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Background: The ovariectomized (OVX) rodent model is most widely used for studying the influence of
estrogen deprivation on memory. However, the results of these studies are inconsistent, in that the memory
of OVX rodents shows either impairment or no change. These inconsistent outcomes increase the difficulty
of researching neurochemical mechanisms and evaluating drug efficacy. One possible explanation for these
discrepancies might be that the time point for memory examination after OVX varies considerably among
studies. The aim of our study was to investigate the effects of estrogen deprivation on memory and the
expression of memory-related proteins at different times after OVX.
Methods: Novel object recognition (NOR), step-through passive avoidance (STPA) and the Morris water
maze (MWM) were performed to evaluate the memory performance of mice at different times after OVX.
The expressions of BDNF, TrkB, ULK1 and LC3II/LC3I in the hippocampus were also assessed to explore
the relevant mechanisms.
Results: After OVX, a significant memory impairment was found in the STPA test at 4 weeks. In the NOR
and MWM tests, however, memory deficits were not observed until 8 weeks post-OVX. Interestingly, at
8 weeks, a memory rebound was found in the STPA test. In the hippocampus, the levels of BDNF and TrkB
in OVX mice were markedly decreased at 4 and 8 weeks. Subsequently, a significant decrease in the ULK1
and LC3II/LC3I level in OVX mice was observed at 8 weeks.
Conclusions: Memory impairment in mice was observed as early as 4 weeks after OVX, although there
was a possibility of memory rebound with the prolongation of estrogen deprivation. Eight weeks of estrogen
deprivation would be more likely to induce hippocampus-dependent memory impairment. This progressive
impairment of memory might be due to the downregulation of the BDNF/TrkB signaling pathway at the
early post-OVX stage, while the decrease of autophagy level in the later stage might also contribute to
these progressive alterations. The underlying relationship between the BDNF/TrkB signaling pathway and
autophagy in this progressive impairment of memory requires further study.
Keywords: Ovariectomy (OVX); estrogen deprivation; memory impairment; BDNF/TrkB signaling pathway;
autophagy
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Introduction
In general, the majority of patients suffering from
Alzheimer’s disease (AD) are women, and women have a
higher risk of cognitive impairment than men. Although
this discrepancy may be related to the longer life
span of women, the sharp decline in estrogen during
menopause may also contribute to this situation. Hormone
replacement therapy has been demonstrated to protect
menopausal women against cognitive impairment (1,2),
which leads us to consider the relationship between
estrogen and memory. To verify the contribution of
estrogen to memory, there have been many animal models
developed to mimic the state of estrogen deprivation.
Generally, the ovariectomized (OVX) rodent model is the
most widely used model for this purpose (3). Using this
model, many studies have demonstrated the crucial role
of estrogen in memory enhancement, although the results
have been inconsistent. For instance, Sarkaki et al.
found impaired reference memory in OVX rats in the
MWM test (4). In contrast, Wilson et al. demonstrated
that no significant spatial reference memory deficits were
observed in OVX mice in the water maze or the Y-maze
tests; however, they did note some working memory deficits
in the radial arm maze (5). Although there are many factors
that can lead to these discrepancies, such as the age of
the animals, the sensitivity of the detection method used
and so on, one possible reason is that the duration of
estrogen deprivation used in this model varies considerably
(6). However, no systematic study has been conducted
so far to investigate how memory changes and how the
memory-related proteins differ at different time points
following OVX surgery.
Brain-derived neurotrophic factor (BDNF) is the
most widely studied and expressed neurotrophin in the
mammalian brain, especially in cognitive function research.
It has been reported that BDNF plays an important role
in modulating neuronal differentiation, growth, synaptic
plasticity and synaptic efficacy in the development of
neuronal circuits (7,8). In fact, many studies have been
conducted to investigate the relationship between BDNF
and estrogen. Previously, the estrogen response element
was considered to be present in the Bdnf genes (9),
which suggested that the brain BDNF level might be
regulated by estrogen. As expected, epigenetic repression
of BDNF was found in the cortex and hippocampus
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following ovarian deprivation (10), although it could be
rescued by estrogen replacement. Given the relationship
between BDNF and estrogen, B D N F d e f i c i t s m i g ht
be an important cause of impaired memory after OVX (8),
while the r e l a t i o n s h i p b e t w e e n t h e change in BDNF
in the process of memory impairment after OVX remains
unknown.
