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Abstract

The decrease of estrogen is a common cause of menopausal depression, but there is still a lack of effective drugs with no side effects. Previous studies have shown that resveratrol,
as a natural extract of polyphenols, has antidepressant effects in a variety of depression models, but the effect and mechanism of resveratrol on menopausal depression are unclear.
In this study, B6.Cg-TgN (Thy-YFP-H)-2Jrs transgenic mice were ovariectomized combined with chronic restraint stress (OVX-CRS) to establish a model of menopausal depression. The
antidepressant effect of resveratrol was evaluated by tail suspension test (TST), forced swimming test (FST), sucrose preference test (SPT) and novel inhibition feeding test (NSFT). Using
the characteristic expression of yellow fluorescent protein (YFP) in excitatory neurons of transgenic mice, the effects of resveratrol on the density of dendrites and dendritic spines
were evaluated by three-dimensional imaging technique. BDNF, cofilin1 and p-cofilin1 were quantitatively analyzed by qPCR or/and immunofluorescence quantification to explore the
effects of resveratrol on synaptic plasticity in hippocampus and medial prefrontal cortex (mPFC) and its mechanism. The results revealed that CRS significantly increased the immobility
time in TST, prolonged the feeding latency and reduced the food intake in NSFT, and decreased the sucrose consumption in SPT. Simultaneously, treatment with resveratrol significantly
improved depression-like behaviors. In addition, resveratrol significantly increased the density of dendrites and dendritic spines in hippocampus and mPFC, augmented the density
of filopodia-type spines and thin-type spines in hippocampal CA1, and upregulated the density of thin-type spines in mPFC. Consistent with these changes, resveratrol treatment
significantly increased the density of p-cofilin1 immunoreactive dendritic spines and the mRNA level of BDNF in these brain regions. The results suggest that although there are some
sex differences in the efficacy and antidepressant mechanism of resveratrol based on neuronal plasticity, resveratrol, the results of which are similar to those in the male model of
depression, can improve the synaptic plasticity in the corresponding brain regions by upregulating BDNF levels, enhancing the phosphorylation of cofilin 1, increasing the density of

dendrites and dendritic spines in the hippocampus and mPFC, and ultimately alleviating menopausal depression-like behaviors.

INTRODUCTION

Major depressive disorder (MDD) is one of the leading causes
of disability and death worldwide, with its incidence varying
widely across genders, with women often twice as high as men
[1]. In addition, women are four times more likely to have MDD
recurrence than men [2], and women exhibit higher symptom
severity, greater dysfunction, less typical depressive symptoms,
and higher rates of anxiety comorbidities [3,4]. Studies have
shown that the high incidence of depression in women is closely
related to the changes of hormone levels in the body during
periods such as pregnancy and menopause [5]. However, there
is a lack of effective drugs for female depression. Although
hormone replacement therapy (HRT) can reduce the severity
of depression in menopausal women, it can also increase the

incidence of cardiovascular disease and cancer [6]. Therefore, it
is very important to develop and study the antidepressant effects
and mechanisms of natural medicinal plant compounds with
estrogen-like effects without side effects [7].

Resveratrol (3, 4, 5-trihydroxystilbene) is a polyphenolic
compound extracted from knotweed and is also widely found
in the peels of plants such as grapes. There is growing evidence
that resveratrol can relieve mood disorders [8]. In animal
model studies, resveratrol has been found to have estrogen-
like antidepressant effects and neuroprotective effects [9,10].
Further studies have shown that resveratrol can activate estrogen
receptors in the female brain and regulate synaptic plasticity
by increasing the density of dendrites and dendritic spines of
CA1 pyramidal cells, especially in the hippocampus and medial
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prefrontal cortex (mPFC) [11]. Resveratrol can also improve the
memory and emotional function of aged rats by inhibiting chronic
inflammation and increasing neurogenesis [12,13].

Previous our researches have shown that in a mouse model
of depression, there are many similarities and significant
differences between the sexes in the effects of chronic constrain
stress on neuronal plasticity [14,15]. We have investigated the
antidepressant efficacy of resveratrol and its antidepressant
mechanisms based on neuronal plasticity in a male mouse
model of depression [14]. In the present study, we constructed
a mouse model of menopausal depression by ovariectomy
plus chronic restraint stress [15], and investigated the effect of
resveratrol on the behavior, mood-related brain region of the
mPFC and hippocampus and its regulatory signaling pathway
BDNF-cofilin1, in order to explore the antidepressant effect and
mechanism of resveratrol on menopause.

