was used according to
the manufacturers instructions to determine blood lactate
levels from 15-50 pl of mice tail capillary blood by
reflectance photometry at a wavelength of 657 nm, via
colorimetric lactate-oxidase mediator reaction (Aguiar
et al. 2007, 2008).

Due to collaborative tissue requirements and dissection
time limitations, citrate synthase (CS) analysis was per-
formed only on the soleus (Alp et al. 1976). The tissue was
weighed and homogenized with a glass homogenizer on ice
in 100 mM Tris—HCI at a constant weight-to-volume ratio.
Sample homogenate was then added to a reaction mix of
100 mM Tris—=HCI, 1.0 mM dithio-bis (2-nitrobenzoic
acid), and 3.9 mM acetyl coenzyme A. After addition of
1.0 mM oxaloacetate, absorbance at 412 nm was recorded
for a 2-min period. Mean absorbance change per minute
was recorded for each sample, and CS activity in
mmol min~' g~ was then calculated by using an extinc-
tion coefficient of 13.6.

BDNF protein was quantified using an enzyme-linked
immunosorbent assay (ELISA) and standard protocols
(ChemiKineTM brain-derived neurotrophic factor, sand-
wich ELISA, Chemicon, USA). Briefly, Nunc MaxiSorp
96-well plates were coated with 0.1 ml of a monoclonal
antibody against BDNF in a buffer containing 0.025 M
sodium bicarbonate and 0.025 M sodium carbonate (pH
9.7) for 16 h at 4°C. After washing in TBST [(20 mM
Tris—HCI (pH 7.6), 150 mM NaCl, 0.05% Tween 20)],
wells were incubated with 0.2 ml of a blocking buffer at
room temperature for 1 h and then washed again in TBST.
Samples, six serial dilutions of a BDNF standard
(500 pg ml_l), and a blank (no BDNF) were added in
triplicate into separate wells. Plates were incubated for 2 h
at room temperature and washed five times in TBST. A
polyclonal antibody against BDNF (1:500 dilution) was
added into each well and plates were incubated for 2 h at

Table 1 Parameters of the
physical training performed by
the mice

Week

Belt speed (m min~!)

Session duration (min) Distance (m) Inclination (degree)

Level group Downhill group

Habituation 5.0
13.5
13.5
13.5
13.5
16.5
16.5
16.5
16.5

0 NN R W N -

10.0 50.0 0 0

45.0 607.5 0 —-16.0
45.0 607.5 0 —16.0
45.0 607.5 0 —16.0
45.0 607.5 0 —16.0
45.0 742.5 0 —16.0
45.0 742.5 0 —16.0
45.0 742.5 0 —16.0
45.0 742.5 0 —16.0
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room temperature. After five washes in TBST, 0.1 ml of a
secondary anti-IgY antibody with a horseradish peroxidase
conjugate was added to each well and plates were incu-
bated for 1 h at room temperature. Wells were washed five
times with TBST; hydrogen peroxidase solution with a
peroxidase substrate was added and incubated for 10 min
at room temperature. Reactions were stopped with 1 M
phosphoric acid and absorbance at 450 nm was measured
using an automated microplate reader. Standard curves
were plotted for each plate. Triplicates were averaged and
values were corrected for total amount of protein in the
sample. The analysis of tissue protein was performed with
protein binding after addition of folin-phenol reagent and
colorimetric changes were read at 700 nm on a spectro-
photometer (Lowry et al. 1951), with bovine serum
albumin as standard.

Results were expressed as mean =+ standard error of the
mean (SEM). The statistical evaluation of the results was
carried out using analysis of variance (ANOVA) followed
by Tukey’s post hoc test. The accepted level of significance
for the tests was P < 0.05. All analyses were performed
using the Statistical Package for the Social Sciences
(SPSS) software in a compatible computer.

Results

At the end of the physical training, there was no significant
difference in body weight among the three groups
(approximately 37 g of body weight) (data not shown). Our
results showed higher blood lactate levels in the sedentary
control group than in both trained groups (Table 2). These
data indicate a significantly lower (F,,; = 18.51,
P < 0.001) blood lactate content in trained animals than in

Table 2 Blood lactate levels, activity of soleus citrate synthase (CS),
and content of brain-derived neurotrophic factor (BDNF) levels in the
hippocampus and striatum of mice after 8 weeks of level and
downhill training

Non-running  Runner exercise

control® - -~
Level® Downhill*
Blood lactate level® 7.6 £0.5 3.4 £ 0.8*% 3.9 £ 0.3*
Soleus CS activity®  0.31 £ 0.03  0.57 & 0.04* 0.6 £+ 0.08*

BDNF protein level?
Hippocampus 146.0 + 31.3 246.0 £ 68.2* 346.0 &+ 30.5*

Striatum 2427 £ 88.9 2764 £ 254 363.7 £ 87.2%

* P < 0.001 vs. control, ANOVA, Tukey’s post hoc test

* Mean =+ standard error of the mean of eight animals

® mmol 17!
mmol min~" g’1

c

4 pg BDNF pg protein™'

untrained animals after a session of exercise, meaning
improvement mainly of the muscle oxidative metabolism
of the runners. The trained mice of our study performed the
exercise around the lactate threshold (Table 2) of approx-
imately 4.2 mmol 1! for rodents (Voltarelli et al. 2002)
meaning moderate to high-intensity physical training.