Autophagy is defined as a process of sequestering
organelles and long-lived proteins in a double-membrane
vesicle inside the cell, where the contents are
subsequently delivered to lysosomes for degradation (11).
Autophagy can be upregulated when cells need to
generate intracellular energy and nutrition; it can a l s o
be upregulated when cells are undergoing structural
remodeling or expelling damaging cytoplasmic
components. Obviously, autophagy plays a major role in
regulating cellular homeostasis, and it might protect the
body from negative effects such as memory dysfunction. In
some animal models for AD, the upregulation of autophagy
has been reported to reduce the characterized amyloid β
and hyperphosphorylated tau, which alleviated memory
impairment and pathological phenotypes (12). Moreover,
previous studies have suggested that estrogen was related
to autophagy (13), though their results were inconsistent.
By using quantitative proteomics and Western blot
analysis, activation of autophagy was observed in the
hippocampus and amygdala of OVX animals (14). In the
study of the short-term and long-term effects of estrogen
deprivation in the OVX model, autophagy-related proteins
showed a gradual decrease. The change in autophagy
throughout the process of memory impairment after
OVX was not clarified through these studies either (15).
Obviously, the progressive change in memory and
autophagy-related protein requires further study.
We hypothesized that the memory of the OVX animals
would deteriorate in concert with the prolongation of
estrogen deprivation and that these memory alterations
might correlate with the expression of BDNF and
autophagy-related proteins such as Unk-51-like kinase 1
(ULK1) and microtubule-associated protein 1 light chain
3 (LC3). In the present study, we aimed to investigate
the progressive effects of estrogen deprivation on the
memory of OVX mice and to explore the change in BDNF
and ULK1 levels in the hippocampus throughout the
development of memory alterations.
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Methods
Animals
Female ICR mice (7–8 weeks old, 20–25 g) were purchased
from the Beijing Weitong Lihua Experimental Animal
Technology Company. All animals were bred and housed
five per cage with standard food and water available ad
libitum in a humidity- and temperature-controlled room
(23±1 ℃) with a relative humidity of 60%±5%. The mice
were maintained on a 12-h light/dark cycle (lights on at
08:30 am). All animal care and experimental protocols
were approved by the Committee on Animal Care and
Use of the Institution of Medical Plant Development,
Chinese Academy of Medical Sciences & Peking Union
Medical College.
Experimental design
After a 7-day acclimation period, the mice were randomly
divided into three groups by body weight: the control group
(Con, n=42), the sham-operated group (Sham, n=45) and
the OVX group (OVX, n=45). All OVX surgeries were
conducted on the same day during the initial phase of
the experiment. As shown in Figure 1, at 2, 4 and 8 weeks
after OVX surgery, the mice in each group were randomly
selected for behavioral examination (n=14, 15 and 15 for the
Con, Sham and OVX groups, respectively). The behavioral
tests included novel object recognition (NOR), the Morris
water maze (MWM) and the step-through passive avoidance
(STPA) test, and they were performed successively.
Considering the possible influence of circadian rhythm
on the behavioral performance of mice, all behavioral
detection was conducted from 8:00 am to 14:00 pm. After
the behavioral tests, the mice were sacrificed. The brain
was quickly removed, and the hippocampus was isolated.
The hippocampus was quickly frozen in liquid nitrogen and
stored at −80 ℃ until the Western blot analysis.
OVX surgery

Mice in the Sham and OVX groups were anesthetized with
3.0% pentobarbital sodium (45 mg/kg, intraperitoneal),
and some hair on the back was shaved off for surgery. A
dorsolateral incision of the skin along the spine was made
perpendicular to the line of the base of the thighs. The
muscles 0.5 cm beneath the midline of the back beneath
the skin were incised, and the fat beneath the muscles was
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grasped to exteriorize the ovary. The fallopian tube was
ligated, and then the ovary was removed by cutting above
the ligated area. In the Sham group, the mice underwent
the same incisions, and the fallopian tubes and ovaries
were exposed but not removed and then put back in the
abdominal cavity. Finally, the incisions in the muscle and
skin were closed (16).
