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a b s t r a c t

Voluntary physical activity improves memory and learning ability in rodents, whereas status epilepti-
cus has been associated with memory impairment. Physical activity and seizures have been associated
with enhanced hippocampal expression of BDNF, indicating that this protein may have a dual role in
epilepsy. The influence of voluntary physical activity on memory and BDNF expression has been poorly
studied in experimental models of epilepsy. In this paper, we have investigated the effect of voluntary
physical activity on memory and BDNF expression in mice with pilocarpine-induced epilepsy. Male Swiss
mice were assigned to four experimental groups: pilocarpine sedentary (PS), pilocarpine runners (PRs),
saline sedentary (SS) and saline runners (SRs). Two days after pilocarpine-induced status epilepticus, the
patial memory
ater maze
ice

pilepsy
DNF
ilocarpine

affected mice (PR) and their running controls (SR) were housed with access to a running wheel for 28
days. After that, the spatial memory and the expression of the precursor and mature forms of hippocampal
BDNF were assessed. PR mice performed better than PS mice in the water maze test. In addition, PR mice
had a higher amount of mature BDNF (14 kDa) relative to the total BDNF (14 kDa + 28 kDa + 32 kDa forms)
content when compared with PS mice. These results show that voluntary physical activity improved the
spatial memory and increased the hippocampal content of mature BDNF of mice with pilocarpine-induced

status epilepticus.

. Introduction

Clinical and experimental data demonstrate that status epilep-
icus (SE) induced by pilocarpine leads to brain damage [34,51].
he hippocampal formation is especially vulnerable to injury fol-

owing SE, as indicated by loss of CA1, CA3, hilar cells [13,14].
uch loss has been associated with memory impairment in human

esial temporal sclerosis and in animal models of epilepsy induced

y pharmacological agents such as pilocarpine and kainic acid
2,9,13,14,25,33,36]. However, other brain areas important for cog-
itive functions, like the septal area, the olfactory tubercle, the
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amygdala, piriform cortex, neocortex and several thalamic nuclei
may also be damaged as well [13].

The beneficial effects of regular physical activity have been
observed in humans, where it leads to a reduction in the
rate of epileptic seizures and the depressive symptoms usu-
ally experienced by these patients [42,49]. Various studies in
rodents have also reported beneficial effects of physical activity
on plastic processes related to hippocampal-dependent mem-
ory. These include processes such as an increase in neurotrophic
factor expression, the strengthening of synaptic long-term poten-
tiation, and the enhancement of hippocampal neurogenesis
[4,12,17,24,26,38,43,59,62–65,70]. In rats with SE induced by pilo-
carpine or kainic acid, such activity, whether voluntary or forced,
reduces the rate of seizures and hippocampal cell loss, as well as
enhancing performance in the water maze task [5,20,70]. How-
ever, few studies have investigated the mechanisms mediating this

beneficial influence of physical activity on epilepsy [70].

For rats performing voluntary physical activity on running
wheels, there was a positive correlation between the up-regulation
of BDNF expression in the hippocampus and an improved per-
formance in the water maze task [1,65]. Such an increase in the
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xpression of BDNF and its receptors in the hippocampus have also
een reported for rats suffering from epileptic seizures [7,50,56],
lthough there is some controversy as to whether this increase
n BDNF has beneficial or deleterious effects on the epileptic state
7,29,54,56].

Voluntary physical activity is naturally triggered in rodents that
ave free access to a running wheel [55]. This behavior thus pro-
ides an excellent opportunity for analyses of the effect of physical
ctivity without the stress associated with forced physical activ-
ty [17]. However, no studies have reported the effects of voluntary
hysical activity on epilepsy in animal models. We have thus inves-
igated the influence of such activity on BDNF protein expression
nd neuronal loss in the hippocampus, as well as spatial mem-
ry, a typical hippocampal-dependent mnemonic task [57,48,61],
or mice with pilocarpine-induced SE.

