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Hippocampus-dependent Task Improves the Cognitive

Function after Ovariectomy in Rats
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Objectives: Estrogen is an important hormone for cell growth, development, and differentiation
by transcriptional regulation and modulation of intracellular signaling via second messengers.
The reduction in the estrogen level after ovariectomy may lead to cognitive impairments associ-
ated with morphological changes in areas of the brain mediate memory. The aim of the present
study was to find out the effect of tasks on the cognitive function after ovariectomy in rats.
Methods: The animals used in the experiment were 50 Sprague-Dawley female rats. This study
applied a hippocampus-independent task (wheel running) and a hippocampus-dependent task
(Morris water maze) after ovariectomy in rats and measured the cognitive performance (object-
recognition and object-location test) and growth-associated protein 43 (GAP-43) and neuro-
trophin 3 (NT-3) expression in the hippocampus, which is an important center for memory and
learning.

Results: There were meaningful differences between the hippocampus-independent and hippo-
campus-dependent task groups for the object-location test and GAP-43 and N'T-3 expression in
the hippocampus, but not the object-recognition test. However, the hippocampus-independent
task group showed a significant improvement in the object-recognition test, compared to the
control group.

Conclusion: These results suggest that hippocampus-dependent task training after ovariectomy
enhances the hippocampus-related memory and cognitive function that are associated with
morphological and functional changes in the cells of the hippocampus.
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INTRODUCTION

Estrogen plays a critical role in the development, maintenance, and physiology of repro-
ductive tissues and the central nervous system (CNS) [1]. Several areas of the brain, such as
the hippocampus, amygdale, and cerebral cortex, which are involved in learning and memory
processes, have been shown to be extensively populated with estrogen receptors (ERs) [2]. Low
levels of estrogen have been linked to increased incidence of neurodegenerative diseases and
deterioration of the cognitive functions in postmenopausal women [3]. In addition, estrogen
deficiency during aging may render the hippocampus more vulnerable to deterioration and
exacerbate emerging age-related memory deficits. The loss of estrous cycling in middle-age has
been associated with the onset of decline in the spatial memory, according to studies conducted
on female rats [4] and mice [5].

There is evidence that regular exercise has a positive effect on the memory [6]. It has been
shown that short exercise programs can increase the memory and learning in young rats 7],

https://doi.org/10.24171/j.phrp.2017.8.3.10

Corresponding author: Songhee Cheon
E-mail: 1000sh@ysu.ac.kr

Received May 8, 2017.
Revised June 2, 2017.
Accepted June 4, 2017.

Q Centers for Disease
Control & Prevention
Copyright © 2017 Korea Centers for Disease

Control and Prevention.

This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

www.kcdephrp.org 227


http://crossmark.crossref.org/dialog/?doi=10.24171/j.phrp.2017.8.3.10&domain=pdf&date_stamp=2017-06-30

Osong

Songhee Cheon : Hippocampus-dependent Task Improves the Cognitive Function

possibly mediated by neurotrophic factors and change in the
brain plasticity [8]. Exercises have effects on the hippocampus,
which is an important center for spatial memory and learning
[9]. Studies have shown that physical activities, including run-
ning, jumping, and walking, can increase the number of neurons,
electrical activity, and neurotransmitter secretion in the hippo-
campus [10,11]. In addition, there are reports that hippocampus-
dependent training, such as the Morris water maze training,
improves the growth and survival rate of neuronal cells [12,13].

Neurotrophic factors and transcription factors induce struc-
tural changes in the neurons of the hippocampus, which is
critical for memory and learning. Neurotrophic factors such as
neurotrophin 3 (NT-3) and brain-derived neurotrophic factor
(BDNF), are powerful regulators of neuronal excitability and
synaptic transmission, and when these factors act, synapsin I and
growth-associated protein 43 (GAP-43) play important roles in
neuronal and synaptic plasticity [14].

Therefore, the principal objective of this study was to assess
the effects of the types of tasks on the behavioral patterns and
GAP-43 and NT-3 expression in the hippocampus, which play
pivotal roles in spatial memory and learning, after ovariectomy
in rats.