Vaginal smear examination
The vaginal smear examination was performed during the
successive 7 days after surgery. Vaginal contents were
collected with a blunted Pasteur pipette by placing a small
drop of saline into the vagina; the vaginal cells obtained
were immediately observed under a microscope (17).
Classified in terms of morphological characteristics, the
relative proportion of leukocytes, cornified epithelial cells,
and nucleated epithelial cells could be estimated (18).
The phases of t h e estrus cycle could be estimated
further according to the differences in cellular appearance.
When the leukocytes occupied the majority of the field for
at least 4 days, the mice were considered to have lost their
estrus cycle, and the ovariectomy was successful.
Behavioral assessment
Novel objection recognition (NOR)
NOR was performed in a box using the methods described
by Takuma et al. with a slight modification (19). The box
was 60 cm long × 40 cm wide × 40 cm high, and there was a
camera connected to a video recording device for recording
the animal behavior. First, a mouse was placed in the empty
open field once a day for 3 consecutive days (10 min per day)
for habituation. Then, 24 h after the last habituation, the
training session began. Two identical objects were placed in
the corner of the box (approximately 10 cm from the walls),
and the mouse was allowed to explore for 5 min. After the
mouse had remained in the box for 5 min, it was removed,
and 30 min later, the retention session began. One of
the objects used in the training session was replaced with
another object that was different from the former in shape
and color, and the mouse was placed into the box again and
allowed to explore for another 5 min. The floor of the box
and the objects were cleaned with 75% ethanol every time
before the mouse was placed in the box to prevent the buildup of olfactory cues. The time spent exploring the familiar
and the novel objects was recorded by manual timing. It was
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regarded as a valid exploration when the nose of the mouse
was touching the object or was directed toward the object at
a distance of no more than 2 cm. Sitting on the object was
not considered to be exploratory behavior (20). The relative
discrimination index (DI) was calculated by subtracting
the exploration time of the familiar object from that of the
novel object divided by the total exploration time (21).
STPA test
We performed the STPA test as described by Liu et al. (22)
with a slight modification. The apparatus was a box
consisting of two chambers of equal size (20 cm × 12 cm ×
60 cm). The chambers were divided into a light and a dark
chamber, with the former equipped with an illuminator.
Basically, the STPA was carried out in three sessions: the
habituation trials, the acquisition trials and the retention
sessions. In the habituation trials, the mouse was placed
into the light chamber and allowed to shuttle freely
between the two chambers. This session occurred 3 times
(3 min per time), after which the mouse could only enter
into the dark chamber within 15 s once placed into the
light chamber. In the acquisition trials, the mouse was
placed into the light chamber facing the door and could
move freely. After habituating for 3 min in the apparatus,
once the mouse stepped into the dark chamber with all
its paws, a constant electric shock (constant voltage
50 V) was delivered to its feet. The computer software
would record the time spent in the dark chamber, the
number of times the mouse entered the dark chamber
and the time spent near the connecting door over 5 min.
The retention session was performed 24 h after the
acquisition trials. The protocols were identical to those in
the acquisition trials. The latency into the dark chamber,
the time spent in the dark chamber and the time spent
near the connecting door over 5 min were recorded by
the software. If the mouse did not step into the other
chamber within the 5 min, the latency was recorded as 300 s.
MWM test
The MWM test was carried out as described by Xu et al. (23)
with a slight modification. This task consisted of three
s essions: the hidden-platform acquisition, the probe trial
and working memory testing (24). This test was conducted
in a circular tank (100 cm diameter, 40 cm height) filled
with water (22–23 ℃) made opaque through the addition of
nontoxic black ink. There was a platform invisible beneath
the water’s surface that was 15 cm in height and 6 cm in
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diameter and that could be moved when necessary. The
related swimming parameters were monitored by a video
camera overhead and analyzed using an image analyzer and
tracking system.
