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ABSTRACT
OBJECTIVE: The present study aimed at examining the effects of regular exercise on hippocampal estrogen 
and estrogen receptor β (ERβ) levels, as well as the spatial memory of ovariectomized rats. 
BACKGROUND: A decrease of estrogen levels leads to dysfunctions of hippocampus, including spatial learn-
ing and memory. Studies have shown that physical exercise improved spatial memory of ovariectomized rats 
and was associated with an increased extragonadal aromatization. This in turn affects the expression of es-
trogen receptors. 
METHODS: Ovariectomized Sprague Dawley rats were randomly assigned into the two groups, i.e. exercise 
and control groups. Rats of the exercise group were trained to run on a treadmill. The exercise was performed 
fi ve times per week for 12 weeks. The spatial memory of rats was measured using the Morris water maze. The 
hippocampal estrogen and ERβ  levels of rats were determined using ELISA.
RESULTS: The spatial memory retention of the exercise group was signifi cantly better than that of the control 
group. The hippocampal estrogen level of the exercise group was signifi cantly higher than that of the control group.
CONCLUSION: Regular exercise increases hippocampal estrogen levels and improves spatial memory reten-
tion of ovariectomized rats (Tab. 1, Fig. 4, Ref. 53). Text in PDF www.elis.sk.
KEY WORDS: ovariectomy, spatial memory, estrogen receptor β.
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Introduction 

Estrogen plays a crucial role in regulating physiological func-
tions of organs, including brain (1–3).  It has been evidenced that 
the decrease of estrogen levels in menopausal or post-oopho-
rectomized women led to dysfunctions of hippocampus, which 
manifested as memory impairment (4–7). Similarly, rats, which 
underwent ovariectomy, suffered from spatial memory impair-
ment (8–10). While the mechanism involved is not clearly un-
derstood, several lines of studies have shown that estrogen treat-
ment in ovariectomized rats and aging females improved spatial 
memory (11), increased synaptogenesis and induced dendritic 
spines formations (12, 13), facilitated synaptic transmissions 

(14),  and modulated expressions of neurotrophins such as insu-
lin-like growth factor (IGF) or brain-derived neurotrophic factor 
(BDNF) (15–17).

Previous studies have shown that physical exercise enhanced 
cognitive functions of both humans and animals (18, 19), as well 
as improved memory functions of menopausal women (20, 21) 
and spatial learning and memory of rats (9, 21, 22). The benefi -
cial effects of physical exercise on memory seemed to be related 
to estrogen levels (23). Regular exercise was reported to increase 
serum estrogen levels in post-menopausal women (24) and ovariec-
tomized rats (25). It has been suggested that the increase of serum 
estrogen levels in post-menopausal women and ovariectomized 
rats following a regular physical exercise is due to extra-gonadal 
biosynthesis (26, 27). Hippocampus is one of organs known to con-
tain enzymes required and capable of carrying out extra-gonadal 
biosynthesis (28–30).

Studies have shown that estrogen supplementation in rat hip-
pocampal slices culture increased ERα expression (31), but adding 
estrogen to primary hippocampal neurons culture down-regulated 
ERβ  expression (32). While several studies have shown the ef-
fect of physical exercise on the expression of estrogen receptors in 
the liver, heart, and muscle tissue (25, 33, 34), to our knowledge 
there are no studies devoted to examining the effects of regular 
exercise on estrogen receptors in hippocampus. It was the aim of 
the present study to investigate the effects of regular exercise on 
ERβ and estrogen levels in hippocampus, as well as the spatial 
memory of ovariectomized rats.
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Materials and methods

Animals and reagents
Ten female Sprague Dawley rats aged 12 weeks, which were 

initially weighing 162 ± 3.2 g, were used in this study. The rats 
were obtained from Animal House of Universitas Gadjah Mada. 
They were housed in cages under 12-h of natural light-dark cycle. 
Food and water were given ad libitum throughout the experiment. 
The experimental protocol and animal handling was approved by 
the Ethics Committee of Faculty of Medicine, Gadjah Mada Uni-
versity (ethical number KE/FK/375/EC).