MATERIALS AND METHODS

1. Animals

The animals used in the experiment were 50 Sprague-Dawley
female rats aged 8 to 10 weeks and weighing 250 to 300 g. Dur-
ing the experiment, water was supplied without restriction;
food was restricted, except for the given solid food and water.
The vivarium temperature was maintained at 25 + 2°C and the
humidity was maintained at 60 + 5%, and a photoperiod of 12
hours per day and a dark cycle of 12 hours were applied. The ex-
perimental animals were adapted to the environment through a
two-week breeding period and subsequently subjected to experi-
mental treatments. After ovariectomy, the animals allowed a one-
week recovery period. The animals were randomly divided into 5
groups: the control (n = 10), wheel running training 1 (WT1;n =
10), wheel running training 2 (WT2; n = 10), Morris water maze
training 1 (MT1; n = 10), and Morris water maze training 2 (MT2;
n = 10) groups. Four groups, except the control group, were
subjected to each training for 2 weeks after ovariectomy, and the
WT2 and MT2 groups were also subjected to each training for 2
weeks before the operation.

2. Ovariectomy

To perform ovariectomy, a general anesthetic containing

https://doi.org/10.24171/j.phrp.2017.8.3.10

a mixture of ketamine hydrochloride (Ketamine HCI; Yuhan
Corp., Seoul, Korea) and Rompun (Rompun; Bayer Korea, Seoul,
Korea) in the ratio of 1:1 was administered by intraperitoneal
injection (0.4 mL); the abdomen was disinfected, the abdominal
hair removed, and the depilated area disinfected with 10% beta-
dine solution before the operation.

Using surgical scissors, the abdominal muscles, skin, and peri-
toneum were cut and the abdominal cavity entered for approxi-
mately 2.0 cm, and the uterine tubes connected to the ovaries
were ligated to the ovary with the silk thread. The ovaries were
completely removed and the peritoneum, abdominal muscles,

and skin were sutured. A week-long recovery period was allowed.

3. Wheel training

After the ovariectomy, the animals in the wheel training group
(WT1) and the front and rear wheel training group (WT2) were
placed in a wheel having a diameter of 21 cm and a width of 8
cm.

4. Morris water maze training

Morris water maze has been widely used as a method of as-
sessing spatial learning and memory since its invention by Mor-
ris in 1984 [15]. In a water tank 120 cm in diameter and 50 cm in
height, water was filled to a height of 40 cm and a 10 cm diameter
escape platform made of a transparent acrylic plate was installed
in a randomly selected quadrant. This escape platform was fixed
1 cm below the surface of the water. The water used for the maze
was visibly blocked by adding milk powder to make it opaque,
and the water temperature was maintained at 24°C. Morris un-
derwater maze training group 1 (MT1) after the operation, and
Morris underwater maze training group 2 (MT2) before and af-
ter the surgery were gently dropped at any point in the quadrant,
and to minimize the visual information, the animals were always
dropped facing the wall of the tank. At the time of the arrival, the
experiment was performed for 30 seconds after ascending to the
escape platform, and a time limit of 60 seconds was applied; it
was performed once a day and once in each quadrant.

5. Object location test

Two discriminable objects made of glass or steel among the
objects used in this study, all of which were sufficiently weighted
to stop a white mouse from moving, were placed 10 cm apart,
along an inside edge of a box 100 cm in width, 100 cm in length
and 30 cm in height for the object location test. After placing the
rat in the center and allowing the rat to explore two objects for
3 minutes, the sniffing behavior within 2 cm of the object and
touching the object directly with the nose or the front leg were

regarded as exploring behaviors [16]. The rat was given a 5-min-
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ute break in a standard breeding field after finishing the explora-
tion; subsequently, the rat was placed in the center of the box for
3 minutes of exploration after moving the location of one of the
objects used in the prior investigation to an adjacent edge of the
box. The number of times the object at an existing location and
the object at the changed location were explored was measured
by filming with a video camera; the results were expressed as a
percentage of the exploration time of the object at a new location
relative to the total exploration time, which was the sum of both
the times.

6. Object recognition test

The object recognition test was conducted after replacing one
of the objects used in a prior exploration with a new object; all
procedures were conducted in the same way as the object loca-
tion test.