In the hidden-platform acquisition training, the platform
was submerged 1 cm beneath the water’s surface. The
mouse was placed into the water randomly from three
different locations and underwent three successive trials per
day. Before and after the training, the mouse was adapted
on the platform for 15 s. If the mouse failed to find the
location of the platform in 90 s, it was guided onto the
platform and then allowed to remain there for 15 s. In the
probe trial testing, the platform beneath the water was
removed from the tank. The mouse was placed into the
water from the quadrant opposite the previous platform
and then was allowed to explore the previous platform
freely over 90 s. The working memory testing lasted for 3
days, during which the platform was still invisible, but the
position of the platform was changed every day. The mouse
was tested 3 times per day and placed into the water from a
different quadrant every time. Overall, the average latency
of the second trial of each day was analyzed.
Western blotting analysis
A proper amount of protein extraction containing 1%
protease inhibitors and 1% phosphatase inhibitors was
added to the hippocampus sample that then underwent
ultrasonic treatment 5–6 times until the sample was
homogeneous. Next, the sample was centrifuged at
20,000 g for 20 min. The supernatant was collected and
quantified by BCA protein assay. Twenty-five micrograms
of quantified protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred onto a nitrocellulose membrane.
After 2 h of blocking in 7.5% milk, solution, the
membrane was incubated with primary antibodies at 4 ℃
overnight, including anti-BDNF (1:2,000, Abcam), antiTrkB (1:1,000, Abcam) and anti-ULK1 (1:1,000, Cell
Signaling Technology) and anti-LC3B (1:1,000, SigmaAldrich). After washing three times (10 min each time),
the membrane was incubated with appropriate horseradish
peroxidase-linked secondary antibodies (1:5,000, ABclonal)
at room temperature for another 2 h. Finally, the protein
was detected by enhanced chemiluminescence. The gray
intensity values of the bands were analyzed using ImageJ
1.46r software.
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Figure 1 Experimental procedure. NOR, novel object recognition; MWM, Morris water maze; STPA, step-through passive avoidance;
OVX, ovariectomized.
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Figure 2 Effects of estrogen deprivation on the discrimination
index (DI) of mice in the NOR test. One-way ANOVA and a posthoc LSD test were conducted. Data are presented as the mean ±
SEM. n=14–15 for each group. *, P<0.05 means significant
difference between the OVX and Sham groups. OVX group,
ovariectomized group; Sham group, sham-operated group; NOR,
novel object recognition; SEM, standard error of the mean.

Statistical analysis
Data were expressed as the mean ± standard error of the
mean (SEM). One-way ANOVA followed by post hoc
LSD test was performed to determine the significance
for multiple comparisons when the data met normal
distribution. When the data did not meet the
requirements of normal distribution, the Mann-Whitney
U test was conducted. Significance was set at P<0.05.
Calculations were performed using SPSS statistical software
(version 17.0).
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Results
Effects of estrogen deprivation on the memory of mice in
the NOR test
In the NOR test, a higher DI indicates a higher preference
of the mice toward the novel object, reflecting better
memory performance. As revealed by the DI in this test,
no significant difference was observed between the Sham
and Con groups, implying that the memory performance
of OVX mice was not disrupted by the sham operation.
With the prolongation of estrogen deprivation, the memory
deficits in OVX mice were not observed until 8 weeks after
the surgery. As shown in Figure 2, there was no remarkable
difference between the Sham and OVX groups in DI at
2 and 4 weeks post-OVX. When the time was extended to
8 weeks, the DI in the OVX group (7.1%±4.0%)
significantly decreased compared with that of the Sham
group (20.8%±2.7%).
Effects of estrogen deprivation on the memory of mice in
the STPA test
In the retention sessions of the STPA test, the time spent
in the dark chamber and the number of errors made by
the mice were analyzed at different time points after OVX.
As shown in Figure 3, there was no significant difference
between the Sham and OVX groups at 2 weeks post-OVX.
However, at 4 weeks after OVX, remarkable increases in
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Figure 3 Effects of estrogen deprivation on the time spent in the dark chamber (A) and the number of errors (B) in t h e STPA
test. One-way ANOVA and a post hoc LSD test were conducted. Data are presented as the mean ± SEM. n=14–15 for each group.