. Materials and methods

.1. Animals and experimental groups

Male Swiss mice (35–40 g, 10–12 weeks old) obtained from the Multidisciplinary
enter for Biological Investigation (CEMIB) at State University of Campinas (UNI-
AMP) were housed at 21 ◦C in a 12 h light/dark cycle (lights on at 7 a.m.), with
ccess to food and water ad libitum. The mice were randomly allocated to one of
our groups (n = 8 per group): pilocarpine sedentary (PS), pilocarpine runner (PR),
aline sedentary (SS) and saline runner (SR). The body weight of all mice was reg-
stered before the SE induction or saline injection, and before the sacrifice. All mice

ere handled identically throughout the experiments. The experimental procedures
ere approved by the institutional Committee for Ethics in Animal Experimentation

t UNICAMP (CEEA/IB-UNICAMP, 1136-1).

.2. Pilocarpine-induced status epilepticus

Status epilepticus was induced in PS and PR mice. Seventy-two mice were ini-
ially treated with methylscopalamine (1 mg/kg; s.c.) in order to limit peripheral
holinergic effects. This was followed 30 min later by a single injection of pilocarpine
340 mg/kg; i.p.). SE describes an enduring epileptic state during which seizures are
nremitting and are characterized by generalized tonic–clonic seizures [13,14]. The
ice with clearly established SE were observed for 6 h, and only these mice were ran-

omly assigned to the PS and PR groups. The remaining mice either died or did not in
ome way meet the criteria to SE [13,14]. The control mice (SS and SR) were injected
ith a saline solution (0.9% NaCl). The pilocarpine-induced SE mice were observed

wo times a day during maintenance of the cages (1–2 h), and 2 h immediately before
nd after the behavioral test to detect the occurrence of spontaneous seizures.

.3. Housing and physical activity

After the induction of SE or saline administration, the mice were housed indi-
idually in standard cages. The sedentary mice (PS and SS groups) were maintained
n these cages, while the runner mice (PR and SR groups) were housed individually
n cages where they had free access to a stainless steel running wheel (12 cm diam-
ter; 60 g) for 28 days. The PR mice were transferred to these cages 48 h after the
nduction of SE. The activity on the running wheel was recorded daily for 24 h by use
f an electronic counter connected to a computer for data storage [62]. The distance
un by each mouse was reported in km per day and was considered to correspond
o the amount of physical activity.

.4. Water maze test

Water maze tests to assess spatial memory were conduct during the five days
mmediately following the 28 days of physical activity. On the days of testing, the

ice were transferred from the animal facility to the room beside the test room,
here they were observed for 2 h. For these tests, the mice were allowed to swim

reely in a circular pool (120 cm in diameter, 50 cm high) filled with water (26 ± 1 ◦C)
hat was made opaque with nontoxic, white paint, and a movable, transparent cir-
ular plastic platform 9 cm in diameter, mounted on a plastic column, was placed
nside the pool approximately 1 cm below the water surface. The pool was located
n a room (3 m × 3 m) with several geometric figures hanging from each of the walls.
hese figures served as external spatial cues for the mice. The sessions were recorded
ith a video camera positioned 2 m above the center of the pool and connected to a

ecording system located in an adjacent room. The platform was fixed in the north-

est quadrant, and the animal was placed in the water from a different starting point

or each of the trials. Four training sessions of four trials each (with 10 min intervals
etween trials) were carried out on four consecutive days. Each trial lasted for a max-

mum of 2 min, or until the hidden platform was found by the animal. The latency
r time required to find the platform was recorded for each trial. On the fifth day of
esting, a 1 min probe test was performed to evaluate spatial memory retention. The
Research 203 (2009) 165–172

platform was removed from the pool and the animal was then placed in the quad-
rant opposite that from which the platform had been removed and allowed to swim
freely. For the probe test, a circular area (three times the platform diameter) sur-
rounding the former location of the platform was delimited and used as the counting
zone for establishing successful memory retention. The number of times that an ani-
mal swam into the counting zone (frequency of entrance) was recorded during the
test. Moreover, the swim speed and path-length were recorded. All behavioral data
were analyzed using Ethovision XT software (Noldus, The Netherlands).