7. Western blotting

The hippocampuses of each group were collected, washed
twice in phosphate buffered saline, and subsequently homoge-
nized and lysed with a buffer (137 mM NacCl, 8.1 mM Na,HPO,,
2.7 mM KCI, 1.5 mM KH,PO,, 2.5 mM ethylenediaminetet-
raacetic acid, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl
fluoride, 10 pug/mL leupeptin [pH 7.5]) for 30minutes on ice.
The lysates were centrifuged for 10minutes at 15,000 rpm at 4°C,
and the protein concentrations were determined as previously
described [17]. Equal quantities of protein (40 ug) were resolved
via 10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes. The blots were
washed with TBST (10 mM TrisHCI [pH 7.6], 150 mM NaCl,
0.05% Tween 20), blocked with 5% skimmed milk for 1 hour, and
subsequently incubated with primary antibodies at the dilutions
recommended by the suppliers. The primary antibodies and the
respective concentrations used were as follows: rabbit polyclonal
antibody GAP-43 (1:3,000; Chemicon International, Temecula,
CA, USA) and rabbit polyclonal antibody NT-3 (1:3,000; Santa
Cruz Biotechnology, Dallas, TX, USA). The membranes were
washed, and the primary antibodies were detected using horse-

radish peroxidase-conjugated goat anti-rabbit immunoglobulin
G (IgG) or goat-anti mouse IgG. The bands were subsequently
visualized via enhanced chemiluminescence (Amersham Phar-
macia Biotech, Piscataway, NJ, USA).

8. Statistical analysis

The results were expressed as the means + standard errors. All
experiments were analyzed via analysis of variance (ANOVA),
and comparisons of the mean values between the treatment and
the control groups were analyzed via Bonferroni-Dunnss test. The
difference was regarded as statistically significant if the p-value
was < 0.05.

RESULTS

1. Object location test

The object location test resulted in significant differences in
the MT1, WT2, and MT2 groups compared to the control group
(except for the WT1 group). The MT2 group showed a more sig-
nificant increase than WT1 and WT2 groups (Table 1, Figure 1A).

2. Object recognition test

Object recognition test resulted in more significant increases
in the MT1, WT2, MT2, and WT1 groups than the control group.
However, there were no significant differences among the four

groups, although there were small increases (Table 1, Figure 1B).

3. Expression of GAP-43 and NT-3 in the hippocampus

Expression of GAP-43 in the hippocampus showed signifi-
cant differences in the MT1, WT2, and MT2 groups compared
to the control group, except for the WT1 group. The MT1 and
MT?2 groups showed significant increases compared to the WT1
group; significantly greater increase was found in the MT2 group
than in the WT2 group (Figure 2A).

The results of NT-3 expression were similar to those of GAP-
43 expression. There were significant increases in the four
groups, compared to the control group; the MT1, WT1, and

Table 1. Result of the object location and object recognition test in each group

Control WT1
Location 46.85 +7.99° 57.59 + 4.96™
Recognition 36.34 £ 5.94° 67.90 + 6.79°

Values are presented as mean =+ standard error.

MT1 WT2 MT2
67.03 + 6.28" 63.56 + 4.56° 81.92 + 2.80°
71.24 + 8.32° 75.73 + 2.59" 76.79 + 4.43"

WT]I, group applied wheel running exercise for 2 weeks after ovariectomy; WT2, wheel running exercise for 2 weeks before ovariectomy and 2
weeks after ovariectomy; MT1, Morris water maze training for 2 weeks after ovariectomy; MT2, Morris water maze training for 2 weeks before

ovariectomy and 2 weeks after ovariectomy.
abc:
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Values with different superscripts in the same column are different significantly (p < 0.05) by Duncan’s multiple range test.
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Figure 1. Results of the object location test and object recognition test. (A) Object location test (F = 5.294, p < 0.05). (B) Object recognition test (F =
8.152, p < 0.05).

Entries are the exploration ratio + standard error ([time with new object/time with old + time with new object] x 100) of 10 subjects per group in
the object location test and object recognition test. Data were analyzed via one-way ANOVA. Significant differences were determined to exist on
ANOVA. *p < 0.05 vs. control, °p < 0.05 vs. WT1 and WT2.

WTT1, group applied wheel running exercise for 2 weeks after ovariectomy; WT2, wheel running exercise for 2 weeks before ovariectomy and 2
weeks after ovariectomy; MT1, Morris water maze training for 2 weeks after ovariectomy; MT2, Morris water maze training for 2 weeks before
ovariectomy and 2 weeks after ovariectomy.
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Figure 2. Effect of wheel running and Morris water maze on expression of GAP-43 (A) and NT-3 (B) in hippocampus. The mounts of GAP-43 and
NT-3 was detected by Western blotting with anti-GAP-43 and anti-NT-3, respectively, as described in Materials and Methods. Each example shown
is representative of three experiments. The values represent the mean + standard error of three independent experiments with triplicate dishes. “p<
0.05 vs. control, *p < 0.05 vs. WT1, p < 0.05 vs. WT2.

