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A B S T R A C T

Perimenopause is characterized by a gradual depletion of ovarian follicles with increased vulnerability to an-
xiety. However, the underlying mechanisms remain poorly understood. Herein, we show that chronic exposure
to 4-vinylcycloxene diepoxide (VCD) in adult female mice (VCD-mice) caused follicles depletion and decline of
serum estradiol (E2) and progesterone levels. Serotonin (5-HT) synthesis in dorsal raphe nucleus (DRN) and
serotonergic afferents to basolateral amygdala complex (BLA) were reduced in VCD-mice, which were recovered
by the supplement E2. VCD-mice appeared anxiety-like behaviors, which was relieved by the treatment with E2
or the co-administration of 5-HT1Ar agonist 8-OH-DPAT and 5-HT2A/Cr agonist DOI. The bath-application of 8-
OH-DPAT in the slices obtained from VCD-mice (VCD-slices) corrected the increase in presynaptic glutamate
release at external capsule-BLA synaptic transmission. Threshold to induce NMDA receptor (NMDAr)-dependent
long-term potentiation (LTP) was declined in VCD-mice with elevation of CaMKII phosphorylation, which was
sensitive to 8-OH-DPAT. Notably, the bath-application of 8-OH-DPAT in VCD-slices caused a decrease in the
GABAergic feedback inhibition, which was restored by adding DOI. In addition, NMDAr-independent long-term
depression (LTD) could not be induced in VCD-mice, which was rescued by the co-application of 8-OH-DPAT
with DOI or the GABAA receptor agonist muscimol. Furthermore, the treatment of VCD-mice with E2 could
prevent the facilitation of LTP and recover the LTD induction. Thus, the results indicate that the 5-HT deficiency
in the BLA of VCD-mice causes the facilitation of LTP via enhanced glutamate release and impairs the LTD
induction through diminished GABAergic inhibition, leading to anxiety-like behaviors.

1. Introduction

Perimenopause, a transition period from reproductive (pre-
menopause) to non-reproductive (postmenopause) life in women
(Harlow et al., 2012), is characterized by a gradual depletion of ovarian
follicles leading to a dynamic and complex hormonal milieu and is
associated with increased vulnerability to anxiety (Bryant et al., 2012;
Prior, 2011). Several lines of evidence suggest that after puberty mental
disorders are most frequent during perimenopause (Deecher et al.,

2008). Although perimenopause has been considered to be a period
associated with increased risk for anxiety and mood symptoms in
women, the underlying mechanisms remain poorly understood.

Both epidemiological and clinical studies have consistently reported
that estradiol (E2) therapy is effective in attenuating many of perime-
nopausal symptoms, including mood disorders. Although the level of E2
is not reduced significantly at early perimenopause period (Santoro and
Randolph Jr., 2011), there is a significant decline of E2 level at late
perimenopause period (Burger et al., 1995; Santoro and Randolph Jr.,
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2011). Chronic exposure to 4-vinylcycloxene diepoxide (VCD) in ro-
dents specifically causes apoptosis of primary and primordial follicles to
model perimenopause in women (Mayer et al., 2002). The model of
perimenopause induced by VCD is termed the accelerated ovarian
failure (AOF) model (Brooks et al., 2016). There is increasing evidence
suggesting a relationship between anxiety and gonadal hormones
(Toufexis et al., 2006). The rat treated with VCD shows anxiety-like
behavior with a decline in plasma level of progesterone rather than E2
and corticosterone (Reis et al., 2014). Although VCD does not cross the
blood-brain barrier (Van Kempen et al., 2011), the treatment with VCD

in rats reduced remarkably the activity of tryptophan hydroxylase
(TPH), a rate-limiting enzyme in serotonin (5-HT) synthesis in the
dorsal raphe nucleus (DRN), and the level of serotonin in the amygdale,
which was recovered by the supplement of E2 (Pestana-Oliveira et al.,
2018). The serotonergic system has long been implicated in anxiety
disorders. For example, 5-HT1A receptor (5-HT1Ar) knockout mice
exhibited anxiety-like behaviors (Ramboz et al., 1998). Several lines of
evidence have indicated the anxiolytic-like effects of 5-HT and 5-HT
receptor agonists in human and rodents (Gleason et al., 2015; Waider
et al., 2011).