2.5. BDNF expression assessment by Western blotting

After the behavioral tests, four mice were randomly selected from each group
and decapitated. The brain was quickly removed and the hippocampus was dis-
sected, frozen in liquid nitrogen, and stored at −80 ◦C until use for Western blotting.
Aliquots from hippocampal homogenates (60 �g of protein/lane) were separated
by SDS-PAGE on 15% polyacrylamide gels [30] and transferred electrophoretically
to a nitrocellulose membrane (0.22 �m; 40 V, 30 min). After blocking non-specific
binding sites with 0.2% casein, the membranes were incubated overnight at 18 ◦C
with primary anti-BDNF antibody (rabbit, polyclonal, 1:1000; [N-20] sc-546, Santa
Cruz Biotechnology, USA) that detects precursor and mature forms of BDNF. The
membranes were washed with Tris-buffered saline containing 0.1% Tween 20 and
then incubated with the secondary antibody (alkaline phosphatase-conjugated goat
anti-rabbit). The blots were stripped with glycine–HCl (pH 2.4) and probed again
with anti-�-tubulin antibody (mouse, monoclonal, 1:1000; sc-5286, Santa Cruz
Biotechnology). A chemiluminescent assay (Lumi Phos WB; Pierce, USA) was used
to identify the immunoreactive bands, and intensities of the bands were estimated
by densitometry. The density of the �-tubulin bands was used as an internal con-
trol for the correction of unequal protein loading. The results were expressed as
the ratio of the optical densities of each BDNF form to that of �-tubulin. For total
BDNF, the results were expressed as the ratio of the optical densities of total BDNF
(14 kDa + 28 kDa + 32 kDa forms) to �-tubulin. The ratio of the optical density of
mature BDNF (14 kDa) to that of the total BDNF (14 kDa + 28 kDa + 32 kDa) was also
determined.

2.6. Histological analysis

Twenty-four hours after the behavioral tests, four other mice from each group
were anesthetized with 3% sodium pentobarbital (60 mg/kg; i.p.) and perfused tran-
scardially with 100 ml of heparinized 0.9% NaCl (1000 UI heparin/500 ml of 0.9%
NaCl) followed by 120 ml of 4% paraformaldehyde in phosphate buffer (0.1 M, pH
7.40). The brain was removed from the skull 24 h after the end of the perfusion
and was post-fixed in the same paraformaldehyde fixative solution for 12 h before
embedding in paraffin. Coronal sections (8 �m thick) extending from 1.0 to 3.0 mm
posterior to the bregma [21] were obtained and stained with cresyl violet.

Neuronal loss was quantified in the CA1 and CA3 hippocampal areas, as well as
in the hilus of the dentate gyrus of the dorsal hippocampal formation. Only large
neurons with noticeable nucleoli were counted [10]. The number of neurons in the
CA1 and CA3 was counted in three sections in the range of 1.6–2.4 mm posterior to
the bregma for each mouse [21]. Counting was done using a magnification of 400×
and a counting grid (0.2 mm square divided into four hundred 0.01 mm squares)
superimposed over three sectors of the CA1 (medial, middle and lateral, 10,000 �m2

each) and one of the CA3 (15,000 �m2), a modification of a previously described
procedure [15,23]. The counts for the left and right hemispheres were combined and
expressed as the number of neurons per 10,000 �m2. The number of hilar neurons in
the hippocampus was counted in 5–7 sections in the range of 2.1–2.4 mm posterior
to the bregma for each mouse [10,21]. Counting was done in the whole hilar region
in both hemispheres, using a magnification of 400×. The counts were expressed as
the number of neurons per section.

2.7. Statistical analysis

A two-way ANOVA with repeated measures followed by a Newman–Keuls multi-
ple comparisons test was used to analyze the data of latency in reaching the platform,
path-length during training sessions and the swim speed in the water maze test, as
well as the amount of physical activity. A one-way ANOVA followed by a Bonferroni
test was used to analyze the frequency of entrance into the counting zone during the
probe test in the water maze, to analyze BDNF Western blots data, and the neuronal
counts in the hippocampus.

The results were expressed as mean ± S.E.M. and the analyses were made using
Statistical Analysis Software (SAS), version 6.1, and the level of significance was set
at p < 0.05.

3. Results
3.1. Behavioral effects of pilocarpine

Behavioral changes were observed within 5–10 min after the
administration of pilocarpine and were similar in all pilocarpine-
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nduced SE mice. Akinesia was followed by wet dog shakes with
acial automatisms, salivation, and masticatory jaw movements.
hese manifestations progressively developed into whole-body
remor, forelimb and hindlimb clonus, short-lived motor seizures,
earing and falling until the mice developed the generalized, long-
erm clonus characteristic of SE. The onset of SE in the PR and
S groups occurred 39.5 ± 4.0 min after the administration of the
ilocarpine, and the symptoms continued for at least 6 h. No spon-
aneous recurrent seizures were observed in runner and sedentary
ilocarpine-induced SE mice during the daily maintenance of the
ages.