*, P<0.05 means significant difference between the OVX and Sham groups; **, P<0.01 means significant difference between the OVX
and Sham groups. OVX group, ovariectomized group; Sham group, sham-operated group; STPA, step-through passive avoidance; SEM,
standard error of the mean.

the time spent in the dark chamber and the number of
errors were observed. Surprisingly, the performance of
OVX animals did not deteriorate further with the increased
duration of estrogen deprivation. When the duration of
estrogen deprivation was extended to 8 weeks, no significant
difference was found between the Sham and OVX groups in
this test. We also monitored the performances of the mice
in the acquisition trial test, and no significant difference was
detected between the two groups in the time spent in the
dark chamber or in the numbers of errors (data not shown).
Effects of estrogen deprivation on the memory of mice in
the MWM test
The MWM test is a classical approach to studying the
reference memory and working memory. Generally, the
escape latencies in the hidden-platform acquisition training
and the number of times the mice cross the platform or the
time spent in the target quadrants in the probe trial testing
can be used to evaluate the spatial reference memory of
mice. In the hidden-platform acquisition training, estrogen
deprivation did not lead to a prominent increase in escape
latencies (Figure 4A). As shown in Figure 4B and C, no
significant differences in crossing number or the time spent
in the target quadrants were observed between the Sham
and OVX groups in the probe trial testing either. Moreover,
a slight decrease in crossing numbers was observed in
the Con group at 4 weeks post-OVX, without significant
differences compared to the Sham group, possibly due to
the interference from metestrus or diestrus of the mice in
the Con group. In summary, estrogen deprivation for up to
8 weeks did not affect the OVX mice’s reference memory.
The hidden-platform acquisition training was also
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performed in our study. The escape latency in the working
memory test (Figure 4D) did not show significant differences
between the Sham and OVX groups at 2 or 4 weeks postOVX. However, when the time was extended to 8 weeks
post-OVX, the escape latency increased significantly from
36.1 to 59.9 s compared with the Sham group, which
indicated working memory deficits in the OVX mice.
Effects of estrogen deprivation on the BDNF and TrkB
levels in the hippocampus
The BDNF/TrkB signaling pathway is crucial to synaptic
plasticity, which participates in memory formation by
contributing to the changes in connectivity within neuronal
circuits (7). We observed a significant decrease in BDNF
(Figure 5A,B) and TrkB (Figure 5C,D) levels at 4 weeks
post-OVX as demonstrated by Western blotting. When
compared with the Sham group, the BDNF levels in the
OVX animals decreased by 18.9% at 4 weeks post-OVX,
while this gap increased to 39.0% when the duration of
estrogen deprivation was extended to 8 weeks. Similarly, the
TrkB protein levels decreased by 12.4% at 4 weeks postOVX but this gap remained largely unchanged at 8 weeks
post-OVX.
Effects of estrogen deprivation on ULK1 and LC3II/
LC3I levels in the hippocampus
Previous studies have reported that BDNF could enhance
autophagy. To determine whether autophagy was affected
by estrogen deprivation, we detected the presence of ULK1
and LC3II/LC3I in the hippocampus. However, there was
no significant change in this protein at 2 or 4 weeks post-
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Figure 4 Effects of estrogen deprivation on the reference memory of mice in the MWM test. (A) Escape latency to find the hidden
platform; (B) crossing number in probe trial; (C) time spent in t h e target quadrant; ( D ) e s c a p e l a t e n c y t o f i n d t h e h i d d e n
p l a t f o r m i n t h e w o r k i n g m e m o r y t e s t . One-way ANOVA and a post hoc LSD test were conducted. *, P<0.05 means a significant
difference between the OVX and Sham groups. Data are presented a s t h e m e a n ± SEM. n=14–15 for each group. MWM, Morris water
maze; SEM, standard error of the mean.