MATERIALS AND METHODS
Drugs and Chemicals

Resveratrol  (3,4',5-Trihydroxystilbene,>  98%)  was
purchased from Baoji Fang Sheng biological development co.,
LTD (Baoji, China). The chemical structures are shown in Figure
1. Cofilin1 (sc-53934) and p-cofilin1 (sc-12912-R) antibodies and
DAPI were purchased from Santa Cruz Biotechnology (Shanghai,
China). Other chemicals were purchased from Sigma-Aldrich
(Shanghai, China).

Animals and Ethical Approval of the Study

Adult female B6.Cg-TgN (Thy-YFP-H)-2Jrs (20 to 25-g)
transgenic mice, which were purchased from The Jackson
Laboratory (stock number 003782) and bred in the Animal
Facilities at the University of Science and Technology of China
(USTC), were friendly granted from Professor Jiang-Ning Zhou
of USTC. The fluorescent protein (eYFP+) from these transgenic
mice was constitutively expressed under the Thyl gene
promoter and was distributed in the neuronal soma, axons, and
dendrites in many brain regions, including the hippocampus
and mPFC [16,17]. Animals were housed under controlled
environmental conditions, a 12 h dark/light cycle at 22 * 2°C
and allowed free access to rodent diet and water. Animals were
performed in accordance with the Guidelines of the Regulations
of Experimental Animal Administration published by the State
Committee of Science and Technology of the People’s Republic
of China on November 14, 1988. The protocols used in this study
were conducted with the approval of the Animal Use and Care
Committee of Anhui Normal University (AHNU-ET2021025).

Figure 1 Molecular structure diagrams of resveratrol.

Surgery and Chronic Restraint Stress

Before starting the study, animals about 8 weeks old were
adaptively housed in pairs in a normal clear plastic cage in
a temperature and humidity suitability environment for 14
days. The female mices were anesthetized with 1% carbrital
(intraperitoneally), and bilateral ovariectomy (OVX) was
performed via small dorsal flank incisions and subsequent
removal of ovaries under aseptic condition [18,19]. After surgery,
the wound was topically treated with antibiotic spray to prevent
infection, and mice were kept warm until they recovered from
anesthesia.

Chronicrestraint stress performed 14 days after ovariectomy.
The protocol was performed as previously described [20,21]. In
short, animals were individually placed head-first into a well-
ventilated 50 ml polypropylene conical tube, which was plugged
with a 3-cm-long middle tube, and finally tied with a cap of the
50 ml tube. The animals were restrained for 2 h every day for
14 days. After each session of restraint stress, the animals were
returned to their home environment, where they were housed
in pairs in standard plastic cages and accessed to food and water
available ad libitum.

Grouping and Antidepressant Treatments

A total of 30 female mice (15 in each group) were randomly
separated into two groups: chronic restraint stress group (CRS),
resveratrol treatment group [RES, 100 mg/kg/d, dissolved in
5% (g/ml) carboxymethylcellulose sodium and administered by
intragastric gavage (i.g.)]. Volume-matched vehicle was served as
CRS. One hour before the restraint stress, the intragastric gavage
was performed. Daily experiments took place between 9 am and
4 pm. An outline of the study procedures and time intervals is
given in Figure 2.

Behavioral Tests

All behavioral tests were performed under the lighting
conditions of 70 Ix (Shadowless lights) by experimenters blinded
to the treatment information.

Sucrose Preference Test (SPT): The SPT was performed
using the method as described previously [22,23]. In brief, before
the experiment testing, the mice were deprived of food and water
for 24 hours and then given to two bottles of a 2% sucrose solution
to acclimate. The second day, one of the 2% sucrose bottles was
replaced with tap water. When the experiment testing, mice
housed in individual behavioral cages were given two bottles
with 60 ml tap water and 60 ml of a 2% sucrose solution over

0 14 28 4|2 4|3
T

Day +— Sacrifice

SPT, NSFT, TST, FST

Figure 2 Schematic diagram of depression models, treatment, and behavioral
test. OVX, ovariectomy; CRS, chronic restraint stress; RES, resveratrol; SPT,
sucrose preference test; NSFT, novelty-suppressed feeding test; TST, tail
suspension test; FST, forced swim test. The mice were sacrificed on the 46th day.
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a 24 h period. The position of the water and sucrose solution
bottles was switched every 12 h to avoid location preference
after testing. The percentage [sucrose intake/(sucrose intake
plus water intake)] was represented as the sucrose preference.