Fig. 1. VCD-accelerated ovarian failure in mice induces anxiety-like behaviors. (A) Experimental timeline. Horizontal arrow indicates the time (day) of VCD injection
and E2 administrated after stopping VCD; ↓: time of open-field test (OFT) and elevated plus-maze test (EPM) performance. (B) Representative pictures of ovaries
stained by HE in control mice and VCD-mice. Scale bars= 200 μm. (C–E) Bar graphs show the mean level of serum estradiol, progesterone and plasma corticosterone
in control mice and VCD-mice. *p < 0.05 and **p < 0.01 (Student's t-test). (F&G) Bars show the distance traveled (m) and the time spent in the central portion (%)
during the OFT in control mice and VCD-mice treated with E2. *p < 0.05 and **p < 0.01 (two-way ANOVA). (H) Bar graph shows the time spent in the open arms
of EPM (%). *p < 0.05 (two-way ANOVA).
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The anxiety-related behaviors are well known to enhance fear re-
sponse in aversive environments and to facilitate fear memory (Gross
et al., 2000). The basolateral nucleus of the amygdala (BLA) is con-
sidered to be a critical nucleus for fear responses in rodents and humans
(File et al., 1998; Zhang et al., 2017). Synaptic plasticity, long-term
potentiation (LTP) and long-term depression (LTD) in the BLA may
underlie the acquisition, consolidation and extinction of fear memories.
There are two major types of glutamatergic principal neurons and
GABAergic interneurons in the BLA. The fear memory formation de-
pends on the induction of LTP in the BLA principal neurons (Goosens
and Maren, 2002), while the production of LTD is thought to promote
the extinction of learned fear (Kim et al., 2007). Several laboratories
have demonstrated that the GABAergic system in amygdaloid networks
is involved in generating responses to fear-conditioned stimuli (Ehrlich
et al., 2009; Sangha et al., 2009). A large body of evidence has estab-
lished that the neuronal activity and synaptic plasticity in the BLA are
regulated by the feedforward and/or local feedback circuitry between
principal neurons and interneurons. The activation of presynaptic 5-
HT1Ar reduces glutamate release (Bobker and Williams, 1989). The 5-
HT2r agonist directly activates GABAergic interneurons in the BLA
(Rainnie, 1999). Therefore, it is of great interest to investigate whether
the VCD-reduced 5-HT in the BLA alters the excitation-inhibition cir-
cuitry to affect the induction of synaptic plasticity.

The aim of this study is to clarify the mechanisms underlying VCD-
accelerated ovarian failure to induce anxiety-related behaviors. We
investigated the influence of VCD-accelerated ovarian failure in the 5-
HT synthesis, the synaptic properties and plasticity in the BLA. We
further determined the association of the VCD-reduced 5-HT with the
alteration of synaptic properties and plasticity, and the production of
anxiety-related behaviors and explored the underlying mechanisms.

2. Materials and methods

2.1. Experimental animals

The procedures involving animals and their care were conducted in
conformity with the ARRIVE guidelines of Laboratory Animal Care
(Kilkenny et al., 2011). This animal study was approved by the In-
stitutional Animal Care and Ethical Committee of the Nanjing Medical
University. All animal experiments were performed in accordance with
the guidelines of the Laboratory Animal Research Institute of Nanjing
Medical University. Twelve-week-old female mice (28.8 ± 1.5 g) (ICR,
Oriental Bio Service Inc., Nanjing) were maintained in the Animal Re-
search Center of Nanjing Medical University (temperature 23 ± 2 °C,
humidity 55 ± 5%, 12:12 h light/dark cycle) with free access to food
and water. All mice were randomly assigned to 3 experimental groups.
(1) The behavioral tests and immunohistochemistry or RT-PCR analyses
were sequentially performed in the same cohorts. (2) The electro-
physiological tests were performed in other experimental groups. (3)
The Western blot analyses were performed after 10min of electro-
physiological conditioning stimulation.