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Figure 5 Effects of estrogen deprivation on BDNF (A,B) and TrkB (C,D) protein expression in the hippocampus. Data presented as the
mean ± SEM. *, P<0.05 means a significant difference between the OVX and Sham groups, n=4 for each group. BDNF, brain-derived
neurotrophic factor; TrkB, tyrosine kinase receptor B; OVX group, ovariectomized group; Sham group, sham-operated group; SEM,
standard error of the mean.
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Figure 6 Effects of estrogen deprivation on ULK1 (A,B) protein expression and the ratio of LC3II to LC3I (C,D) in the hippocampus.
Data presented as the mean ± SEM. *, P<0.05 means significant difference between the OVX and Sham groups, n=4 for each group.
ULK1, Unk-51-like kinase 1; OVX group, ovariectomized group; Sham group, sham-operated group; SEM, standard error of the mean.

OVX. At 8 weeks post-OVX, however, the ULK1 level
decreased by 37.2% (Figure 6A,B), while the results of
LC3II/LC3I decreased by 36.3% compared with the Sham
group (Figure 6C,D).
Discussion
In this study, three different memory-related behavioral
tests were used for the first time to investigate the effects
of estrogen deprivation of different durations on memory
changes. The results showed that the performance of the
mice at each time point post-OVX differed between the
behavioral tests. Memory impairment was observed as
early as 4 weeks post-OVX in the STPA test, but when
the estrogen deprivation was prolonged to 8 weeks, the
mice showed a memory rebound in this test. However, in
the NOR and MWM tests, which are both hippocampusdependent tasks, memory impairments were detected in
the mice at 8 weeks after OVX. These results inspired us to
examine the influence of estrogen deprivation on different
behavioral tests and their relevant mechanisms. In the
current study, downregulation of the BDNF/TrkB signaling
pathway in the hippocampus was observed at 4 and 8 weeks
post-OVX, followed by a decrease in the autophagy-related
protein ULK1 and LC3II/LC3I at 8 weeks post-OVX. We
speculated that the downregulation of the BDNF/TrkB
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signaling pathway and the subsequent decrease in autophagy
levels in the hippocampus might account for the progressive
change in the hippocampus-dependent memory.
The poor performance of the mice in the NOR
test reflects impairment of declarative memory (25). A
considerable number of studies have demonstrated that
memory impairment is induced by estrogen deprivation,
while the duration of estrogen deprivation has varied
widely between studies. One previous study found impaired
memory in mice in the NOR test following one week of
estrogen deprivation (26,27). However, another study by
Fonseca et al. did not observe a significant difference in
mouse memory between the Sham and OVX groups at 1
week post-OVX, while a significant decrease in DI was
observed at 6 weeks post-OVX (28). A significant decrease
in DI was also found at 4 weeks post-OVX (10). In our
present study, however, it was not until 8 weeks post-OVX
that the memory deficits were evident in the mice.
We also performed the MWM test, a classical method
to evaluate the spatial memory of mice (29). A significant
increase in latency to platform in the working memory test
was observed at 8 weeks post-OVX. However, there was no
significant difference between the Sham and OVX groups in
the navigation test, which was used to evaluate the reference
memory. Although there have been multiple studies
reporting impaired reference memory in OVX animals (30-
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32), these results have been challenged by several findings.
In a recent study, no significant differences between the
Sham and OVX groups was observed in the MWM and
Y-maze tests at 2 weeks post-OVX (5). Similarly, OVX did
not influence the reference memory of mice at 5 weeks
post-OVX when the mice were examined using the MWM
test (33). Impaired working memory performance but
unaffected spatial reference was also reported at 5 weeks
post-OVX using the radial arm maze test (34). These
study findings elicit a question: why does OVX impair the
working memory but not influence the reference memory
after a period of estrogen deprivation? This finding might
be related to the reduction in acetylcholine (ACH) after
OVX. As we know, ACH is a neurotransmitter produced by
cholinergic cells. It is essential for processing learning and
memory (35). Interestingly, one previous study reported
that selectively killing cholinergic cells could impair the
working memory (36), whereas it did not affect the spatial
reference memory (37). Thus, further study is needed to
investigate the changes in cholinergic cells after estrogen
deprivation.