After one week of acclimatization, both ovaries of all rats 
were removed via a 2–3 cm ventral midline incision on the ab-
domen under anesthesia (ketamine HCl 40 mg/ kg body weight; 
PT Guardian Pharmatama, Jakarta, Indonesia). Seven days after 
ovariectomy, the rats were randomly assigned into two groups, 
i.e. exercise (n = 5) and control (n =5) groups.

Exercise training protocol
The exercise protocol referred to that adopted by Hao et al. 

(2010) (25) with slight modifi cations. Briefl y, the protocol consist-
ed of two periods, i.e. adaptation period and exercise period. The 
rats of the exercise group were adapted to the exercise protocol and 
treadmill apparatus (Gama Tread version 2010, Faculty of Medi-
cine, Universitas Gadjah Mada) for one week.  During the adapta-
tion period, the running speed, the treadmill slope, and the duration 
of exercise were increased gradually. The speed was increased 
from 10 m/min up to 18 m/min; the slope was increased from 0° 
up to 5°; while the duration was increased from 15 minutes up to 
60 minutes. Subsequently, during the exercise period, the rats were 
required to keep running constantly on the treadmill at the speed 
of 18 m/min and at the slope of 5° for a total duration of 60 min-
utes per day. This exercise was performed fi ve times per week for 
12 weeks with two days of rest period in each week. The control 
group was only moved to the training room at the same time when 
the exercise group performed exercise.

Morris Water Maze task
The Morris water maze test was carried out according to the 

protocols described elsewhere (35–37). The test apparatus con-
sisted of a large, white-painted circular pool with a diameter of 
150 cm and a height of 40 cm. The pool was fi lled with water up 
to the depth of 18 cm. A circular white platform was placed 2 
cm below the surface of the water. The water was made opaque 
by adding coconut milk to hide the platform. The temperature of 
the water was around 25 °C. A video camera was set above the 
center of the pool and relayed the image of the movements of the 
animals in the pool to an adjacent laptop computer. Various geo-
metric images with different color were attached to the inner side 
of the wall of the pool. The pool was divided into four equally 
imaginary quadrants. Eight equally distanced starting points were 
marked around the circumference wall of the pool.

The test began 19 days before exercise training fi nished. Twen-
ty-four hours before trials, the rats were moved to the test room 
in order to familiarize with the room. On the day of testing, the 

platform was positioned in the center of randomly chosen quad-
rant for each rat. One starting point was randomly selected for 
each trial. The test began when any given rat was placed at this 
starting point while facing toward the circumference wall of the 
pool, and then allowed to swim and fi nd ways to escape. It was 
expected that the rats might accidentally fi nd the hidden platform 
and climbed on to it.

Escape acquisition test. Each rat was given eight trials each 
day for 3 consecutive days. The rat was allowed to swim for a 
maximum of 3 minutes to fi nd the hidden platform at each trial. 
The time (‘escape latency’) for the rat to fi nd the platform was 
recorded. If unsuccessful within 3 minutes, the rat was given a 
latency score of 3 minutes.

Memory persistence test. To examine the animal ability in 
retaining the spatial memory about the location of the platform, 
the rats underwent memory persistence tests twice, i.e. on ‘day 
10’ and ‘day 17’. In these tests, the rats were required to perform 
one trial only per day.

Visible platform test. After the last memory persistence test, for 
the following two consecutive days, the rats were assigned ‘vis-
ible platform test’ to examine their sensory and motor functions. 
In this test, the platform was made visible to the rats. In addition, 
a color fl ag was attached to the platform. The test consisted of four 
trials per day, each of which lasted for a maximum of 30 seconds.

All video images of the trials were used for measuring the 
distances of swimming tracks of the rats. These path lengths were 
measured using a curvimeter (Map-Meter Comcurve 10, Koizumi 
Sokki Mfg. Co. Ltd., Japan). The data on latency and swimming 
distance were then used for further statistical analyses.

