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A B S T R A C T

Ample evidences have demonstrated the beneficial effects of physical exercise on cognitive functions such as
learning and memory. It is well established that female sex hormones have an important role in regulating
learning and memory. This study was designed to investigate the effects of voluntary exercise and estrogen
replacement on learning and memory deficits and reduction in hippocampal brain derived neurotrophic factor
(BDNF) levels induced by ovariectomy. Ovariectomized rats were given daily vehicle or 17 β-estradiol (20 μg/
kg) and allowed to freely exercise in a running wheel over the course of 2 weeks. After this period, they were
trained and tested on a water-maze spatial task for 5 consecutive days, followed by a probe test one day later. At
the end of the behavioral tests, all animals were decapitated and their hippocampal levels of BDNF were
measured. Ovariectomy impaired spatial learning and memory and reduced hippocampal BDNF levels. Exercise
significantly improved performance during both training and the retention of the water-maze task and increased
hippocampal BDNF. Exercise, 17 β-estradiol and their combination recovered the impairing effects of ovar-
iectomy on learning and memory performance. The combined treatment did not produce stronger effect than
either exercise or 17 β-estradiol alone. Our findings provide an important evidence about positive influences of
regular exercise and estrogen treatment against cognitive and BDNF deficits induced in ovariectomized rats, an
experimental model of menopause.

1. Introduction

Previous studies have shown that the brain functions as a target for
several hormones including sex hormones, which influence behavior,
sexual orientation, and cognition (Sandstrom and Williams, 2001).
Experiment on animals have also shown that sex hormones, especially
estrogen, prevent the onset of the cerebrovascular event-induced de-
cline of neuronal function (Suzuki et al., 2006), enhance neuronal
connectivity (Spencer et al., 2008b) and cognition (Kim and Casadesus,
2010), and delay senile dementia (Frick, 2009). Remarkable evidence
in laboratory animals has showed that estrogen has a significant impact
on the brain, specifically on the hippocampus and basal forebrain,
which are involved in memory-related processes. Estrogen was found to

increase the number of CA1 dendritic spines in the hippocampus of
female animals (Frick et al., 2004). A previous study has reported that
ovariectomized mice undergoing estrogen treatment displayed better
performance in spatial reference memory testing in the Morris water
maze (Heikkinen et al., 2002). Estrogen replacement therapy has shown
promising results in controlling the cognitive decline because of es-
trogen deficiency (Genazzani et al., 2007).

Cognitive function varies with estrogens levels throughout the
lifespan of the female. High levels of estrogens are associated with an
alteration in the density of synaptic spines in pyramidal neurons in the
prefrontal cortex and hippocampus and improved cognitive function
(Luine and Frankfurt, 2013). The exact mechanism (s) for enhancement
of cognitive function and dendritic spines are not well understood.
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Brain derived neurotrophic factor (BDNF) is an important brain neu-
rotrophin, which increases the survival and growth of neurons and
enhances memory function. Estrogens increase BDNF levels and its re-
ceptors (TrkA and TrkB) in the hippocampus (Berchtold et al., 2001;
Pan et al., 2010; Spencer et al., 2008a). Thus, estrogens could enhance
brain morphology and cognitive function via BDNF. Recent evidences
also indicate that estrogens and BDNF may work in concert to improve
learning and memory (Luine and Frankfurt, 2013).

Recently, research has focused on finding optimal ways, including
exercise, to control the memory impairment associated with the loss of
post-menopausal ovarian steroid secretion (Sherwin, 2005). Many stu-
dies have shown that voluntary exercise enhances learning and memory
in hippocampal dependent tasks such as the water maze, the radial-arm
maze, contextual fear conditioning, and passive avoidance in rats
(Baruch et al., 2004). Voluntary exercise may facilitate rehabilitation of
the central nervous system when there is a loss of function caused by
damage (Grealy et al., 1999) and reduce the progress of senile dementia
(Laurin et al., 2001). Physical exercise increases the rate of cell pro-
liferation in the dentate gyrus and improves animals' performance in
spatial learning tests (van Praag et al., 1999). Exercise also increases
hippocampal BDNF expression and this neurotrophin mediates the ef-
ficacy of exercise on synaptic plasticity and cognition and exerts its
effect through TrkB receptors (Vaynman et al., 2004).