2.2. Preparation of the accelerated ovarian failure (AOF) model

VCD (Sigma-Aldrich) was diluted in corn oil and administrated by
intraperitoneal injections daily at a dose of 160mg/kg (1.5 μl/g body
weight) for 20 consecutive days (Mark-Kappeler et al., 2011). The mice
were injected with corn oil at the same volume served as the control
group. By vaginal cytology at 0800–0900, estrous cyclicity was mon-
itored daily (Wang et al., 2018) to observe a prolongation of cycle
length during this time frame of impending ovarian failure (data not
shown). The mice at day 18 after the cessation of VCD or the control
mice at diestrus were anesthetized with an injection (i.p.) of pento-
barbital (50mg/kg) (Fig. 1A). Both dissected ovaries were fixed in
Bouin's fluid. The ovaries were dehydrated through a graded series of
alcohol, cleared in xylene, and then embedded in paraffin wax. The

ovaries sections (5 μm) were cut, then deparaffined and rehydrated. The
sections were stained with hematoxylin and eosin (HE). We observed
the ovaries sections using a conventional light microscope (Olympus
DP70, Japan) with a 40× objective.

2.3. Measurement of hormones

Orbital blood (~100 μl) was obtained from mice anesthetized with
chloral hydrate (400mg/kg, i.p.) at 1600–1700. Serum were separated
by centrifugation at 4 °C and stored at −80 °C until assayed. The
measurement of serum E2, progesterone (P4) and corticosterone using
commercial enzyme-linked immunosorbent assay (ELISA) kits (Uscn
Life Science Inc., Houston, TX, USA) was repeated 3 times. The intra
and interassay coefficients of variation were 6% and 5.8% for E2, 6.2%
and 11.8% for P4, 4.8% and 6.35% for corticosterone, respectively. The
lowest detectable levels were 4.45 pg/ml for E2, 0.47 ng/ml for P4 and
0.57 ng/ml for corticosterone.

2.4. Drug administration

The 5-HT1Ar agonist 8-OH-DPAT, the 5-HT1Ar antagonist WAY-
100635, and the 5-HT2r antagonist sarpogrelate were purchased from
MCE (Monmouth Junction, NJ, USA). The 5-HT1Br agonist CGS-
12066B maleate (CGS) and the 5-HT2A/Cr agonist 2,5-dimethoxy-4-
iodoamphetamine (DOI) was purchased from Tocris (Minneapolis, MN,
USA). The GABAA receptor (GABAAR) agonist muscimol, the GABAA

receptor (GABAAR) antagonist bicuculline methiodide (bicuculline), the
NMDA receptor (NMDAr) antagonist AP-V, the NMDAr channel blocker
MK801 were purchased from Sigma (St. Louis, MO, USA). These drugs
were dissolved in dimethylsulfoxide (DMSO) and then were diluted by
artificial cerebrospinal fluid (ACSF) (in mM: 124 NaCl, 2 CaCl2, 4.5 KCl,
1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose, pH 7.4) to a final
DMSO concentration of 0.1%. For in vivo treatment, the mice were
given daily the subcutaneous (s.c.) or intraperitoneal (i.p.) injection of
8-OH-DPAT (0.5mg/kg), CGS (10mg/kg) and DOI (2.5 mg/kg) (Khatri
et al., 2014; Li et al., 2010). The VCD-mice received a subcutaneous
implant of a Silastic capsule (Dow Corning, Midland, MI, USA) con-
taining 0.625 μg E2 (in sesame oil, Sigma-Aldrich Corp.) to produce a
physiological level of serum E2 (Wang et al., 2014). For the bath-ap-
plication of the slices, the slices were perfused with 8-OH-DPAT (5 μΜ),
WAY-100635 (40 nM), CGS (20 μΜ), DOI (10 μM), sarpogrelate (1 μΜ),
muscimol (10 μΜ), bicuculline (10 μΜ)，AP-V(50 μΜ) or MK801 (10
μΜ) (Chen et al., 2016; Itoh and Kajikuri, 2011; Jang et al., 2010;
Rainnie, 1999).