Hippocampal tissue collection
The rats were euthanized under anesthesia (ketamine HCl 

40 mg/ kg body weight; PT Guardian Pharmatama, Jakarta, In-
donesia) approximately 24 h after the last exercise training. The 
hippocampi of the rats were removed from their skulls and sub-
divided into left and right parts. Both right and left hippocampi 
were extracted from the forebrains of the rats in PBS-glucose 
solution (160 mg glucose in 40 ml PBS (pH 7.4)). The extracted 
left hippocampus was homogenized in TEGM (Tris-HCl 10mM, 
EDTA 5 mM, glycerol 10 %, and MgCl2 3 mM; pH 6.8) and 
subsequently incubated for 18 h in a 4 °C refrigerator. The ho-
mogenates were then centrifuged at 1000 x g for 20 minutes, 
and the supernatants were used for the determination of estrogen 
receptors β concentration. The concentration was determined us-
ing rat ER beta ELISA kit (Cusabio Biotech Co., Ltd., PR China) 
in a Biorad microplate reader (Benchmark, Japan) operated at a 
wavelength of 450 nm. 

The right hippocampus was homogenized in PBS solution and 
subsequently was incubated for 12 h in a –20 °C refrigerator. The 
homogenates were then centrifuged at 5000 x g for 5 minutes. The 
supernatants of these homogenates were used for the examination 
of estradiol concentration. The concentration was determined us-
ing rat estradiol ELISA kit (DRG instruments GmBH, Germany) 
in a Biorad microplate reader (Benchmark, Japan) operated at a 
wavelength of 450 nm.
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Statistical analyses
The data of the visible platform, escape acquisition, and mem-

ory persistence tests were not normally distributed, and therefore 
they were transformed into log10 data. The data of the visible plat-
form test and the acquisition phase of spatial memory test were 
analyzed using two-way repeated measures analysis of variance 
(ANOVA). The memory persistence tests data were analyzed us-
ing two-way ANOVA. The post hoc Holm-Sidak method test was 
executed wherever appropriate. 

The data of the body and hippocampal weights as well as the 
increase (delta) of body weights of the rats were analyzed using 
independent t-test. Unpaired t-test was also used to measure the 
differences between groups in the hippocampal estrogen and ERβ 
levels. The Pearson correlation or the Spearman correlation tests 
were used to assess the correlation between the hippocampal es-
trogen levels with the spatial memory persistence test data and the 
hippocampal ERβ levels.

The statistical analyses were performed using either SPSS (ver-
sion 19) or Sigmastat (version 3.1) software. All data were presented 
as the means±SEM and the signifi cance levels were set at p<0.05.

Results

The body and hippocampal weights of rats
Table 1 presents the data on the body and hippocampal weights 

of all rats. The independent t test revealed no signifi cant difference 
between the control and exercise group in the body weights before 
and after exercise, as well as the increase of body weights. There 
was also no signifi cant difference in the hippocampal weights be-
tween the exercise and control groups. 

The sensory-motor functions of rats
Visible platform test. Both exercise and control groups per-

formed equally well on the eight trials of the two consecutive days 
of the visible platform test (Fig. 1). Two-way ANOVA of the log10 
of escape latencies during the visible platform test did not show 
any signifi cant main effects of groups and days. However, there 
was a signifi cant main effect of groups x days interaction. Post-hoc 
tests using Holm-Sidak method (complete data not presented for 
the sake of brevity) showed a signifi cant difference in the escape 
latency between the exercise and the control groups in trials 3 
(t = 1.806; p = 0.076), and 6 (t = 3.137; p = 0.003) only. Overall, 
however, there was no signifi cant difference in the sensory-motor 
functions between both groups of rats.

The effect of exercise on spatial memory
Escape acquisition test. The log10 data of escape acquisi-

tion tests are shown in Figure 2. The two-way repeated measures 
ANOVA of these data showed a signifi cant main effect of day/
trial, but not groups nor groups x day/trial. There was no signifi -
cant difference in the escape latencies between the exercise and 
control groups.

Memory persistence test. The memory persistence ability 
was analyzed from the log10 transformed data of escape laten-
cies of fi rst trials of day 3 (trial 17), day 10, and day 17 (Fig. 3). 
Two-way ANOVA of these data showed that there were signifi -

Exercise 
group (n=5)

Control 
group (n=5)

p

Body  Weight (g)
Before exercise 163.80±2.59* 160±6.12* 0.595
After exercise 229.60±12.54* 230.20±9.44* 0.214
Increase of body weight 65.80±12.85 70.20±8.40 0.783
Hippocampal weight (mg) 221.86±10.44 238.46±24.73 0.562
* These raw data were transformed into sine data to obtain normal distribution prior 
to unpaired t-test analysis

Tab. 1. the Mean ± SEM of the body and hippocampal weights of the 
exercise and control groups of rats.