.2. Amount of physical activity and body weight

The PR mice and SR mice ran an average distance of
.54 ± 0.09 km/day and 5.37 ± 0.22 km (mean ± S.E.M.), respectively
F1,14 = 13.75; p < 0.01). The voluntary running activity of PR and
R mice took place mainly at night (7 p.m.–7 a.m.). PR mice had
peak of physical activity at the third day (2.90 ± 0.97 km/day) and
fter that showed a decrease to steady values around 1.50 km/day.
n contrast, SR mice showed a gradual increase in physical activ-
ty beginning with 3.28 ± 0.57 km/day and reached steady values
round 6 km/day after the 13th day. These variations were con-
rmed as an effect of time (F1,27 = 2.0; p < 0.01) and significant

nteraction between group and time (F1,27 = 5.15; p < 0.001).
At the beginning of the experiments, the body weights

f all mice were similar (SS = 38.31 ± 0.68 g; SR = 37.05 ± 0.76 g;
S = 38.81 ± 1.26 g; PR = 37.89 ± 0.90 g). At the time of sacrifice the
ontrol groups exhibit an equivalent increase of body weight when
ompared with that registered at the beginning of the exper-
ments (SS = 42.16 ± 0.63 g, p < 0.01; SR = 41.28 ± 0.78 g; p < 0.001)

ice. However, PS showed a significant body weight reduction
34.68 ± 0.92 g; p < 0.001). On the other hand, no significant changes
ere observed in PR mice (37.40 ± 2.4 g; p = 0.79).

.3. Spatial memory

No spontaneous recurrent seizures were observed in runner and
edentary pilocarpine-induced SE mice during the water maze test,
s well as 2 h before and after the test sessions.

Mice with pilocarpine-induced SE showed no evident disabil-
ty in swimming during the water maze test. Furthermore, the
wim speed of these mice was similar to that registered in saline-
reated control mice (SR: 24.97 ± 1.74 cm/s; SS: 18.58 ± 2.34 cm/s;
R: 20.03 ± 2.5 and PS: 20.45 ± 1.83 cm/s), and no statistically sig-
ificant differences were observed among groups (F3,28 = 2.66;
> 0.05) as well as among sessions (F3,28 = 2.04; p > 0.05). PR mice,
owever, performed better than PS mice in the spatial memory
ask, as shown by their lower latency in finding the platform
uring the training sessions, as well as the decreases in the

atency in finding the platform across the four successive sessions.
hen compared to these PR and PS mice, SS and SR mice had

ower latencies and a more pronounced decrease in latency dur-
ng the fourth session in comparison with that of the first session
PR: first = 108.3 ± 5.8 s, fourth = 77.5 ± 13.2 s; PS: first = 117 ± 3 s,
ourth = 117.4 ± 2.6 s; SS: first = 76.3 ± 4.7 s, fourth = 35.8 ± 5.1 s; SR:
rst = 97.4 ± 9.6 s, fourth = 24.6 ± 6.6 s) and in the path-length to the
latform, which are indicative that those animals learned to localize
nd reach the platform. Statistical analysis with ANOVA confirmed
hat the latency values in finding the platform had a significant
ffect of group (F3,28 = 22.76; p < 0.0001), of session (F3,28 = 20.12;

< 0.0001) and a significant interaction between group and ses-

ion (F3,9 = 3.56; p < 0.001). Multiple post hoc comparisons showed
hat PR mice had latency values significantly different from PS, SR
nd SS mice (p < 0.05) and that latency values in the first session
ere significantly different from the second, third, and fourth ses-
Research 203 (2009) 165–172 167

sions. Comparisons between the first and fourth sessions showed
that SR, SS and PR mice had significant decreases in latency val-
ues (p < 0.05), while PS mice had not (p > 0.05). The mice with the
best performance also showed a greater frequency of entrance into
the counting zone during the probe test. PR mice entered this zone
more frequently than did PS mice (PR: 3.9 ± 1.3; PS: 1.5 ± 0.7). A
significant effect of group was confirmed with the test one-way
ANOVA (F3,28 = 6.88; p < 0.001), which was related with the differ-
ences observed between PS mice and both SR and SS mice, as well
as between PR mice and SR mice (p < 0.05).