Novelty-Suppressed Feeding Test (NSFT): NSFT was
performed following the procedure described in previous
literature [21]. Shortly, after 24 h food deprivation (water was
provided ad libitum), animals were assayed using the novelty-
suppressed feeding (NSF) test. A single 2 x 2 cm oval food pellet
was placed on a circular piece of white filter paper (150 mm
diameter) positioned in the center of an open field (40 x 40 x
40 cm). Each mouse was placed in a corner of the open field. The
latency (for no more than 15 minutes) to first bite the chow pellet
and consumption biting the pellet was recorded. Immediately
after the mouse began to bite the pellet, the animal was placed in
its home cage along with a weighed food pellet for 30 min. At the
end of this period, the amount of food consumed was determined
by weighing the food pellet, serving as a control for change in
appetite as a possible confounding factor. Anxiety was assayed
by the time of latency to the first bite of the food pellet [21]. At the
end of each experiment, the open field was thoroughly cleaned
with 70% ethanol.

Forced Swimming Test (FST): The FST was performed as
previously reported by Seo et al. [20]. This behavioral test was
widely used for evaluating the antidepressant potential of current
and novel molecules in experimental pharmacological studies
[23,24]. Briefly, the mice were individually placed in a cylindrical
container (30 cm height x 16 cm diameter), containing of water
at 25+ 1°C and a depth of 14 cm. The FST lasted for 6 min, and the
last five min were recorded as the session. Then, animals were
dried and returned to their home cages. After each testing, the
cylindrical container is cleaned and filled with fresh water for the
next testing.

Tail suspension test (TST): Mice were subjected to the TST
using the method described by Seo et al. [20]. In the experiment,
mice were suspended individually by their tails from a metal rod
fixed 50 cm above the surface of a table in a test room. The tip of
the tail was fixed using adhesive tape. The mouse was suspended
by the tail for six min, and the immobility time was counted
during the last five min. Chronic restraint stress, treatments and
the behavioral testing schedule are shown in Figure 2.

Tissue preparation

Following the behavioral tests, the mice were deeply
anesthetized with 1% carbrital and perfused transcardially
with 0.9% saline followed by euthanasia via decapitation. The
brains of five mice from each group were isolated and sectioned
coronally at a thickness of 20 um using a Leica cryostat (Leica
Biosystems Inc., Buffalo Grove, IL, USA). The brain sections were
used for the dendritic morphological and immunohistochemical
analyses. The hippocampus and mPFC tissues isolated from other
mice (10 mice each group) were frozen in liquid nitrogen and
stored at-80 - C until used for qPCR.

Image Analysis and Quantification of Dendrites

The images were acquired by laser scanning confocal
microscope (OLYMPUS FV1000) and analyzed by Image]
software. Using serial sections between Bregma-2.54 mm and
-3.88 mm for the ventral hippocampus (VHPC) and between
Bregma +2.22 mm and +1.98 mm for the mPFC, one of every
four sections was selected for analysis. No less than three fields
of view were randomly selected for the statistical area in each
section. The percentage of the field of view covered by dendrites
was measured to estimate the dendritic density [25].