Fig. 1. Mean ± SEM of the log10 of escape latency (s) of exercise group 
and control group rats during 2 consecutive sensory-motor test days of 
the Morris water maze procedure; T, trial. Results of two-way ANOVA. 
Groups; df = 1, 64; F = 2.632; p = 0.110. Days; df = 1, 64; F = 2.044; 
p = 0.063. Groups x day interaction; df = 2, 64; F = 2.775; p = 0.014. 
ANOVA – analysis of variance; df – degree of freedom; F – F value; 
p – p value; *, p < 0.05.

Fig. 2. Mean ± SEM of the log10 of the escape latency (s) of exercise 
and control groups of rats during 3 consecutive escape acquisition test 
days of the Morris water maze procedure; T, trial. Results of two-way 
ANOVA repeated measures. Groups; df = 1, 184; F = 0.345; p = 0.573. 
Day/trial; df= 23, 184; F = 5.394; p = <0.001. Groups x day/trial inter-
action; df = 23, 184; F = 0.763; p = 0.774. ANOVA – analysis of vari-
ance; df – degree of freedom; F – F value; p – p value.
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cant main effects of groups, days, and groups x day interaction. 
Post-hoc tests using the Holm-Sidak method (complete data not 
presented) showed that the escape latency of exercise group was 
signifi cantly shorter than that of the control group in day 10 (p = 
0.023), and in day 17 (p = 0.000). 

The effect of exercise on hippocampal estrogen and ERβ levels
Figure 4 presents the data of hippocampal estrogen and ERβ 

concentration of the exercise and control groups. The mean level 
of hippocampal estrogen in the exercise group (33.794 ± 4.760 
pg/mL/100 mg tissue weight) was signifi cantly higher than that of 
the control group (20.552 ± 2.057 pg/mL/100 mg tissue weight) 
(p < 0.05). On the other hand, independent t test of the data of 
hippocampal ERβ concentration showed no signifi cant difference 
between the exercise (27.8 ± 1.5 pg/mL/50mg tissue weight) and 
control (19.6 ± 3.3 pg/mL/50mg tissue weight) groups.

Correlation 
The Spearman correlation test revealed a signifi cant (p < 

0.05) negative correlation (r = –0.709) between the hippocampal 
estrogen levels and the escape latencies of day 17 in the memory 
persistence test of both groups. The correlation analyses also ex-
hibited a signifi cant (p = 0.018) negative correlation (r = –0.939) 
between the hippocampal estrogen and ERβ levels in the exercise 
group. On the other hand, there was no signifi cant correlation (p 
= 0.598, r = 0.322) between the hippocampal estrogen and ERβ 
levels in the control group (38). 

Discussion

The present study found that regular physical exercise might 
not affect spatial learning of ovariectomized rats as has been in-
dicated in the escape acquisition phase of Morris water maze test. 
However, it may improve spatial memory retention of these rats. 

Rats of the exercise group also exhibited signifi cantly higher hip-
pocampal estrogen levels than those of the control group. These 
estrogen levels inversely correlated to both the escape latencies 
of day 17 of the memory persistence test and hippocampal ERβ 
levels.

The improvement of the spatial memory retention of the ovari-
ectomized rats of the exercise group might have been caused by 
the increase of the hippocampal estrogen level as was revealed by 
correlation analyses. Studies have demonstrated that hippocampus 
is capable of carrying out extra-gonadal steroidogenesis (29, 30). 
This steroid synthesis is thought to be mediated by IL-6 (39), which 
is produced by contracting muscles during physical exercise (26). 
IL-6 in circulation is capable of triggering extra-gonadal aromati-
zation by increasing aromatase activity in the adrenal cortex, bone, 
and adipose tissue (26). IL-6 is also thought to be involved in the 
regulation of neurosteroid synthesis in brain (39).

Long-term memory formation requires the activation of several 
kinases (PKC, CaMKII, PKA, and ERK), expression of glutamate 
receptors (AMPA, NMDA and mGluRs receptors) and synthesis 
of proteins (adhesion molecules, cytoskeleton proteins, synaptic 
proteins) (40, 41). Ovariectomy leads to a decrease in total pro-
tein synthesis in the hippocampus (42), whereas estrogen has the 
ability to induce second messenger systems, which results in these 
kinases activation, protein synthesis, gene expression, as well as 
actin signaling cascades activation (43).