Surprisingly, a memory rebound was observed in the
mice in the STPA test at 8 weeks after OVX. In fact, the
effects of estrogen deficiency of different durations on
memory remain controversial (38). In general, menopausal
women have been considered to suffer from cognitive
disorders as a result of estrogen decline. However,
this viewpoint was challenged by a recent study that
demonstrated that women aged 50–54.9 years had even
poorer memory than older women (39). Their verbal
memory did decline at the menopausal transition but
probably rebounded during the postmenopausal stage (40).
Researchers have tried to decipher these conflicting
findings. Some scientists noted the negative relationship
between verbal memory and vasomotor symptoms (VMS)
and attributed the memory rebound to the disappearance
of VMS (41). In addition, the local synthesis of estrogen in
the brain might also contribute to the memory rebound.
It has been reported that the local synthesized estrogen in
the brain has a stronger effect on synaptic plasticity than
peripheral estrogen (42). The locally synthesized estrogen
in the brain might show a compensatory increase with
the prolongation of estrogen deprivation, leading to the
subsequent memory rebound in the mice. Except for the
two reasons mentioned above, the regional distribution
of estrogen in the brain might also play a crucial role.
Although the estrogen deprivation led to a decrease in
hippocampus activity, it might increase the activity of the
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anterior cingulate and dorsolateral prefrontal cortex (43).
This compensatory mechanism outside the hippocampus
in the brain might lead to the different outcomes in the
STPA test and other behavioral tests. Overall, we suggest
examining VMS, estradiol synthesized in the brain and the
differential effects of estrogen on variable brain domains as
future directions of study to clarify these discrepancies.
In our study, we found that there was no significant
difference in the expression of BDNF and TrkB between
the Sham and OVX groups at 2 weeks post-OVX. However,
the mice in the OVX group showed a significant decrease
in the expressions of the two proteins at 4 and 8 weeks
after surgery. As we know, BDNF acts presynaptically
via TrkB to regulate synaptic plasticity and influence the
mnemonic effects of estrogen (44). Previous studies have
reported that an increase in BDNF could restore spine
actin polymerization and the stabilization of long-term
potentiation in the hippocampus, which is crucial to spine
plasticity (45). Additionally, blockade of the TrkB receptor
was reported to abolish E2-mediated increases in excitability
of the medial prefrontal cortex (mPFC) neurons (46).
According to our results, the decrease in BDNF and TrkB
levels implied that the beneficial effects of the BDNF/
TrkB signaling pathway on the E2-induced enhancement
of excitability and spine plasticity might be attenuated
at 4 and 8 weeks post-OVX. However, the onset of this
decrease in BDNF and TrkB levels preceded the beginning
of hippocampus-dependent memory impairment. Our study
also found a decrease in autophagy levels in OVX mice at
8 weeks after surgery. Notably, this decrease corresponded
to the time point at which the OVX mice exhibited
memory impairments in the NOR and MWM tests, but
it was significantly after the BDNF levels decreased.
We speculated that the preexisting alteration of BDNF
levels at 4 weeks post-OVX might affect the autophagy
process. In fact, studies have found a relationship between
BDNF and autophagy. One previous study demonstrated
that autophagy-associated proteins and BDNF were
both upregulated following fluoxetine treatment in
an unpredictable chronic mild stress mouse model of
depression (47). With the treatment of BDNF in BMECs
under hyperglycemia, the LC3II protein levels increased
and the p62 levels decreased, indicating that the blockage
of autophagy induced by hyperglycemia was alleviated by
BDNF (48). Hence, we presumed that the downregulation
of the BDNF/TrkB signaling pathway in our study led to
autophagy suppression revealed by the decrease in ULK1
and LC3II/LC3I levels in the hippocampus, which further
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affected the memory function.
In conclusion, memory impairment may be induced
in mice as early as 4 weeks post-OVX, but there is a
possibility of memory rebound with the prolongation of
estrogen deprivation, as 8 weeks of estrogen deprivation
was more likely to induce hippocampus-dependent memory
impairment. Since the BDNF level in the hippocampus
decreased immediately after OVX, this protein might be
a crucial biomarker for the further prediction of memory
impairment induced by estrogen deficiency.
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