Classification and Counting of Dendritic Spines

The analysis of dendritic spine density and classification was
primarily based on the methods described in previous literature
[26,27]. Briefly, using serial sections between Bregma-1.22 mm
and-2.54 mm for the hippocampus or between Bregma +2.22
mm and +1.98 mm for the mPFC, one of every six sections was
selected for analysis. No less than three fields of view (6 x 60
objective) for each region tested were randomly selected to
count the p-cofilinl immunopositive dendritic spine density
that was determined as the percentage of the field of view
covered by p-cofilinl immunopositive dendritic spines. The
three areas tested included the apical proximal dendrites (less
than 50 pm from the center of the neuronal body), apical distal
dendrites (greater than 150 um from the center of the neuronal
body), and basal dendrites in the hippocampal CA1 and mPFC.
Secondary or tertiary dendritic segments of pyramidal neurons
were selected to evaluate the density of four types of dendritic
spines. A minimum of three neurons were used for analysis in
each section, and the total length of the dendritic segments was
greater than 300 pm. Z-stacks of dendrites (up to 80 um total on
the Z-axis, with an optical section thickness of 0.5 mm, i.e., 160
images per stack) were obtained at a 6 x 60 magnification using
an OLYMPUS FV1000 confocal microscope. An IMARIS 7.2.3
system (Andor Technology; Belfast, Northern Ireland) was used
to reconstruct the z-stacks into 3D models for analysis. Using
customized settings based on spine parameters as previously
described [26,28,29], the IMARIS Filament Tracer module was
used to detect, quantify, and characterize the spine structures
[Table 1].

Quantitative Real-time Polymerase Chain Reaction
(qPCR)

Total RNA was extracted from hippocampal and mPFC tissues
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The isolated
equal amounts of RNA was reverse transcribed into cDNAs using

Table 1: Classification of spine morphology using IMARIS software

Type Parameters

Filopodia

Filopodia Mean width (head) <= mean width (neck)

Mean width (neck)*2 < length (spine) AND Max width (head)
>=mean width (neck)

Long-Thin spines

Stubby spines Length (spine) < 1
Mean width (head) > mean width (neck)AND Length spine <

3um

Mushroom spines
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the FastQuant RT Kit according to instructions (Tiangen, Beijing,
China). Amplification and real-time detection were performed
by an IQ5 instrument (Bio-Rad, Hercules, CA, USA) with the
SuperReal PreMix Plus reagents (Tiangen). Briefly, The improved
four-step thermal cycler protocol was used, which consisted of
95°C 5 min; 95°C 30s, 60°C 30 s, 72°C 20 s, for 40 cycles; Melt
Curve 65°C 5's, 95°C 5 s, 72°C 3 min, followed by 4°C. Relative
quantitative analysis of the final values was normalized to GAPDH
levels by using the 2-AACt method. The primers sequences for
cofilin1l and GAPDH (an internal reference) were listed in Table
2. Hippocampal and mPFC tissues of five mice each group were
used for qPCR quantification.

Statistical Analysis

All data are presented as means * standard error of the
mean (SEM). All analyses were performed using the Statistical
Package for the Social Science (SPSS) software version 22.0.
Using the Levene test for homogeneity of variance, data with a P
value greater than 0.05 were analyzed parametrically, and data
with a P value less than 0.05 were analyzed non-parametrically.
Parametric data were analyzed using independent-samples
T test. Non-parametric data were analyzed using the Mann-
Whitney U test. In all tests, the criterion for statistical significance
was P <0.05. GraphPad Prism 8 was used for the production of all
statistical graphs.

RESULTS

Effects of Resveratrol on the Depression-Like
Behaviors

The Mann-Whitney U test showed the sucrose consumption
in RES mice was more than that in CRS mice in SPT (P < 0.01)
[Figure 3A]. Independent-samples T test revealed a significant
difference between groups in NSFT (P < 0.05) [Figure 3B] and
TST (P < 0.001) [Figure 3C]. Compared with CRS, resveratrol
treatmentdid notresultin a significant decrease in the immobility
time in FST (P > 0.05) [Figure 3D].

Effects of Resveratrol the Density of Dendrites in
mPFC and Hippocampus

In mPFC, Independent-samples T test revealed that
resveratrol treatment generated a significant upregulation in
the dendrite density in basal area (P < 0.001) [Figure 4D], apical
proximal area (P < 0.001) [Figure 4E], and apical distal area (P <
0.001) [Figure 4F].

Table 2: The primer sequences used for quantitative real-time polymerase chain
reaction

Target gene Primer sequence (5’-3’)

F:GCAACCTATGAGACCAAGGAGAG

Cofilin1 143

R: CTTCTTGATGGCATCCTTGGAGC

F:TGGAACTCGCAATGCCGAACTAC

BDNF 88

R:TCCTTATGAATCGCCAGCCAATTCTC
F: AACTTTGGCATTGTGGAAGG

R: CACATTGGGGGTAGGAACA 94

PCR products/bp

GAPDH

In hippocampus, Independent-samples T test showed that
there was a significant difference beween CRS and RES in CA1
(basal area: P < 0.001; apical proximal area: P < 0.001; apical
distal area: P < 0.001) [Figures 5D-F], CA3 (basal area: P < 0.001;
apical proximal area: P < 0.001; apical distal area: P < 0.001)
[Figures 5G-I], and DG (basal area: P < 0.001; apical proximal
area: P < 0.001; apical distal area: P < 0.001) [Figures 5]J-L].