The path-length of PR mice decreased from the first to the
fourth session, in contrast to behavior of PS mice, which showed
no differences in the path-length (PR: first = 2303 ± 110.5 cm,
fourth = 1381 ± 359.6 cm; PS: first = 2088 ± 138.1 cm, fourth =
1966 ± 298.6 cm). SS and SR mice also showed a decrease in
path-length during the sessions (SR: first = 2462 ± 205.3 cm,
fourth = 668.4 ± 214.7 cm; SS: first = 1592 ± 117.3 cm, fourth =
533.2 ± 81.07 cm). Statistical comparisons of the path-length val-
ues, conducted with ANOVA, indicated a significant effect of group
(F3,28 = 6.87; p < 0.001), of session (F3,28 = 26.52; p < 0.0001) and
a significant interaction between group and session (F3,9 = 3.49;
p < 0.01). Multiple post hoc comparisons showed that the path-
length values of SS mice were significantly different from those of
SR, PS and PR mice (p < 0.05), which can be related to the across
session decreases in path-length and particularly to the significant
differences between the first and fourth sessions (p < 0.05) that
were not observed only for PS (p < 0.05) (Fig. 1).

3.4. BDNF protein expression

Western blot analysis revealed differences in the ratio of mature
BDNF (mBDNF; 14 kDa) to total BDNF (14 kDa + 28 kDa + 32 kDa)
among the groups (F3,12 = 103.68; p < 0.001). The post hoc anal-
ysis indicated that SR and PR mice expressed a statistically
significant larger ratio of mature BDNF (14 kDa) to total BDNF
(14 kDa + 28 kDa + 32 kDa) than did the respective sedentary groups,
SS and PS (p < 0.05). Sedentary and runner pilocarpine-induced SE
mice expressed a larger ratio of this mBDNF than did the respective
saline-treated control groups (p < 0.05) (Fig. 2A and B).

3.5. Neuronal loss

Histological analysis revealed neuronal loss in the hippocampal
area CA3 and hilus of the dentate gyrus of mice with pilocarpine-
induced SE (SR and PR). This observation was confirmed by
statistical analyses as significant effect of group for cell counts in
CA3 (F3,12 = 10.75; p < 0.01) and hilus (F3,12 = 30.02; p < 0.001), but
not in CA1 (F3,12 = 2.76; p = 0.09). Post hoc analyses indicated that
PR mice had more cells in CA3 as compared to PS mice (p < 0.05),
but did not differ from SS and SR mice (p > 0.05). However, PR mice
showed a lower number of cells in the hilus than SS and SR mice
(p < 0.05). PS mice exhibited a marked reduction in the number of
cells in CA3 and hilus when compared with SS and SR mice (p < 0.05).
There were no significant differences between PR and PS mice in the
number of cells in CA1 and the hilus (Figs. 3 and 4).

4. Discussion

In the present study, we observed a positive effect of voluntary
physical activity on the spatial memory of mice with pilocarpine-

induced SE, which is consistent with the fact that for healthy
rodents voluntary physical activity on a running wheel is the most
important aspect of an enriched environment for promoting posi-
tive effects on spatial memory [26,63]. Our data are in agreement
with previous reports that rats with lithium–pilocarpine-induced
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Fig. 1. Effect of voluntary physical activity on spatial memory. (A) PR, SS and SR
mice showed a progressive decrease in the latency for finding the platform in the

water maze test from the first to the fourth session (§p < 0.05). During the second,
third and fourth sessions, the latency for PR mice was significantly lower than that
of PS mice and higher than that of SS and SR mice (*p < 0.05). (B) In the probe test,
PS mice showed a lower frequency of entrance into the counting zone than did PR,
SS and SR mice (*p < 0.05). This frequency was similar to that observed for SS mice
(
t
s
n

S
s

i
e
m
v
e
t
t

Fig. 2. BDNF expression in the hippocampus. (A) Ratio between mature BDNF
p > 0.05). (C) The path-length of the PR, SS and SR mice decreased from the first
o the fourth session (*p < 0.05; **p < 0.01), in contrast to that of the PS mice, which
howed no decrease in path-length (p > 0.05). Values correspond to mean ± S.E.M.;
= 8 for each group.