2.5. Behavior analysis

Open-field test (OFT) and elevated plus-maze test (EPM) were used
to evaluate spontaneous activity and anxiety-like behaviors spaced with
at least 24 h. The behavioral data were recorded by a video recorder
(Winfast PVR; Leadtek Research Inc., Fremont, CA, USA) and analyzed
using TopScan Lite 2.0 (Clever Sys, Reston, VA, USA).

2.5.1. Open-field test (OFT)
Each mouse was placed in a clear, open-top, square Plexiglas box

(60 cm×60 cm×40 cm) with 15 lx lighting and allowed to freely
explore for 5min. We measured the traveled distance and the time
spent in the center region of the arena (Dere et al., 2004).

2.5.2. Elevated plus-maze (EPM)
The maze consisted of two open arms painted white

(23.5 cm×8 cm×20 cm high) and two enclosed arms painted black
(23.5 cm×8 cm×20 cm high) with a 15 lx lighting (Gundersen et al.,
2013). The apparatus was raised to a height of 38.5 cm above the floor.
Mice were placed in the center area facing one of the open arms. In the
elevated pulse-maze test, the number of open arms entering and
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keeping time were recorded for 5min.

2.5.3. Forced swim test (FST)
Each mouse was placed in a glass cylinder (300mm high, 280mm in

diameter) filled with water to a height of 20 cm (25 ± 1 °C). Mice were
subjected to a 6min swimming test. Total immobility time was calcu-
lated as the minimal movements that were required to keep the head
above water (Zhang et al., 2017).

2.5.4. Tail suspension test (TST)
Mice were suspended by the tail using adhesive tape to a rod 60 cm

above the floor as described previously (Zhang et al., 2017). The trials
were conducted for 6min, during which the duration of immobility was
recorded.

2.6. Immunohistochemistry for TPH

Mice anesthetized with pentobarbital (50mg/kg, i.p.) were trans-
cardially perfused with ice-cold 4% paraformaldehyde. The brains were
transferred and fixed overnight in 4% paraformaldehyde. Brains were
transferred into 15% and 30% sucrose. The coronal sections (30 μm) of
rostra DRN, mid DRN (Pestana-Oliveira et al., 2018) and BLA (Zhang
et al., 2017) were cut using a cryostat (Leica CM3050S; Leica Micro-
systems, Germany). The sections were incubated in 1% hydrogen per-
oxide for 10min and were subsequently treated with 1% BSA (Sigma
Chemical Co) for 60min to block non-specific binding. The sections
were incubated with sheep anti-TPH polyclonal antibody (1:2000;
Millipore) for 40 h at 4 °C. The sections were subsequently treated with
biotinylated rabbit anti-sheep IgG (1:600; Vector Laboratories) at room
temperature for 1 h. Immunoreactivities were visualized using an avi-
dinbiotin horseradish peroxidase complex (Vector Laboratories, Bur-
lingame, CA, USA). The TPH positive cells and fibers were observed
using a conventional light microscope (40× objective, DP70;
Olympus).