Physical exercise is typically prescribed for postmenopausal symp-
toms in women (Shangold, 1990), and it increases the concentration of
serotonin in the brain, preventing depression (Brown et al., 1979). A
clinical study has reported that exercise may recover memory impair-
ment in the postmenopausal woman (Aiello et al., 2004). A recent an-
imal study has demonstrated that ovariectomy caused an impairment in
spatial navigation and avoidance memory in rats, and these harmful
effects on cognition could be prevented by voluntary or forced running
exercise (Ben et al., 2010). A recent study suggested a central role for
BDNF in the neuroprotection mediated by running wheel exercise
therapy against ovariectomy–induced apathy and memory in the triple
transgenic mouse model Alzheimer's disease (García-Mesa et al., 2014).
However, the effects of voluntary exercise, estrogen replacement, and
their combination on learning and memory deficits induced by ovar-
iectomy and also the possible role of BDNF on this process have not
been well defined. Thus, the present study investigated the effects of
voluntary exercise, estrogen replacement, and their combination on
cognitive performance and hippocampal BDNF in ovariectomized rats.
We hypothesize that physical activity and estrogen replacement can
improve ovariectomy-induced impairments in spatial learning and
memory and hippocampal BDNF in rats.

2. Methods

2.1. Animals and experimental groups

Adult female Wistar rats (210 ± 10 g) were housed in cages
(n=4–5 per cage) in a 12-h light/dark cycle at 22–24 °C, with food and

water ad libitum. All procedures were conducted in agreement with the
National Institutes of Health Guide for the care and use of laboratory
animals. Also, in each experiment care was taken to use the minimum
number of animals.

Rats were randomly assigned to 6 groups (n=10 animals per
group): Sedentary-Vehicle-Sham (SED/VEH-Sham), Sedentary-Vehicle-
Ovariectomy (SED/VEH-OVX), Voluntary Exercise-Vehicle-Sham (VE/
VEH-Sham), Voluntary Exercise-Vehicle-Ovariectomy (VE/VEH-OVX),
Sedentary-17 β-Estradiol-Ovariectomy (SED/EST-OVX), and Voluntary
Exercise-17 β-Estradiol-Ovariectomy (VE/EST-OVX). The exercising
rats were given the 14 days of voluntary exercise according to the
procedure described the below. Vehicle or 17 β-Estradiol was injected
once per day (at 6 pm) for 14 days. One day after exercise, the animals
in all groups were subjected to learning and memory tests using the
water maze (WM) as described the below. One day after the WM test,
all animals in each group were decapitated under ketamine anesthesia
(100mg/kg) and their hippocampi were dissected over wet ice and
were then immediately frozen at −70 °C until used for assessment of
protein BDNF levels (Fig. 1). We used this paradigm to examine the
therapeutic effects of exercise and estrogen therapy on OVX-induced
behavioral and biochemical deficits. To prevent any possible inter-
ference of these treatments with behavioral and biochemical changes
during training and testing, exercise and drug injection was terminated
before the starting the study.

2.2. Drugs

17 β-Estradiol (Sigma Co.) was injected subcutaneously at a dose of
20 μg/kg in a volume of 2ml/kg on the dorsal surface of the neck. The
drug was dissolved in 96% ethanol and diluted with a 0.9% physiolo-
gical saline solution to reach the appropriate concentration. The final
concentration of ethanol was 4%. The vehicle contained the same
ethanol concentration. This dose was selected based on other studies
(Inagaki et al., 2010; Luine, 2016).