E that had access to a running wheel in an enriched environment
howed improved performance in the water maze task [20].

Recent evidence has linked physical activity to an increase
n neurotrophic factor expression, as well as transcription of
arly response genes and neurogenesis in the hippocampal for-

ation [3,4,11,12,17,24,43,59,63,65]. Specifically, rats undertaking

oluntary physical activity on running wheels showed enhanced
xpression of BDNF in the hippocampus and better performance in
he water maze test than did sedentary animals [1,43,65]. However,
he expression of pro and mature BDNF forms was not evaluated in
(mBDNF; 14 kDa) and total BDNF (14 kDa + 28 kDa + 32 kDa). SR and PR mice showed
a significant increase in mature BDNF in contrast to the SS and PS mice, respectively
(*p < 0.05). (B) Typical Western blot for BDNF precursors (28 and 32 kDa) and mature
BDNF (14 kDa). Columns correspond to mean ± S.E.M.; n = 4 for each group.

these studies. We have found that PR mice showed a higher ratio of
mature BDNF (14 kDa) to total BDNF than did PS mice, which sug-
gests that such an increase underlies the better performance of PR
mice in the water maze test.

In the mammalian brain, BDNF occurs either as a precursor pro-
tein (proBDNF, 32 and 28 kDa) or as mature BDNF (14 kDa), with
the latter being derived from the precursors by proteolytic cleav-
age [8,41]. After synthesis in the endoplasmic reticulum, proBDNF
is transferred to the Golgi apparatus, where it is submitted to (1)
intracellular cleavage followed by secretion, (2) secretion followed
by extracellular cleavage or (3) secretion without subsequent cleav-
age [35]. The mechanisms that determine these pathways for BDNF
are currently unknown, but they can be modified by physiological
and pathological conditions [35].

It has, for example, been observed that the seizure activity
induced by kainic acid or pilocarpine generates a coordinated
increase in messenger RNA for BDNF and the prohormone conver-
tase PC1 in the rodent hippocampus [37,39].
Various studies have suggested that the precursor and mature
forms of neurotrophins interact with different receptor/signaling
systems, resulting in the induction of opposing biological effects
[31,35]. mBDNF is considered to be more effective than proBDNF
in activating the TrkB signaling pathways associated with neuronal
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Fig. 3. Number of healthy neurons in the hippocampal areas CA1 and CA3, and in
the hilus of dentate gyrus. PS mice had less healthy neurons in the CA3 than did PR,
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Fig. 4. Typical images of histological lesions in mice with pilocarpine-induced status
epilepticus. (A) Coronal section from SS mice showing intact hippocampal formation.
S and SR mice (*p < 0.05). PS and PR mice had fewer healthy neurons in the hilus
han did SS and SR mice (*p < 0.05). Columns correspond to mean ± S.E.M.; n = 5 for
ach group.

urvival, synaptic plasticity, and memory [8,35,58]. On the other
and, proBDNF binds to p75 with high affinity and activates sig-
aling pathways in neuronal apoptosis [31,58]. Seizures increase
he expression of BDNF and its TrkB and p75 receptors [7,50,56],
ut the relevance of these increases in epilepsy remains unclear
7,29,54,56].

No spontaneous recurrent seizures were observed in runner or

edentary pilocarpine-induced SE mice during the daily mainte-
ance of the cages, during the water maze test, as well as 2 h before
nd after the test sessions. These observations do not exclude the
ossibility that seizures occurred during other periods. However, it
(B) Coronal section from PR mice showing neuronal loss in the hilus and CA1 but
little loss in the CA3. (C) Coronal section from PS mice showing marked neuronal
loss in the CA1, CA3 and the hilus. Scale bar = 50 �m.

was demonstrated that rats with epilepsy induced by pilocarpine
exhibited reduction in seizure frequency and in epilepsy-induced
hippocampal electrophysiological abnormalities when subjected to
physical exercise in the treadmill as compared to rats that had not
been trained [5,6]. These data support the possibility that, in our
experiments, the frequency of seizures during the non-monitored
period was the same or lower in pilocarpine-induced SE runner
mice when compared to sedentary mice, leading to the notion that
the higher expression of mBDNF in PR mice when compared with PS
mice was not promoted by seizure-driven increased brain activity,
but was related primarily to physical exercise.