GAP-43, growth-associated protein 43; NT-3, neurotrophin 3; WT1, group applied wheel running exercise for 2 weeks after ovariectomy; WT2,
wheel running exercise for 2 weeks before ovariectomy and 2 weeks after ovariectomy; MT1, Morris water maze training for 2 weeks after ovariec-
tomy; MT2, Morris water maze training for 2 weeks before ovariectomy and 2 weeks after ovariectomy.

MT?2 groups showed significantly greater increases than the WT1 DISCUSSION
group (Figure 2B).
This study focused on the behavioral changes related to

memory and morphological changes of the hippocampus in rats
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whose ovaries were removed to inhibit estrogen secretion and
trained with wheel running and the Morris water maze. Conse-
quently, wheel running and Morris water maze were found to
have positive effects on object recognition and object location
memory. The Morris water maze seemed to particularly enhance
the object-location memory. GAP-43 expression in the hippo-
campus increased in both WT and MT groups; however, the MT
group showed a more significant increase.

Menopause has a close relationship with memory loss and
cognitive disorder. Estrogen plays an important role in neural
plasticity, such as increasing CA1 dendritic spine population
in the hippocampus, long-term potentiation and neurogenesis
[2,18,19].

There are numerous studies that have focused on the relation-
ship between estrogen and memory/cognition by enhancing
the brain function by estrogen injection. Xu and Zhang [20]
observed the enhancing effect of long-term estradiol injection
on the spatial memory of mice whose ovaries were removed, and
reported the effect of estrogen on increasing the brain function.
Similar to such animal studies, Sherwin [21] explained the func-
tion of estrogen in slowing down age-related cognitive loss by
studying postmenopausal women.

Monteiro et al. [22] and Feng et al. [23] showed that spatial
memory was degraded in rats whose ovaries were removed;
Heikkinen et al. [24] showed that long-term memory was de-
creased in mice whose estrogen secretion was inhibited by re-
moving the ovary. Therefore, we also hypothesized that ovariec-
tomy reduces memory capability and is the most commonly used
method for a post-menopausal model [25].

The hippocampus plays an important role in memory forma-
tion and learning, and this capability is reduced after menopause
because of the lower estrogen level. There are numerous reports
indicating that exercise facilitates the recovery of function in the
CNS and increases the memory and learning ability. We applied
a hippocampus-independent exercise, wheel run, to WT1 and
WT2 groups. Anderson et al. [26] reported that wheel running
increased the spatial learning in rats; Aiello et al. [27] reported
that moderate exercise could help reduce memory-related prob-
lems when applied to postmenopausal women.

Arida et al. [28] studied the effects of spontaneous exercise
and forced exercise on the hippocampus and found that sponta-
neous exercise, such as wheel running, has a greater effect on en-
hancing the development of the hippocampus neurons. Duman
et al. [29] reported that exercise not only improved the physical
ability, but also acted as an antidepressant or an anxiolytic.

We applied wheel running, a spontaneous exercise, to the
WT group. Both WT1 and WT2 groups showed significant dif-

ferences from the control group for the object recognition test;
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however, the WT1 group did not show a significant difference
for the object location test.

The MT group that was trained with the Morris water maze,
on the contrary, showed a different result from the WT group.
The MT group showed a greater improvement in the object
recognition test, compared to the WT group; however, both the
groups showed a significant difference when compared to the
control group. Regarding the object location test, the MT group
showed a more statistically significant improvement than the
WT group.

The main objective of the present study was to observe the
effect of wheel running, a hippocampus-independent exercise,
and Morris water maze, a hippocampus-dependent exercise,
on the hippocampus. The hippocampus plays a critical role in
various learning processes, such as spatial learning. To test such
memory and learning abilities, object-recognition and object-
location tests were performed, and the MT group showed a more
significant improvement in both the tests. Such results indicated
that an object location is related to spatial memory, which is
mostly controlled by the hippocampus [30]. Also, object recogni-
tion does not rely on hippocampus, but is mostly dependent on
prefrontal cortex [31], which was indicated by the result that MT
group, that was trained using the Morris water maze, showed a
more significant improvement in the object location test.

Wallace et al. [32], who reported that the memory and density
of dendritic spines decreased in the prefrontal cortex and hip-
pocampus after ovariectomy, also found that the object recogni-
tion ability decreased after 1-week of ovariectomy and that the
object location ability decreased after 4-weeks. Therefore, it was
reported that the ovarian hormone played an important role in
maintaining memory function. These results explain the reason
for the greater improvement in the object location test than in
the object recognition test in this study.