2.7. Electrophysiological analysis

2.7.1. Slice preparations
Coronal slices were prepared as previously described (Yang et al.,

2017). In brief, the animals were deeply anesthetized with isoflurane,
decapitated and the brains were rapidly removed. Tissue blocks con-
taining the BLA were mounted on a Vibratome (Microslicer DTK 1500,
Dousaka EM Co, Kyoto, Japan) in a chamber filled with cold cutting
solution composed of (in mM) 94 sucrose, 30 NaCl, 4.5 KCl, 1.0 MgCl2,
26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose, pH 7.4. Coronal brain
slices were cut at 400 μm thickness and transferred to an interface
chamber where they were maintained at 32 ± 1 °C and perfused con-
tinuously with oxygenated ACSF. The slices were allowed to rest for at
least 1 h after the preparation, before recording.

2.7.2. Field potential recording
A bipolar tungsten electrode was positioned in outside of the BLA to

stimulate the external capsule (EC) fibers from the cortex. A 5-MΩ re-
sistance glass microelectrode was filled with 2M NaCl and positioned in
inside of the BLA. Field excitatory postsynaptic potentials (EPSPs) were
measured by the glass microelectrode and connected to a neutralized,
high input-impedance preamplifier with a high-pass filter at 5 kHz.
Signals were amplified with the use of a differential AC amplifier (A-M
Systems, model 1700, Seattle, WA) and were digitized and saved using
the pCLAMP system (Axon Instrument Inc., CA, USA). Stimulus in-
tensities were adjusted to evoke half maximal EPSP. The baseline re-
sponse was obtained at intervals of 15 s. Paired-pulse facilitation (PPF)
and paired-pulse inhibition (PPI) were induced by paired-pulse stimu-
lation with an interpulse interval (IPI) of 50–100ms and 20–30ms,
respectively. The paired-pulse ratio (PPR) was calculated with the fol-
lowing formula: (EPSPS2/EPSPS1)× 100. After the stabilization of

baseline response for at least 10min, high-frequency stimulation (HFS)
was applied to induce LTP. The HFS consisted of 100 pulses at 100 Hz
with the test stimulus intensity, which was applied one time (HFS× 1)
or five times (20 s interval; HFS×5) (Li and Rainnie, 2014). LTD was
induced by delivering low-frequency stimulation (LFS, 1 Hz 15min).
The EPSP was recorded for 60min after the conditioning stimulation.
LTP or LTD was determined if the EPSP slopes were greater or lower
than 20% of baseline at 55–60min after delivering HFS or LFS.

2.8. Western blot analysis

At 10min after HFS×1 was delivered, the tissues of BLA were
immediately micro-dissected and stored at −80 °C until assayed. The
tissues of BLA were homogenized in 1% Nonidet P-40 lysis buffer
containing 50mM Tris, 150mM NaCl, 0.02% NaN3, and complete
protease inhibitors (Roche). The homogenates were centrifuged for
15min at 12,000 r.p.m. (Thermo Scientific) and the supernatants were
collected. Protein concentrations were determined using a bicincho-
ninic acid (BCA) protein assay kit (Pierce). The proteins (20 μg) were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene fluoride membrane. The membranes
were incubated with 5% nonfat dried milk at room temperature for
60min and then incubated in the rabbit polyclonal antibody of GluN2B
phosphorylation (1:1000; Abcam, Cambridge, UK), or the rabbit
monoclonal antibodies of CaMKII and GluR1 phosphorylation (1:1000;
Cell Signaling Technology, Boston, MA, USA) at 4 °C overnight. The
membranes were incubated with HRP-labeled secondary antibodies and
developed using an ECL detection Kit (Millipore). Following visualiza-
tion, the blots were treated with stripping buffer (Restore, Pierce) for
5min, reblocked with 5% nonfat dried milk for 60min, and then in-
cubated in the antibodies of GluN2B (1:1000; Millipore), CaMKII and
GluR1 (1:1000; Cell Signaling Technology). Internal control was per-
formed using a β-actin antibody (1:2000; Cell Signaling Technology).
Western blot bands were scanned and analyzed with the image analysis
software package (Image J; NIH Image, Bethesda, MD, USA).