The higher ratio of mBDNF to total BDNF seen in PR and SR
mice, in comparison with PS and in SS mice, respectively, sug-
gests that the proteolytic pathways responsible for the conversion
of proBDNF to the mature form is stimulated by physical activity.
In support of this hypothesis, it can be seen that voluntary physi-
cal activity on a running wheel increased the expression of mRNA
for the TrkB receptor and BDNF in the rodent hippocampus, but
not for the p75 receptor [65,67]. Moreover, BDNF and TrkB receptor
expression is downregulated in the hippocampus of rats deprived
of habitual running [67]. Vaynman et al. [65] have observed that
the positive effect of exercise on learning and memory in rats was
prevented by blocking the binding of BDNF to the TrkB receptor in
the hippocampus. Other studies also support a central role for the

BDNF/TrkB signaling system in the neuroplasticity events underly-
ing hippocampal-dependent learning and memory [45,61,68]. Pang
et al. [45] report that the conversion of proBDNF to mBDNF was
fundamental for the late phase of long-term potentiation, a phe-
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omenon characterized by morphological and functional synaptic
lterations related to long-term memory processes. Together, these
ndings are in agreement with our results regarding the better per-

ormance of PR mice in the water maze test than that of the PS
ice.

Our results in the water maze test have revealed a tendency to
ower latency values for runner controls when compared to seden-
ary controls. Although these differences are not significant, the
esults are in agreement with the observation that SR mice exhibit
greater expression of mBDNF than to SS mice. The absence of sig-
ificant differences in the latency values for SR and SS mice may
e attributed to the water maze protocol used. Van Praag et al. [62]
escribe similar results in a water maze protocol consisting of four
rials per session, as done here. However, when these authors [62]
sed a protocol consisting of two trials per session, the exercising
ice performed better than the sedentary mice. The two-trial pro-

ocol is considered to be more challenging and more sensitive than
he four-trial protocol for detecting differences in learning between
edentary and exercising animals [62,65].

Previous studies have shown that susceptibility to seizure-
nduced cell damage depends on the animal strain used [52,53].
utbred Swiss mice are widely used in the well-characterized
odel of pilocarpine-induced epilepsy and the histological alter-

tions seen here were similar to those described by others [14,60].
euronal loss was noticeable in the hippocampal formation and
as most severe in the CA1, CA3 and the hilus. Although we did
ot employ a stereological method for cell counting, the proce-
ure we used was efficient to detect a higher number of neurons

n the CA3 of PR mice in comparison to PS mice. In contrast, there
ere no differences in neuronal loss in the CA1 and the hilus for

R and PS mice. The CA3 has already been linked to an increase in
he expression of BDNF mRNA after exercise on a running wheel,
lthough no such increase was observed in the CA1 and dentate
yrus [67]. Moreover, it has been reported that rats exposed to a
unning wheel in an enriched environment before kainate induc-
ion of SE show a reduced neuronal loss in the CA3 and the hilus of
he dentate gyrus [70]. Our results suggest that there is an increase
n mBDNF expression in the hippocampus brought on by physical
ctivity, and thus provides neuroprotection to the CA3 of the PR
ice. Furthermore, the increase in mBDNF may have enhanced the

ynaptic strength between surviving neurons, which would lead to
functional improvement in the hippocampal circuitry .

The mossy fiber pathway in the hippocampal circuitry contains
high concentration of BDNF [16,69]. It has been demonstrated

hat the status epilepticus leads to a dramatic increase in BDNF
mmunoreactivity in the pool of BDNF-expressing granule cell
resynaptic terminals contacting CA3 pyramidal cells [18]. Our data
how that PR and SR mice expressed a significantly larger ratio of
ature BDNF than did PS and SS mice, respectively. We also saw
preservation of the CA3 region in PR animals. Our favored inter-
retation is that running increased mBDNF, which in turn helped
reserve the CA3 region in pilocarpine-treated animals. Alterna-
ively, running may have contributed to preserving the mossy fiber
athway in mice exhibiting status epilepticus, which would be the
eason why the BDNF content is higher in these animals, but this
ossibility would not account for the increases in mBDNF in SR
ice, as compared to SS mice, since these animals have not been

reated with pilocarpine.
Considering that the BDNF neuroprotective action is credited

o mBDNF [35], our data on the reduced neuronal loss in the CA3
f PR mice in comparison with PS mice is in conformity with this

ypothesis.