2.3. Ovariectomy procedure

The rats were anesthetized by intra-peritoneal injections of 70mg/
kg ketamine and 10mg/kg xylazine and underwent either bilateral
OVX or sham surgery. The flank midline skin was cut and retracted so
that small incisions (1 cm) could be cut bilaterally in the abdominal
wall below the 12th rib. OVX was performed by carefully removing
both ovaries and the surrounding fat with forceps. Control rats under-
went sham surgery, which involved locating the ovary in question and
lightly touching it with a sterile surgical instrument. Immediately fol-
lowing surgery, all rats were injected with penicillin (0.2 ml, 30,000 IU)
and were monitored daily.

2.4. Exercise paradigm

Each of the exercising rats were given access to a running wheel

Fig. 1. Time line of experimental procedures (see Methods for details).
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(diameter= 34.5 cm, width=9.5 cm) that was freely rotated against a
resistance of 100 g for 14 days. Each wheel was equipped with a mag-
netic switch, which was connected to a separate counter located outside
of the animal house, so it was possible to check the number of re-
volutions without disturbing the exercising animals. The revolutions of
each wheel were recorded every day at 6 AM. The distance (in meters)
of each animal ran was then calculated. The sedentary rats were con-
fined to similar cages with no access to running wheels.

2.5. Testing of spatial learning and memory in the WM

For the WM test, we used a swimming pool (140 cm diameter, 60 cm
height) that was divided into four quadrants. The quadrant housing the
escape platform (11 cm diameter) was designated as the target zone,
such that the escape platform was fixed in a permanent position 2 cm
under the water surface during the WM procedure. The other three
quadrants were designated as left, right, and opposite to the target
zone. The water was kept at a steady 22 °C ± 2 °C. Spatial reference
cues around the pool were maintained in fixed positions throughout the
duration of the WM experiments. A camera suspended above the maze
was wired to an automated tracking system (EthoVision, Version 3.1,
the Netherlands). The WM protocol which was used in this report has
been described elsewhere (Ebrahimi et al., 2010). Twenty-four hours
prior to the start of training, rats were allowed swimming 3min in the
pool containing no platform for habituation. In the WM training, each
rat was given 4 trials per day for 5 consecutive days. Each trial lasted
until the rat found the platform or for a maximum duration of 60 s.
Animals who failed to find the platform within the allocated time were
gently guided to the platform. At the end of each trial, the animals were
allowed to stay on the platform for 20 s. The escape latency (platform
search time) for each trial was recorded. After the last trial, each animal
was towel dried and returned to its home cage with no access to a
running wheel. A spatial probe test was performed 2 d after the last

acquisition trial, during which the platform was removed. The rats were
allowed to swim for 60 s during which the time spent swimming within
each zone, the platform location latency, proximity (the average dis-
tance from center of the platform across the probe test), and velocity
were recorded.

2.6. BDNF measurements

BDNF protein levels were assessed using rat BDNF ELISA kits
(Booster Biological Technology, Wuhan, China) according to the man-
ufacturer's recommendations. The hippocampal extracts were prepared
in lysis buffer, and the homogenates were centrifuged to remove in-
soluble materials (12,500×g for 20min at 4 °C). The total protein
concentration was determined according to the Micro BCA procedure
(Pierce, Rockford, IL, USA). After the antibody incubation, the plates
were washed three times with TBS and incubated for 1 h (at room
temperature) with avidin–biotin–peroxidase complex (ABC). After the
incubation, an ABC working solution was added to each well, which
was then incubated at room temperature for 30min and washed 5 times
with TBS. Then, TMB color developing agent was added to each well
followed by incubation for 30min at room temperature. After the
samples turned blue, the reaction was stopped by the addition of the
TMP stop solution, and the absorbance was measured at 450 nm using
an automated ELISA plate reader. The sensitivity of the assay was>
2 pg/ml.