Beck and Luine [33] and Bowman et al. [34] reported that
ovariectomy acted as a stress, and such stress might improve the
results of the object location test or other spatial memory-related
tests, but does not have any effect on the object recognition tests.
The fact that the WT and MT groups did not show a significant
difference for the object recognition test, but showed a significant
difference for the object location test indicates that hippocam-
pus-dependent exercises have a greater effect than hippocampus-
independent exercises on the object location memory.

Wallace et al. [32] also reported that the decrease in the den-
dritic spine density was similar in the hippocampus and pre-
frontal cortex after ovariectomy. A small number of estrogen o,
receptors exist in the hippocampus [35] and estrogen [ receptors
are expressed in both the hippocampus and prefrontal cortex [36].
Therefore, it can be concluded that the interaction between es-
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trogen and membrane receptors control the number of dendritic
spines, which, in turn, is related to the memory function.

Neural plasticity indicates the functional and physical changes
of neurotransmission and the synapses. Such morphological
changes of the nervous system induce changes in the signal trans-
duction rate, which is an important factor in learning, memory,
and recovery [37]. Physical exercise enhances axonal growth
after a neural injury and additionally increases the expression
of critical factors in the formation of axons, synapses, and axon-
related peptides, such as GAP-43 [38].

However, the effects of hippocampus-dependent and hippo-
campus-independent exercises on the learning and memory re-
main controversial. Mohapel et al. [39] indicated that hippocam-
pus-dependent exercises had no effect or even decreased the cell
survival rate when compared to hippocampus-independent exer-
cises. On the contrary, Hairston et al. [12] reported that various
types of hippocampus-dependent exercises increased the sur-
vival rates of newly-formed cells. To observe the morphological
changes of the hippocampus during exercises, we quantitatively
analyzed the expression of GAP-43. Subsequently, the MT group
showed a more significant increase than the WT group and such
a result indicated that hippocampus-dependent exercises were
more effective in strengthening the hippocampus function.

GAP-43 has been known as a direct marker for morphological
changes in the dendritic spines. Gianola and Rossi [40] proved
that GAP-43 was closely related to axonal sprouting and learn-
ing ability using transgenic mice models. The increase in GAP-
43 expression in the MT group corresponds to the results of the
hippocampus-related behavioral test.

Holahan et al. [41] showed that GAP-43 expression controlled
the spatial memory through immunohistochemistry. More par-
ticularly, the memory function improved when more GAP-43
were expressed in their phosphorylated form. Maviel et al. [42]
also reported that GAP-43 controlled the process of memory
formation. Pascale et al. [43] reported that Morris water maze
training increased the protein and mRNA levels of GAP-43 in
the hippocampus.

Arida et al. [28] reported that wheel running and Morris wa-
ter maze showed different results for neural growth and develop-
ment because the exercises themselves and their protocols were
different. They also indicated that physical stimulation controlled

the growth process of the cells.

Neutrophins, such as NT-3 and BDNE, play important roles
in neural function, and are often used in studies related to neural
plasticity. NT-3 increased following physical exercise, which also
increased the synaptic plasticity. Such neurotrophic factors ac-
tivate phosphate-binding proteins, such as GAP-43 that directly
affect axonal growth and neurotransmission, by affecting the
synaptic plasticity. However, although NT-3 plays an important
role in activity-dependent neural plasticity, control of expression
through neuromuscular activity is very complex when compared
to other neurotrophic factors; moreover, it also depends on the
activity load [14].

Similar to the results of GAP-43, NT-3 expression also in-
creased more significantly in the MT group than in the WT
group. However, the WT group also showed a significant increase
in expression when compared to the control group. Such results
indicated that wheel running and Morris water maze provided
sufficient afferent input to both WT and MT groups.

Continuous application of hippocampus-dependent and
hippocampus-independent exercises after ovariectomy increased
the hippocampus-related performance level. However, hippo-
campus-dependent exercises seemed to have a greater effect on
the object location test than on the object recognition test. This
corresponds to the histological changes in the hippocampus that
were observed via GAP-43 expression. Therefore, depending on
the form of exercise and tasks, changes in the cognitive function
related to the hippocampus can be observed, and such functional

changes are also related to physiological changes in the neurons.
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