2.9. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from the BLA with TRIzol reagent
(Invitrogen, Camarillo, CA) following the manufacturer's protocol.
Reverse transcriptions (RTs) were performed using a Prime Script RT
reagent kit (Takara, China) for quantitative PCR (ABI Step One Plus,
Foster City, CA) in the presence of a fluorescent dye (SYBR Green I;
Takara, China). Expression levels of SERT (forward 5′-CTTCAGCCCCG
GATGGTT-3′; reverse 5′-GTGGACTCATCAAAAAACTGCAAA-3′) were
measured according to previous publication (Zajac et al., 2018). The
results were normalized to GAPDH as reference genes using the 2-ΔΔct
method.

2.10. Data analysis

Data are expressed as the means ± standard error (SE). Data were
retrieved and processed with the software pCLAMP 10.0 (Molecular
Devices, USA) and Micro cal Origin 9.2. All statistical analyses were
performed using SPSS software, version 20.0 (SPSS Inc., USA). Two-
group analysis was performed by Student's t-test (normally distributed
data) or the Mann-Whitney-test (non-normally distributed data). For
multiple comparison groups, analyses of variance (ANOVA) with the
Bonferroni post hoc test were performed under homogeneity of var-
iance. Repeated-measure ANOVA was used for input-output curve,
paired-pulse inhibition, paired-pulse facilitation, LTP and LTD. The
level of significance was set at p < 0.05.
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3. Results

3.1. VCD-accelerated ovarian failure in mice induces anxiety-like behaviors

Twelve-week-old female mice were given intraperitoneal injections
of VCD or vehicle for 20 consecutive days (Fig. 1A). At day 18 after the
cessation of VCD, the ovarian histology revealed an obvious decrease in
the numbers of primordial and primary follicles compared to control
mice, with an increase in atretic primordial follicles (Fig. 1B). VCD-
accelerated ovarian failure in mice (VCD-mice) caused a decline in the
levels of serum E2 (p=0.036, n= 10; Fig. 1C) and progesterone
(p=0.006, n=10; Fig. 1D), which were not associated with the
change in the basal level of corticosterone (p > 0.05, n= 10; Fig. 1E).

Open-field test (OFT) and elevated plus-maze test (EPM) perfor-
mances, representing anxiety-like behaviors, were examined (n=10
mice per experimental group). The total distance traveled observed in
the OFT for VCD-mice did not differ significantly from control mice
(p > 0.05; Fig. 1F). However, VCD-mice, compared to control mice,
exhibited an obvious reduction in the time spent in the central portion
of the arena (p=0.024; Fig. 1F). Consistent with a recent report (Reis
et al., 2014), the percentage of open arms entries during EPM in VCD-
mice was less than that in control mice (p=0.018; Fig. 1G). The ad-
ministration of E2 from the day of the VCD cessation (Fig. 1A) could
recover the time in the central portion of the arena in the OFT
(p=0.005) and the open arms entries in the EPM (p=0.040), but it
did not alter the affective behaviors in control mice (p > 0.05).

3.2. VCD reduces 5-HT synthesis to induces anxiety-like behaviors

The reduction of tryptophan hydroxylase (TPH)-positive cells in the
entire DRN has been reported in VCD-treated rats (Pestana-Oliveira
et al., 2018). Similarly, the immunoreactivity and number of TPH-po-
sitive cells in the DRN of VCD-mice were lower than those in the control
DRN (Fig. 2A), which could be recovered by the treatment with E2. The
level of serotonin reuptake transporter (SERT) expression in the BLA
had no significant difference between VCD-mice and control mice
(p > 0.05; Fig. 2B). The level of SERT mRNA in the BLA of VCD-mice
failed to be altered by the administration of E2 (p > 0.05). To test
whether the decline in 5-HT synthesis in VCD-mice was associated with
their anxiety-related behaviors, the VCD-mice (n=10 mice per ex-
perimental group) were treated with the administration of the 5-HT1Ar
agonist 8-OH-DPAT, the 5-HT1Br agonist CGS, the 5-HT2A/Cr agonist
DOI for 2 days (Fig. 2C). The results showed that the co-administration
with 8-OH-DPAT and DOI in VCD-mice could recover the time spent in
the central portion of the arena in the OFT (p=0.004; Fig. 2D) and
open arms entries in the EPM (p=0.009; Fig. 2E), but the adminis-
tration of alone 8-OH-DPAT (p > 0.05), CGS (p > 0.05), DOI
(p > 0.05) or the co-administration of 8-OH-DPAT and CGS
(p > 0.05) did not display an effective operation. These results indicate
that the down-regulation of 5-HT1Ar and 5-HT2A/Cr may be re-
sponsible for anxiety-like behaviors in VCD-mice.