The study by Liu et al. has shown that estrogen increased the 
number of spines and dendritic branching of rat hippocampal neu-
rons; the expression of synaptic proteins such as synaptophysin 
and post-synaptic density protein (PSD-95); phosphorylation of 
CREB, as well as the expression, phosphorylation, and traffi cking 
of subunit GluR1 of AMPA receptors (44). Estrogen also activates  
metabotropic glutamate receptors, which subsequently modulates 
second messenger signaling. This brings about the stimulation of 
specifi c intracellular mechanisms including the activation of ki-
nases, such as mitogen-activated protein kinase (MAPK) (43). The 
activation of MAPK pathway causes the phosphorylation of CREB, 
a transcription factor, which leads to gene transcription of protein 
synthesis. Synthesized synaptic proteins facilitate morphological 

Fig. 3. Mean ± SEM of the log10 of the escape latency (s) in memory 
persistence test of the Morris water maze test; T17, the fi rst trial of 
day 3 Morris water maze test; D10, the trial at day 10; D17, the trial 
at day 17. Results of two-way ANOVA. Groups; df = 1, 24; F = 14.356; 
p < 0.001. Days; df = 2, 24; F = 3.504; p = 0.046. Groups x day interac-
tion; df = 2, 24; F = 4.868; p = 0.017. ANOVA – analysis of variance; 
df – degree of freedom; F – F value; p – p value; *, p < 0.05.

Fig. 4. Mean ± SEM of the levels of estrogen and ERβ in the hippo-
campus of the exercise and control groups; *, p < 0.05.
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changes of synaptic structure, which in turn leads to an increase 
in synaptic function and connectivity (45–47).

The improvement of spatial memory after regular physical 
exercise may also implicate neurotrophins, such as BDNF and 
IGF. Previous studies reported that regular physical exercise in-
creased the expression of BDNF and its receptor (TrkB) (15, 17, 
48). BDNF has been known to increase the synaptic signal and 
response, number of synapses, and axonal branches. It improved 
overall synaptic function as well as spatial learning and memory 
retention in a Morris water maze task (19, 49). The improvement 
of spatial memory retention was also associated with the increase 
of IGF-1 in rats, which performed regular physical exercise (22). 
There were indications that IGF-1 interacts with BDNF in the 
regulation of cognitive function in the hippocampus. The addi-
tion of IGF-1 per infusion increased the expression of BDNF in 
hippocampus (50). In addition, neurotrophin expression is modu-
lated by estrogen (51). It is therefore plausible that the effects 
of physical exercise on spatial learning and memory depend on 
the interaction between estrogen and neurotrophins, particularly 
BDNF and IGF-1. 

The present study showed that the hippocampal estrogen levels 
were inversely proportional to the hippocampal ERβ levels in the 
exercise group but not in the control group. This is in agreement 
with the in vitro study, which demonstrated that the addition of 
estrogen in rat hippocampal tissue culture caused a decrease in 
the expression of ERβ (32). Thus, the mechanism by which the 
increase of estrogen levels suppresses ERβ expression in the hip-
pocampus is not known. It likely involves inter-dependent regu-
lations between estrogen and IGF-1. In the presence of estrogen, 
IGF-1 reduces the activity of ERα through PI3K pathway (52). 
Since ERβ may act as a target gene of ERs (53), the restriction of 
ERα transcriptional activity may bring about a decrease in ERβ 
expression.

In summary, our study found that regular physical exercise 
might prevent ovariectomy-induced defi cit of spatial memory 
retention ability of Sprague Dawley rats. Physical exercise may 
exert its benefi cial effects on hippocampus via its modulation on 
the hippocampal estrogen and ERβ levels. The detailed mechanism 
of these effects, however, remains unclear at present, and hence 
necessitates further investigations.

Learning points

Ovariectomy may lead to hippocampal dysfunctions in both hu-
mans and rats
Hippocampal dysfunctions manifest as spatial memory impair-
ment in rats.
A twelve-week regular running exercise may prevent spatial mem-
ory defi cits by increasing hippocampal estrogen levels.
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