Effects of Resveratrol on the Density of Dendritic Spines in
mPFC and Hippocampus

As shown in Figure 6A and B, the slice views and their traces
at the apical distal dendritic segments showed the density and
morphology of dendritic spines in mPFC from CRS and RES,
respectively.

Independent-samples T test showed that there were
significant differences in the density of dendritic spines between
groups in basal dendrites (P < 0.01) [Figure 6C], apical proximal
dendrites (P < 0.001) [Figure 6H] and apical distal dendrites (P
< 0.001) [Figure 6M]. In four types of dendritic spines, treatment
with resveratrol significantly caused an upregulation of the
density of dendritic spines observed only in the thin type (P <
0.01) [Figure 6]] and stubby-type (P < 0.01) [Figure 6K] dendritic
spines in the apical proximal dendrites. No difference of dendritic
spine types was found in the basal [Figures 6D-G] and apical
distal dendrites [Figures 6N-Q] as well as in the filopodia-type
[Figure 61] and mushroom-type [Figure 6L] dendritic spines in
the apical proximal dendrites in mPFC.

Figures 7A and B showed the slice views and their traces at
the apical distal dendritic segments in the hippocampal CA1 from
CRS and RES, respectively. Independent-samples T test indicated
that resveratrol treatment formed a significant increased density
of dendrites in all hippocampal areas tested (basal dendrites, P
< 0.01, [Figure 7C]; apical proximal dendrites, P < 0.001, [Figure
7H]; apical distal dendrites, P < 0.001, [Figure 7M]. There was a
significant difference between groups detected in the filopodia
type in the basal dendrites (P < 0.05) [Figure 7D] as well as in
the thin type (P < 0.01) [Figure 70] and stubby type (P < 0.001)
[Figure 7P] in the apical distal dendrites. In other hippocampal
areas tested, there was no significant difference between CRS and
RES in the dendritic spine density of different types [Figures 7E-
G, 7I-L, 7N and Q].

Effects of Resveratrol on Cofilinl in mPFC and
Hippocampus

In mPFC, cofilin1 immunoreactivity was mainly distributed in
the inner peri-membrane in CRS [Figure 8A], but was diffusively
distributed mainly in the cytoplasm and nucleus, also rarely in
some process, in RES [Figures 8B,E and F]. Independent-samples
T test showed that no difference between CRS and RES was
detected in the levels of cofilinl using qPCR quantification (P
> 0.05) [Figure 8K]. Immunoreactivity of p-cofilinl was mainly
distributed in the nucleus in both RES and CRS [Figures 8C,D,G
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and H]. P-cofilin1 in RES showed stronger immunofluorescence
intensity and more immunopositive cells than that in CRS
[Figures 8C and D]. Independent-samples T test revealed that
the p-cofilinl immunofluorescence positive dendrite/dendritic
spine density in RES was higher than in CRS in all hippocampal
areas tested, including the basal dendrites (P < 0.05) [Figure 8L].
apical proximal dendrites (P < 0.05) [Figure 8M], and apical distal
dendrites (P < 0.05) [Figure 8N].

In hippocampus, immunofluorescence revealed that cofilin1l
immunoreactivity was found in the nucleus, cytoplasm, and
process [Figures 9A and B]. Among these cofilinl immunopositive
cells, in the CRS, more cells showed cofilinl immunopositive
distribution in the inner peri-membrane [Figure 9A]; in the RES,
more cells showed cofilinl immunopositive diffuse distribution
in the cytoplasm [Figures 9B, E, and F]. Immunoreactivity of
p-cofilinl was mainly distributed in the nucleus in both RES
and CRS [Figures 9C and D]. P-cofilin1 in RES [Figures 9D, G and

H] showed stronger immunofluorescence intensity and more
immunopositive cells than that in CRS [Figure 9C]. Independent-
samples T test showed that between CRS and RES, no obvious
difference was detected in cofilinl mRNA levels (P > 0.05)
[Figure 9K], but significant differences were found in the density
of p-cofilinl immunopositive dendritic spines observed in basal
dendrites (P < 0.01) [Figure 9L], apical proximal dendrites (P <
0.05) [Figure 9M], and apical distal dendrites (P < 0.05) [Figure
9N].