3.3. EC-BLA synaptic transmission in VCD-mice

To explore the mechanisms underlying anxiety-like behaviors in-
duced by VCD-accelerated ovarian failure, we examined the basal sy-
naptic properties in the BLA using a field potential recording (n=6
slices/6 mice per experimental group). First, the excitatory postsynaptic
potential (EPSP) in the BLA was evoked by stimulating external capsule
(EC) fibers (Fig. 3A). The EC-BLA synaptic transmission was blocked by
the application of AMPAr antagonist CNQX but not by the NMDAr
antagonist AP-V (Fig. 3B-i). The application of the GABAAR antagonist
bicuculline caused an increase in duration of EPSP but failed to sig-
nificantly alter the EPSP slope (Fig. 3B-ii). The input-output curve was
built by plotting the EPSP slopes against stimulation intensities (SI)
from 0.1 mA to 0.8mA. As shown in Fig. 3C, the EPSP slopes were

progressively increased with enhancing stimulus intensities in the both
groups (F(7,70) = 87.853, p < 0.001) and was affected by the VCD
treatment (F(1,10) = 9.030, p=0.013). In comparison with control
mice, the EPSP slopes evoked by 0.4–0.7 mA stimulus intensities were
larger in VCD-mice than those in control mice (0.4 mA, p=0.005;
0.5 mA, p=0.006; 0.6mA, p=0.020; 0.7mA: p=0.031).

To further evaluate the GABAAR-mediated inhibitory circuit and the
capability of presynaptic glutamate release, the paired-pulse inhibition
(PPI) and paired-pulse facilitation (PPF) of EPSP slopes were examined
by delivering paired-pulse stimulation (0.5-mA SI) with 20–30ms and
50–100ms interpulse intervals (IPIs), respectively. There was a main
effect of VCD treatment for the PPF value (F(1,10) = 7.108, p=0.024;
Fig. 3D) rather than the PPI value (F(1,10)= 1.487, p=0.251). In
comparison with controls, the PPF value was remarkably reduced in
VCD-mice (50ms, p=0.038; 75ms, p=0.033; 100ms, p=0.045).
Although the VCD-mice had a tendency of an increase in the PPI value,
this failed to reach significance when compared to controls (p > 0.05).
In VCD-mice treated with E2 (Fig. 1), the EPSP slopes (0.5 mA SI,
p > 0.05; Fig. 3E), the PPF value (50ms IPI, p > 0.05; Fig. 3F) or the
PPI value (20ms IPI, p > 0.05; Fig. 3G) did not differ significantly
from control mice. The administration of E2 to control mice did not
alter the EPSP slopes (p > 0.05) or the values of PPF (p > 0.05) and
PPI (p > 0.05). These results indicate that the presynaptic glutamate
release in the BLA of VCD-mice is enhanced.