2.7. Statistical analysis

Acquisition data were analyzed by three-way analysis of variance
(ANOVA) with repeated measures. The three factors were: sedentary or
exercise (two levels), sham group receiving vehicle or estrogen, and
ovariectomized group receiving vehicle or estrogen (4 levels) and days
(5 levels). Other data were analyzed by two-way ANOVA. ANOVAs

Fig. 2. Effect of ovariectomy (OVX) and 17 β-estradiol administration on the total running distance in the exercising groups. The data are expressed as the
mean ± SEM of the total running distance in meters per day for each exercise group. The running distance was monitored by counter devices attached to each cage.
*P < 0.05 compared the VE/EST/OVX group with VE/VEH/OVX group. VEH: vehicle; EST: 17 β-estradiol; VE: voluntary exercise; OVX: ovariectomy. *P < 0.05,
and **P < 0.01 significant difference between the VE/VEH-Sham and VE/VEH-OVX; ^P < 0.05, ^^P < 0.01 significant difference between the VE/EST-OVX and
VE/VEH-OVX groups.
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were followed by Tukey's test for multiple comparisons. The Pearson
correlation test was used to examine the association between BDNF
levels and memory retention (percentage of time spent in the target
zone) in exercising OVX rats. Sample sized was determined based on
previous studies and the statistical power rangers were from 50 to 90%.
Statistical differences were considered significant when P < 0.05.

3. Results

3.1. Running distance

A two-way ANOVA for the average distance run (m) at 14 days
voluntary exercise revealed significant group (F2, 252= 9.12,
P=0.0001), and day effects (F13, 252= 9.15, P < 0.0001), and a
significant interaction between both factors (F26, 126= 2.26,
P=0.003) (Fig. 2). The running distance in the VE/VEH-OVX group
was significantly lower than the VE/VEH-Sham group in days 1–12
running (all, Ps< 0.05 to<0.01). The running distance in the VE/EST-
OVX group was significantly higher than the VE/VEH-OVX group in
days 1–2, 5–7, 9 and 11 (Ps< 0.05 to<0.01).

3.2. Acquisition

Acquisition data of the experimental groups during 5 days training
are illustrated in Fig. 3. A three-way ANOVA on escape latencies data
(exercise × groups × day) with repeated measures on days showed
significant effects of exercise (F1, 54= 13.43, P=0.0006), groups (F2,
54= 5.11, P=0.009) and days (F4, 216= 66.71, P < 0.0001) and a
significant interaction between exercise × groups (F2, 54= 3.19,
P=0.048). No significant interactions between exercise × groups (F4,
216= 0.61, P=0.65), between groups × days (F8, 216= 0.55,
P=0.81) and between exercise × groups × days (F8, 216= 0.25,

P= 0.97) were found (Fig. 3). Between-group comparisons showed that
escape latency of the SED/VEH-OVX group was significantly higher
than the SED/VEH-Sham group in days 4 and 5 (P < 0.05). The escape
latency of the VE/VEH-Sham group was significantly shorter than the
SED/VEH-Sham group in all tested days (all, P < 0.05). Escape latency
of the VE/VEH-OVX group was significantly shorter than the SED/VEH-
OVX group in days 3–5 (P < 0.05). The escape latency of the SED/EST-
OVX and VE/EST-OVX groups was significantly shorter than the SED/
VEH-OVX group on days 3–5 (all, P < 0.05). These findings show that
exercise and estrogen restored the impairing effects of OVX on learning
acquisition replacement (Fig. 3).

3.3. Retention

The data from the memory retention test are shown in Fig. 4. A two-
way ANOVA (exercise × groups) for platform location latency showed
a significant effect of exercise (F1, 54= 41.84, P=0.0001), no sig-
nificant of groups (F2, 54= 2.48, P < 0.09) and no significant inter-
action between both factors (F2, 54= 0.99, P=0.37). Between-group
comparisons showed that the SED/VEH-OVX group showed higher
platform location latency than the SED/VEH-Sham group (P < 0.05).
The SED/EST-OVX and VE/EST-OVX groups showed the lower platform
location latency than the SED/VEH-OVX group (P < 0.05 and
P < 0.01, respectively). The VE/VEH-OVX group showed the lower
platform location latency than the SED/VEH-OVX group (P < 0.05).
The VE/VEH-Sham group showed the lower platform location latency
than the SED/VEH-Sham group (P < 0.01) (Fig. 4A).