Effects of Resveratrol on BDNF mRNA in mPFC and
Hippocampus

The qPCR quantitative study showed that the BDNF mRNA
levels in the mPFC (P < 0.05) [Figure 10A] and hippocampus (P
< 0.05) [Figure 10B] were significantly higher in the resveratrol-
treated group than in the CRS group.
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apical proximal dendrites, and apical distal dendrites were shown in (D-G), (I-L), and (N-Q), respectively. Data was expressed as the means + SEM (n = 5). *P < 0.05,

**P < 0.01, ***P < 0.001 versus CRS.

DISCUSSION

In order to deeply understand the pathogenesis of MDD
and develop drugs to treat the disease, the animal model of
MDD is essential [30,31]. However, due to the heterogeneity of
depression, there is currently a lack of recognized genetic animal
models. Most of the animal models of depression are induced
by stress, including chronic restraint stress [20], chronic mild
unpredictable stress [32], chronic social frustration model [33]
and so on. When constructing animal models of menopausal
depression, some models were constructed with OVX [34,35],
some with OVX+CRS [15], and some with OVX+CUMS [36]. In
the previous study, we successfully constructed the model of
menopausal depression with OVX+CRS [15]. The grouping in
this study, with OVX as the control, the difference between the
RES group and the CRS group can be regarded as the effect
of resveratrol treatment in alleviating CRS stress-induced
treatment.

Numerous clinical studies have confirmed that the incidence
of depression in women is nearly twice as high as that of men
at all ages [37-39]. The reasons for the sex difference can
be multifaceted and may include depression-related gene
expression, neuroplasticity, and immune signatures [39-41], as
well as some biomarkers of depression such as BDNF and genetic
polymorphisms associated with risk for depression [39,42,43].
However, the exact reasons for the sex difference are unclear.

Accumulating evidence has shown that chronic stress or/and
psychosocial trauma-induced neuronal plasticity injury, which
can be achieved by altering the BDNF-coffilin1 pathway [44,45],
may be one of the key mechanisms of depression pathogenesis
[23,46-49]. However, there are few studies on the sex differences
in the pathogenesis, and some results are often inconsistent and
contradictory. Studies have revealed that depression is strongly
associated with multiple brain regions such as hippocampus and
mPFC [15,50-56].
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Image] software. Quantification of cofilin1 by qPCR was presented in (K). The effects of resveratrol on the density of p-cofilin1 immunopositive dendritic spines in the
basal area, the apical proximal area and the apical distal area were counted in (L), (M), and (N), respectively. Scale bar in (D) represents 20 um. Data was expressed
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In mPFC, postmortem studies of individuals with MDD have
demonstrated a reduction in the size of pyramidal neurons in
the dorsal lateral PFC [15,29]. In rats, the dendritic arbors of
pyramidal neurons of mPFC are less complex in normal adult
females than in males [53,57-59]. In male rats, chronic stress
can cause atrophy of mPFC neuronal apical dendrites [53,57,60-
68]. Animal model studies have indicated that in mPFC, chronic
stress can reduce the length and number of branches of the
apical dendrites in males, and increase the length of branches

of the apical dendrites in females, while chronic stress has no
significant effect on the length and number of branches of the
basal and apical dendrites in OVX rats [57]. Our previous studies
have shown that chronic restraint stress for 2 weeks (2 hours/
day) can significantly reduce the density of mPFC dendrites
and dendritic spines in male mice [14], and can also reduce the
density of mPFC dendrites and dendritic spines in OVX mice [15],
but there are significant differences between male and OVX mice
in the effect of CRS on dendritic spine types. Chronic restraint

J Neurol Disord Stroke 11(3): 1223 (2024)

9/15



@SCiMedCemrai

Xu H, et al. (2024)

-
=

-3
@
3

ik

IS
'S
H

Y]
~
h

o
o

Relative mRNA levels of cofilin1

CRs RES
Hippocampus

@

@

S

o

=]