The soleus muscle CS activity in the level exercise and
the downhill exercise groups was significantly higher
(F221 = 19.02, P < 0.001) than in the non-runners control
group (Table 2). These results indicate that the treadmill-
training program used was sufficient to increase the
oxidative metabolism in skeletal muscle of mice.

When compared to untrained animals, the treadmill
level running and downhill running programs significantly
increased (F,3; = 9.60, P < 0.001) BDNF levels in the
hippocampus (around 68.5 and 137.0%, respectively).
Inter-comparisons between both treadmill trainings did not
show significant differences in hippocampal BDNF levels
(Table 2). In the striatum, physical training significantly
increased (F,; = 9.90, P < 0.001) BDNF protein levels
(approximately 49.9%) only in the downhill schedule when
compared to untrained animals. Level treadmill training
did not show significant differences from the untrained
control and the downhill-trained groups (Table 2).

Discussion

The present findings reinforce the notion that the configu-
ration of exercise induces different effects in the CNS
plasticity. Corroborating with previous literature (Berch-
told et al. 2005; Huang et al. 2006; Hunsberger et al. 2007;
Vaynman et al. 2004), the current results indicate that low
to moderate chronic level-running program results in
BDNF enhancement in the hippocampus. On the other
hand, previous studies investigating the effects of moderate
exercise in BDNF levels in rodents striatum have been
inconsistent, with some authors demonstrating increased
BDNF levels (Dobrossy and Dunnet 2004, 2006), while
others have reported no significant differences (Cechetti
et al. 2008; Neeper et al. 1996) or even reduced striatal
BDNF levels (Dobrossy and Dunnett 2006). Our findings
indicate that striatal BDNF protein levels are differentially
influenced by the exercise training program demonstrating
that striatal BDNF levels are mainly responsive to a more
complex physical exercise such as downhill running.

The downhill is generally used as a stressor model of
exercise since it is associated with greater fiber damage,
soreness, inflammation, fatigue, and other functional defi-
cits (Chapman et al. 2006). The excessive repetition of the
eccentric training stimulates muscle inflammation and can
generate a systemic inflammatory response (Angeli et al.
2004). However, the effects of eccentric exercise on CNS
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plasticity are yet to be fully elucidated. Carmichael et al.
(2005) showed increased concentration of plasma creatine
kinase concentration, a marker of muscle damage, and
brain inflammatory cytokine IL-1f lasting up to 48 h after
downhill treadmill training. Moreover, previous data from
our laboratory have shown that high-intensity downhill
training schedule results in brain mitochondrial dysfunc-
tion and decreased BDNF levels in the frontal cortex of
mice (Aguiar et al. 2007, 2008). Here, we have shown that
the hippocampal and striatal BDNF levels are increased
48 h after the 8-week downhill training.

Although the exact molecular mechanisms and signaling
pathways through which downhill training upregulates
mice hippocampal and striatal BDNF levels remains to be
elucidated, there is considerable evidence supporting the
role of insulin-like growth factor I (IGF-I) in this response.
IGF-I entrains similar downstream pathways to BDNF
action (Yamada et al. 1997). Moreover, it has been previ-
ously suggested that peripheral sources of IGF-I supplied to
the brain can mediate the effect of exercise on neuronal
plasticity (Carro et al. 2001). More recently, Ding et al.
(2006) have published a highlight study demonstrating that
exercise increases IGF-1 expression in the hippocampus
and that the IGF-I receptor blockade abrogated the exer-
cise-induced increase in the hippocampal BDNF mRNA
and protein levels. However, it is important to emphasize
that the hippocampus and the striatum are two structures
that have been implicated as playing an important role in
learning and memory processes (McDonald et al. 2004).
Therefore, at this moment, it is not easy to specify whether
the observed alterations in BDNF are due to downbhill-
induced upregulation or complex learning-induced mech-
anisms that influence BDNF levels in these brain regions,
and this constitutes a very interesting field that requires
additional research.

Consistent with the present data, several lines of evi-
dence strongly suggest that CNS differentially modulates
concentric and eccentric muscle actions. For example,
eccentric contractions are more difficult to perform than
concentric ones (Roland et al. 1980; Yue et al. 2000). This
is supported by the result of higher eccentric than con-
centric errors in movement execution (Fang et al. 2001).
Higher eccentric-force fluctuation seems consistent with
the observation that high-threshold motor units are selec-
tively recruited first and that they discharge action
potentials at a lower rate during submaximal eccentric
contractions (Howell et al. 1995; Nardone et al. 1989).
Moreover, neuroimaging studies have shown an increased
level of brain activation when motor tasks with a higher
degree of difficulty are performed (Roland et al. 1980; Yue
et al. 2000). Thus, the present findings suggest that to
control a movement with a higher degree of intensity and
difficulty the CNS may need more extensive neural
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network to participate in the controlling process. It must be
conceded that additional research is needed to determine
the exact mechanisms and cellular sites responsible for the
selective striatal BDNF upregulation by downhill training.

In conclusion, it has long been speculated that the brain
uses differentiated strategies for eccentric muscle actions.
Several novel concepts emerge from this study. In partic-
ular, (1) downhill running is as effective as level running in
increasing hippocampal BDNF protein levels, (2) BDNF
protein is elevated in the striatum after downhill physical
training.
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