A two-way ANOVA (exercise × groups) for time spent in the target
zone showed a significant effect of exercise (F1, 54= 7.06, P=0.01), no
significant effect of groups (F2, 54= 1.98, P=0.14) and no significant
interaction between both factors (F2, 54= 0.75, P= 0.47). Between-
group comparisons indicated that the SED/VEH-OVX group spent

Fig. 3. Effect of voluntary exercise and 17 β-estradiol administration on ovariectomy (OVX)-induced impairment of spatial learning in the water maze task. Exercise
improved learning ability (i.e., the exercising animals took significantly less time to learn the location of the platform than their sedentary control counterparts). OVX
impaired spatial learning, and this effect was rescued by exercise, and 17 β-estradiol. ^P < 0.05 compared the VE/VEH-Sham group with the SED/VEH-Sham group
on the same day. #P < 0.01 compared the SED/EST-OVX, and VE/EST-OVX groups with the SED/VEH-OVX group on the same day. *P < 0.05 compared the SED/
VEH-OVX group with the SED/VEH-Sham group on the same day. The data are expressed as the mean ± S.E.M. SED: Sedentary. Other legends are the same as Fig. 2.
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significantly lower time in the target zone than the SED/VEH-Sham
group (P < 0.05). The SED/EST-OVX and VE/EST-OVX groups spent
more time in the target zone than SED/VEH-OVX group (both,
P < 0.05). The VE/VEH-OVX group spent significantly more time in

this zone than the SED/VEH-OVX group (P < 0.05). The VE/VEH-
Sham group spent more time in the target zone than the SED/VEH-
Sham group (P < 0.01) (Fig. 4B).

The average proximity to the platform is shown in Fig. 4C. A two-

Fig. 4. Effect of voluntary exercise and 17 β-estradiol
administration on ovariectomy (OVX)-induced im-
pairment of spatial memory retention using the probe
test in the water maze task. (A) Mean latency to reach
the platform location, (B) mean time spent in target
zone and (C) the average proximity to the platform.
Exercise improved memory retention in vehicle-
treated rats (i.e., exercising animals spent sig-
nificantly more time in the target quadrant and had
smaller proximity than their sedentary control
counterparts). OVX disrupted memory retention, and
this effect was reversed by exercise, and 17 β-estra-
diol. *P < 0.05 compared with the SED/VEH-Sham
group, ^P < 0.05 and ^^P < 0.01 compared with the
SED/VEH-OVX, +P < 0.05 and ++P < 0.01 com-
pared with the SED/VEH-OVX, #P < 0.05,
##P < 0.01 compared with the SED/VEH-Sham. The
data are expressed as the mean ± S.E.M.
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way ANOVA showed a significant effect of exercise (F1, 54= 41.84,
P=0.0001), no significant of groups (F2, 54= 2.48, P < 0.09) and no
significant interaction between both factors (F2, 54= 0.99, P= 0.37).
Between-group comparisons showed that the SED/VEH-OVX group had
significantly higher proximity than the SED/VEH-Sham group
(P < 0.05). The SED/EST-OVX and VE/EST-OVX groups had lower
proximity than the SED/VEH-OVX group (both, P < 0.05). The VE/
VEH-OVX group had significantly lower proximity than the SED/VEH-
OVX group (P < 0.05). The VE/VEH-Sham group had lower proximity
than the SED/VEH-Sham group (P < 0.05) (Fig. 4C). Together, these
findings show that both exercise and administration of EST improved
the impairing effects of OVX on memory retention.