CRS RES CRS

Basal area of CA1

% area of pcofilini-positive spines
% area of pcofilin1-positive spines

CRS RES
Apical distal area of CA1

RES
Apical proximal area of CA1

% area of pcofilin1-positive spines

Figure 9 Effects of resveratrol on the expression level and distribution of cofilin1 and p-cofilin1 in hippocampus. (A) and (B) showed cofilin1 distribution from CRS
and RES. (C) and (D) displayed the distribution of p-cofilin1 in CRS and RES, respectively. The florescence intensity profile plots (F) are shown by the white line across
the neuron in (E) indicated by the arrow in (B). The florescence intensity profile plots (H) are shown by the white line across the neuron in (G) indicated by the
arrow in (D). No co-location with p-cofilin1 positive red fluorecence and YFP positive red fluorescence was found in the dendritic arborization and dendritic spines
(D). (J) was from (I) by removing the green fluorescence and processing with Image]J software. Quantification of cofilin1 by qPCR was presented in (K). The effects of
resveratrol on the density of p-cofilinl immunopositive dendritic spines in the basal area, the apical proximal area and the apical distal area were counted in (L), (M),
and (N), respectively. Scale bar in (D) represents 20 pm. Data was expressed as the means + SEM (n = 3). *P < 0.05, **P < 0.01 versus CRS.

stress had no significant effect on the density of different types
of dendritic spines in the mPFC of male mice [14], but CRS could
significantly reduce the density of thin-type dendritic spines in
basal, apical proximal and distal dendrites, as well as the density
of mushroom-type dendritic spines in apical proximal and distal
dendrites in the mPFC of OVX mice [15]. In addition, CRS could
change the distribution of cofilin1 in neurons of mPFCboth in male
and OVX mice, i.e., in the control mice, coflinl immunoreactivity
was difusively distributed mainly in the cytoplasm and nucleus,
also rarely in some process; in the depression model mice,

coflinl immunoreactivity was mainly distributed in the inner
peri-membrane. However, in the mPFC of male mice, p-coflinl
in control group showed stronger immunofuorescence intensity
and more immunopositive cells, and higher expression levels,
which were demonstrated by western blot, than that in
depression model group [14]. In contrast, in the mPFC of OVX
mice, no significant difference in p-cofilin1 levels and p-cofilin1-
immunopositive dendritic spine density was found between
control group and depression model group [15].
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In hippocampus, postmortem brain tissue studies revealed
a significant reduction in neuronal cell body size and neuropil
in MDD [15,48,69]. In rats, CRS reduced the density of dendritic
spines of pyramidal neurons in the CA3 in females, but had no
effect in males, while CRS reduced the density of dendritic
spines of pyramidal neurons in the CA1 [57,70], and minished
the apical dendritic arborization of pyramidal neurons in the
CA3 in males, but had no significant effect in females [39,71].
Our previous studies showed that, similar to the situation in
mPFC, CRS for 2 weeks (2 hours/day) significantly reduced the
density of hippocampal dendrites and dendritic spines in male
mice [14], and also reduced the density of hippocampal dendrites
and dendritic spines in OVX mice [15], but there were significant
differences between male and OVX mice in the effect of CRS on
dendritic spine types. Chronic restraint stress only significantly
reduced the density of stubby-type dendritic spines in the basal
dendrites of CA1 in male mice [14], but reduced the density of
filopodia-type dendritic spines in the basal and apical distal
dendrites as well as the density of thin-type dendritic spines in
apical distal dendrites of CA1 in OVX mice [15]. There were also
obvious sex differences in the effects of CRS on the distribution of
coflinl immunoreactivity in hippocampal neurons. In male mice,
in the control group, more cells showed coflinl immunopositive
distribution in the inner peri-membrane; in the model group,
more cells showed coflinl immunopositive difuse distribution in
the cytoplasm [14]. However, in OVX mice, both in the control
and model group, cofilinl was distributed diffusely in the
cytoplasm, nucleus, and processes in the pyramidal neurons. In
addition, distribution of cofilin1 in dendrites was uniform and
continuous in control mice, but exhibited an uneven distribution
in model mice, in which some dendritic segments lacked cofilin1
labeling [15]. On the other hand, there was no significant
difference in the p-coflinl immunopositive distribution between
sexes, which was mainly distributed in the nucleus, but the
phosphorylation level of coflinl was significantly different

between sexes. In male mice, CRS remarkably downregulated the
p-coflinl immunofuorescence intensity and expression level in
the hippocampus [14], while in OVX mice, CRS only significantly
decreased the p-cofilin1l immunopositive dendritic spine density
in the CA1 [15]. Our results suggest that the neuroplasticity
mechanism of depression has many similarities and significant
differences between genders.