Since body weight loss might be indicative of the consequences
f the SE on the general condition, as showed by Klitgaard et al.
27], the voluntary running wheel activity seems to have ben-
ficial effects on the PR mice. At the end of the experimental
Research 203 (2009) 165–172

period PR mice did not exhibit body weight loss in contrast with
PS mice.

The amount of voluntary physical activity on the running wheel
recorded for SR mice was similar to the one previously reported for
isogenic and non-isogenic mouse strains [19,28,32,62]. Such activ-
ity by PR mice was lower than that of SR mice, but it was sufficient
to increase the mBDNF:total BDNF ratio when compared to PS mice.
To our knowledge, this is the first study to report a pattern of vol-
untary physical activity on a running wheel in the mouse model
of epilepsy. Previous studies examining the relationship between
animal models of epilepsy and an enriched environment, including
free access to a running wheel, did not assess locomotory behavior
[20,70]. There is evidence that motor behavior in rodents is modu-
lated by the hippocampus, and that this affects qualitative aspects of
movement [40,44,47,60]. Rodents with hippocampal lesions were
able to move but they could not produce the intense movements
associated with certain motor activities such as high jumps or fast
wheel running [47]. These findings support the assumption that the
limited physical activity on the running wheel revealed by PR mice
may be explained by the hippocampal damage observed in these
mice. On the other hand, these data show that the mice in all four
groups swam at a similar speed in the water maze, suggesting that
the mice with pilocarpine-induced SE did not reveal motor deficit
under the specific circumstances of the test. There was, however, a
cognitive advantage for the PR mice over the PS mice, which sug-
gests that the voluntary physical activity on the running wheel may
have contributed to the reduced latency in their performance in the
water maze.

Various studies have suggested that seizure-mediated enhance-
ment in hippocampal BDNF production can contribute to
epileptogenesis [7,54,56], although a definite association between
BDNF and epileptogenesis has yet to be established. The potential
epileptogenic activity of BDNF is based on its ability to increase
neuronal excitability in the hippocampal circuitry [7,54,56]. An
epileptic crisis may lead to increased BDNF expression, which
would in turn potentiate glutamatergic transmission and result
in a positive feedback mechanism leading to additional seizures
and excitotoxicity [7,54,56]. Moreover, the alterations mediated by
BDNF, such as ectopic neurogenesis and axon/dendritic sprouting in
the hippocampal formation, would contribute to neuronal hyperac-
tivity in this region [29,54]. On the other hand, BDNF expression in
the hippocampus has been correlated with the expression of neu-
ropeptide Y [66], which inhibits hippocampal excitability [22]. In
view of this apparent contradiction, Reibel et al. [46] proposed that
BDNF has a biphasic effect on epileptogenesis, with the seizure-
induced increase in BDNF expression potentiating hippocampal
excitatory synaptic transmission, which in turn, may be attenu-
ated by neuropeptide Y [46]. However, many studies that have
investigated this question have used either the administration of
exogenous BDNF or genetic interventions to alter BDNF expression.
Little is known about the changes in endogenous BDNF expression
under physiological conditions, or about the equilibrium between
proBDNF and mBDNF and their potentially different effects on
epileptogenesis [54]. In our study the finding that PR mice had
an increased expression of mBDNF and that they also revealed
a better performance in the water maze test than the PS mice
would suggest that mBDNF would be implicated in neuroprotective
events.

In conclusion, physical activity had a definite beneficial effect
on the spatial memory of mice with pilocarpine-induced SE in the
water maze test. This effect was associated with a greater con-

tent of mBDNF in the hippocampus of these mice when they had
access to the running wheel (PR) than when they had no such
access (PS). Thus, our data highlight the importance of the ratio of
mBDNF to proBDNF when considering the role of BDNF in epilepsy.
Further studies are necessary to understand the intracellular signal-
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ng mechanisms involved in mBDNF-promoted neuronal protection
nd memory formation associated with physical activity in exper-
mental models of epilepsy.
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