To control for differences in the WM performance, we also recorded
each rat's swimming speed during probe test. We found none differ-
ences (F5, 54= 1.78, P=0.13) in the swimming speeds between the six
groups: SED/VEH-Sham (23.9 ± 3.63 cm/s), SED/VEH-OVX
(24.78 ± 4.03 cm/s), SED/EST-OVX (24.9 ± 3.34 cm/s), VE/VEH-
Sham (27.7 ± 2.43 cm/s), VE/VEH-OVX (24.4 ± 3.67 cm/s) and VE-
EST-OVX (27.4 ± 5.2 cm/s).

3.4. BDNF data

The data on the effect of exercise and estrogen administration on
BDNF protein levels in the hippocampus are shown in Fig. 5. Total
BDNF of the hippocampus was expressed as % of SED/VEH-Sham
group. A two-way ANOVA for BDNF levels showed significant effects of
exercise (F1, 42= 4.88, P=0.03), of groups (F2, 42= 4.6, P= 0.01),
and significant interaction between the both factors (F2, 42= 4.9,
P=0.01). Between-group comparisons indicated that the SED/VEH-
OVX group had significantly lower hippocampal BDNF levels than the
SED/VEH-Sham (P < 0.05). The SED/EST-OVX and VE/EST-OVX
groups had higher BDNF levels than SED/VEH-OVX (P < 0.05,
P < 0.01, respectively). The VE/VEH-OVX group had significantly
lower BNDF levels than the SED/VEH-OVX group (P < 0.05). The VE/

VEH-Sham group had higher BDNF levels than the SED/VEH-Sham
(P < 0.01).

We found that exercise led to a significantly greater increase in the
levels of BDNF in the hippocampus of the VE/VEH-Sham group com-
pared with the SED/VEH-Sham group (P=0.01). In addition, we found
that EST administration enhanced the levels of BDNF in the SED/EST-
OVX group compared with the SED/VEH-OVX group (P < 0.03). The
levels of BDNF in the VE/VEH-NOVX group were significantly higher
than the BDNF levels in the VE/VEH-OVX group (P < 0.01). These
findings indicate that exercise and estrogen could improve the im-
pairing effects of OVX on BDNF levels.

To correlate between behavioral (memory retention) and BDNF le-
vels, we analyzed the correlation between time spent in the target zone
and hippocampal BDNF levels in OVX exercising rats. We found a sig-
nificant positive correlation in individual rats, between the BDNF levels
and memory performance (time in target zone) in both VE/VEH-OVX
(r= 0.982, P < 0.01), and VE/EST-OVX (r= 0.935, P < 0.01) groups
(Fig. 6). These data show a positive correlation between the amount of
hippocampal BDNF and memory performance.

4. Discussion

The present study showed that ovariectomy causes impairment in
spatial learning and memory and hippocampal BDNF. Exercise, 17 β-
estradiol and their combination improved the impairing effects of
ovariectomy on learning and memory performance and hippocampal
BDNF levels. The combined treatment did not produce stronger effect
than either voluntary exercise or 17 β-estradiol alone. These findings
indicate that voluntary exercise and 17 β-estradiol could restore the
detrimental effects of ovariectomy on cognitive function and hippo-
campal BDNF levels in an experimental menopause rat model.

In this study, we investigated the effects of ovariectomy on spatial
learning and memory and hippocampal BDNF. We examined adult fe-
male rats, which are commonly used animal models in experiments