At present, there is still a great controversy in the research
on the efficacy of depression drugs. Most studies suggest that
there is a difference between the sexes, or that women are
better than men [72-81], or that men are better than women
[72,80,82-84], although there are also studies that say that there
are no differences between the sexes [72,78,85-95]. A growing
number of animal studies have shown antidepressant efficacy of
resveratrol [96-100], but these studies are based on male rodent
models. One randomized placebo-controlled study showed that
supplementing with equol and resveratrol can improve some
symptoms in menopausal women [101]. In the early study, we
showed that resveratrol significantly alleviated depressive-
like behaviors in male mice induced by CRS [14]. The results
of this study revealed that in the mouse model of menopausal
depression induced by OVX plus CRS, three of the same four
behavioral assessments were similar to those of the male model
of depression, i.e., resveratrol increased the sucrose consumption
in SPT, shortened the latency time in NSFT, and decreased
the duration of TST immobility, but one was different, that is,
resveratrol did not significantly reduce the immobility time in
the FST. Our results suggest that there are also some differences
in the efficacy of resveratrol antidepressants between genders.

The pharmacological mechanism of depression can be
roughly divided into two categories: one is the mechanism
study of the current monoamine drugs against different target
hypotheses, and the other is the antidepressant mechanism of
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potential antidepressant drugs [39-41]. However, studies on
sex differences in these antidepressant mechanisms are rare.
Accumulated evidence shows that resveratrol can achieve
antidepressant efficacy through a variety of pathways, such as
anti-oxidant, anti-inflammatory, and anti-apoptotic effects, etc
[96-100]. In terms of the mechanism of neuronal plasticity in
depression, our previous studies showed that in a mouse model
of male depression, resveratrol significantly increased the
density of dendrites and dendritic spines in the CA1 and mPFC,
and increased the density of stubby-type dendritic spines in
basal dendrites in the CA1, but had no significant effect on the
density of dendritic spines in the mPFC. In addition, resveratrol
altered the coflinldistribution in hippocampus and mPFC. In the
hippocampus, resveratrol can change the more cells showing
coflinl immunopositive difuse distribution in the cytoplasm into
the more cells showing coflinl immunopositive distribution in
the inner peri-membrane. In mPFC, the distribution was opposite
to that in the hippocampus. Moreover, resveratrol can increase
the phosphorylation levels of coffilinl and BDNF expression
levels both in hippocampus and mPFC [14]. In the present study,
in a mouse model of menopausal depression induced by OVX plus
CRS, resveratrol significantly increased the density of CA1 and
mPFC dendrites and dendritic spines and increased the density
of filopodia-type dendritic spines in the basal dendrites and
thin-type and stubby-type dendritic spines in the apical distal
dendrites in CA1, as well as increased the density of thin-type
dendritic spines in the apical proximal dendrites, but decreased
the density of stubby-type dendritic spines in the apical proximal
dendrites in mPFC. Simultaneously, resveratrol can change
the distribution of cofilinl in neurons. Both in hippocampus
and mPFC, resveratrol treatment can change the more cells
showing cofilinl immunopositive distribution in the inner peri-
membrane into the more cells showing cofilinl immunopositive
diffuse distribution in the cytoplasm. In addition, resveratrol
cannot significantly alter the mRNA levels of cofilinl in
hippocampus and mPFC, but it can significantly increase the
density of p-coffilin1l immunopositive dendritic spines and BDNF
expression levels in these brain regions. Our results suggest
that there are many similarities and some differences between
sexes in the antidepressant mechanism of resveratrol based on
neuronal plasticity.

CONCLUSION

In conclusion, although there are some sex differences in
the efficacy and antidepressant mechanism of resveratrol based
on neuronal plasticity, our study suggests that resveratrol
may reduce the loss of dendrites and dendritic spines in the
hippocampus and mPFC of mice through the BDNF-cofilinl
signaling pathway, thereby alleviating depressive-like behavior
in mice.
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