Fig. 5. Effect of voluntary exercise and 17 β-estradiol administration on ovariectomy (OVX)-induced deficit of the BDNF levels in the hippocampus. The data are
expressed as the mean ± S.E.M of % SED/VEH-Sham group. The BDNF levels are displayed as the percentages of the SED/VEH-Sham group control levels. Exercise
significantly increased BDNF protein. OVX deficit of BDNF in hippocampus, and this effect was rescued by exercise, and 17 β-estradiol. *P < 0.05 compared with the
SED/VEH-Sham group, ^P < 0.05 and ^^P < 0.01 compared the SED/VEH-OVX group, +P < 0.05 compared with SED/VEH-OVX group, the #P < 0.01 compared
with the SED/VEH-Sham group.
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involving hormones (Savonenko and Markowska, 2003) in spatial na-
vigation tasks, such as the Morris water maze. Based on our results,
ovariectomy impaired spatial learning and memory in the water maze.
The differences in the water maze performance between ovar-
iectomized and control rats were not because of motor impairment as
ovariectomy not influenced their swimming speeds. Voluntary running
wheel exercise for 14 days improved the performance of rats and pre-
vented cognitive impairment caused by ovariectomy, suggesting that
voluntary running exercise reverses memory impairment caused by
ovariectomy in rats. Our results are consistent with previous studies on
ovariectomized rats and spatial memory impairment (Monteiro et al.,
2005), which showed voluntary or forced exercise improves either
passive avoidance or Morris water maze performance in rats (Alaei
et al., 2006). A clinical study found a relationship between exercise and
the improvement of memory in menopausal women (Aiello et al.,
2004). Also, based on a large prospective clinical study carried out in
old women, long-term regular physical activity led to higher levels of
cognitive function and prevented cognitive decline (Weuve et al.,
2004).

Several mechanisms may mediate the beneficial effects of exercise
against learning and memory loss in ovariectomized rats. A recent study
has that physical exercise may exert its beneficial effects on memory
performance in ovariectomized via increasing hippocampal estrogen
and estrogen receptor-β levels (KAIDAH, 2016). Exercise also amelio-
rated depression-like behavior in ovariectomized rats via increasing
serum estrogen levels (Lu et al., 2014). Also, it has been shown that
combined exercise ameliorates ovariectomy-induced cognitive impair-
ment by enhancing cell proliferation and suppressing apoptosis (Kim
et al., 2016). Exercise causes a variety of morphological changes, most
likely leading to changes in brain structure and function (Booth and
Lees, 2006). Running exercise leads to the release of trophic factors
such as BDNF, which stimulates neurogenesis and control brain neu-
ronal function (Wu et al., 2007). It is reported the greater cell pro-
liferation and survival in the dentate gyrus (DG) of the hippocampus in
rats undergoing exercise training (Trejo et al., 2001), and these pro-
liferated cells are recently considered facilitating learning and memory
(Hillman et al., 2008). Other studies also support that exercise increases
neuronal proliferation in the hippocampus under low estrogen condi-
tions (Jin et al., 2008). Although the exact mechanism is not clear, it
can be assumed that exercise during periods of low estrogen levels or
during menopause may increase cell proliferation in the hippocampus.
There is a high correlation between neurogenesis and the improvement
of learning and memory. For instance, exercise-induced neuronal pro-
liferation has been shown in the DG of young and aged rats (Kim et al.,
2004). The cognitive effects of physical activity might be mediated via
an increase in hippocampal neurogenesis, and BDNF levels (Huang
et al., 2006), and the modulation of acetylcholinesterase activity in

ovariectomized rats (Ben et al., 2009).
We found that systemic injection of 17 β-estradiol recovered

learning and memory impairment induced by ovariectomy. A recent
study on young female animals showed that systemic or dorsal hippo-
campal estradiol administration when accompanied with an inhibitor of
the enzyme that phosphorylates extracellular signal-regulated kinase
(ERK) showed the beneficial effects of estradiol on memory. These data
suggest that estradiol facilitates memory consolidation in young female
animals through the ERK pathway in the dorsal hippocampus
(Fernandez et al., 2008), a mechanism that might also be involved in
the results of our study. Some studies have showed that synaptic pro-
teins increase during estrogen administration (Stone et al., 1998) and
either long-term potentiation (LTP) or neurogenesis were also elevated
(Tanapat et al., 1999). Estrogens improve the function of cholinergic
neurons, which originate from the basal forebrain and innervate the
hippocampus (Gibbs and Gabor, 2003). Similarly, studies have pointed
out that estradiol improves learning and memory performance in aged
rats (Markham et al., 2002). Therefore, it is probable that age and the
duration of hormone deprivation may have a combined influence on the
beneficial effects of estrogen therapy on cognition.

Many studies have shown that hormonal status influences the ex-
pression of BDNF and/or its receptor, therefore, suggesting a biological
substrate for regulating this neurotrophin by a gonadal hormone
(Spencer et al., 2008b). Systemic administration of estrogens enhances
BDNF levels and its receptors in the hippocampus (Berchtold et al.,
2001; Pan et al., 2010; Spencer et al., 2008a). Both BDNF and estrogens
enhance cognitive function and dendritic spines in the hippocampus
and prefrontal cortex (Luine and Frankfurt, 2013). Thus, estrogens
could enhance brain morphology and cognitive function via BDNF.
Recent evidences also show that estrogens and BDNF may work in
concert to improve learning and memory (Luine and Frankfurt, 2013).
Estrogens replacement in adult ovariectomized female rats increased
BDNF expression in many brain regions, including the hippocampus
(Engler-Chiurazzi et al., 2011). However, high endogenous estrogens
levels were associated with decreased BDNF mRNA in the hippocampus
and prefrontal cortex. In our study, 17 β-estradiol treatment was as-
sociated with increased BDNF levels in the hippocampus in ovar-
iectomized animals. Since the administration of 17 β-estradiol to
ovariectomized animals produces hormone levels similar to those ob-
served in gonadally intact young animals, our results are in accordance
with data from the literature showing BDNF protein levels are physio-
logically elevated during high-estradiol phases, proestrus and estrous
(Scharfman et al., 2003), and that in these same phases the BDNF re-
ceptor TrkB was activated throughout dorsal hippocampal formation.
Adding to that study, circulating BDNF, and the expression of its re-
ceptor TrkB in the hippocampus, decreased not only with increasing age
but also during prolonged periods of low estrogen levels (Kramar et al.,

Fig. 6. The correlation between the amount of hippocampal BDNF and memory performance in exercising ovariectomized rats. A significant positive correlation was
found between the amount of hippocampal BDNF levels and memory performance in the VE/VEH-OVX (A) and VE/EST-OVX (B) groups.
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2014). These findings corroborate the low BDNF levels found in control
adult and middle-aged animals, and in ovariectomized animals. Hip-
pocampal BDNF is of importance because of its role in the process of
learning and memory, and especially in spatial memory (Macbeth et al.,
2008) and improvement of cognitive function (Komulainen et al.,
2008). As hippocampus is implicated in spatial memory performance,
we suppose that the elevated BDNF levels found in the hippocampus
may underlie the effects of exercise and estrogen treatment on spatial
learning and memory in ovariectomized rats. Interestingly, we found a
positive correlation between the hippocampal BDNF levels and memory
performance in ovariectomized exercising animals.

One limitation of the present study was single housing of the ani-
mals during exposure to voluntary exercise, which can be stressful for
rodents. However, to reduce the potential confounding effects of a
single housing stress during 14 days physical activity on the results of
experiments, the corresponding sedentary rats were confined to similar
cages with no access to a wheel. Moreover, the lack of the determina-
tion of the stage of ovarian cycle in the sham animals is another lim-
itation of the present study.

Menopause-related cognitive impairment is a common complaint.
The findings of the present are of clinical significance for improving
cognitive functions in menopausal women. Appropriate voluntary ex-
ercise, estrogen therapy and their combination therapy can improve
cognitive abilities such as learning and memory in menopause woman.

In conclusion, ovariectomy impairs spatial navigation and decreases
hippocampal BDNF level in rats. However, these deficits can be re-
covered by voluntary running exercise, replacement of estrogen, and
the combined treatment. Thus, this study provides important evidences
about positive influences of regular exercise, estrogen treatment or
their combination against learning and memory and hippocampal
BDNF in an experimental model of menopause.
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