3.4. Effects of 5-HTs agonists on EC-BLA synaptic transmission in VCD-
mice

The 5-HT level in amygdala of VCD-treated rats has been reported to
be lower than that in control rats (Pestana-Oliveira et al., 2018). As
shown in Fig. 4A, the immunoreactivity and density of TPH+ fibers in
the BLA of VCD-mice were significantly reduced compared to control
mice, reflecting a reduced 5-HT afferent to the BLA. Sequentially, the
slices obtained from VCD-mice (VCD-slices) and control mice (control
slices) were treated with acute (2–3min) perfusion of the 5-HT1Ar
agonist 8-OH-DPAT, the 5-HT1Br agonist CGS, the 5-HT2A/Cr agonist
DOI or the 5-HT1Ar antagonist WAY-100635 or the 5-HT2r antagonist
sarpogrelate (n=6 slices/6 mice per experimental group). In control
slices, the perfusion of 8-OH-DPAT caused a decrease in EPSP slopes
(p=0.012; Fig. 4B) with an increase in the PPF value (p=0.036;
Fig. 4C); the perfusion of WAY-100635 remarkably increased the EPSP
slopes (p=0.026) with a decrease in the PPF value (p=0.022). In
VCD-slices, the application of 8-OH-DPAT reduced the EPSP slopes
(p=0.002) and increased the PPF value (p=0.003). In the presence of
8-OH-DPAT, the EPSP slopes and the PPF value had no significant
difference between VCD-slices and control slices (p > 0.05). In con-
trast, the application of CGS (p > 0.05) or DOI (p > 0.05) in control
slices or VCD-slices had no significant effect on the EC-BLA synaptic
transmission.

The perfusion of 8-OH-DPAT in control slices did not alter the PPI
value (p > 0.05; Fig. 4D). Interestingly, the perfusion of 8-OH-DPAT in
VCD-slices caused an increase in the PPI value (p=0.022), which could
be corrected by the addition of DOI (p=0.002) rather than CGS
(p > 0.05). In control slices, the perfusion of sarpogrelate could in-
crease the PPI value (p=0.004). The perfusion of DOI alone did not
alter the PPI value in control slices or VCD-slices (p > 0.05). These
results indicate that in VCD-mice the down-regulation of 5-HT1Ar in-
creases glutamate release, which masks the dysfunction of GABAergic
feedback inhibition; the down-regulation of 5-HT2r weakens GA-
BAergic feedback inhibition.

3.5. Induction of synaptic plasticity in the BLA of VCD-mice

The alteration of glutamatergic or GABAergic transmission in the
BLA can affect the induction of synaptic plasticity (Zhang et al., 2017).
We further examined the induction of LTP and LTD in the BLA (n=6
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slices/6 mice per experimental group). The five trains high-frequency
stimulation (HFS× 5) induced an increase in the EPSP slopes for over
60min in control mice (Fig. 5A), indicative of LTP induction. The same
protocol was able to induce a stable LTP in the VCD-mice. Interestingly,
one train sub-threshold HFS (HFS× 1) could induce the production of
LTP in VCD-mice rather than in control mice (F(1,10) = 6.643,

p=0.028; Fig. 5B), indicative of “LTP facilitation”. Either the HFS×5-
induced LTP in control mice or the induction of LTP by HFS×1 in
VCD-mice depended on the activation of NMDAr (Fig. 5C). In E2-treaed
VCD-mice or E2-treaed control mice, the HFS×1 protocol failed to
induce LTP (Fig. 5D).

The application of low frequency stimulation (LFS) in control mice

Fig. 2. VCD reduces 5-HT synthesis to induces anxiety-like behaviors. (A) Representative images of immune-staining for tryptophan hydroxylase (TPH) in mid DRN
of control mice and VCD-mice treated with E2. Scale bars= 200 μm. Arrows indicate TPH positive cells. (B) Bars show the levels of SERT mRNA in control mice and
VCD-mice treated with E2. (C) Experimental timeline. Horizontal arrow indicates the time (day) of VCD injection. ↘: time of 5-HTr agonists administrated after
stopping VCD. (D&E) Bars show the distance traveled (m) and the time spent in the central portion (%) during the OFT in VCD-mice treated with 5-HT1Ar agonist 8-
OH-DPAT (DPAT), 5-HT1Br agonist CGS, 5-HT2r agonist DOI. **p < 0.01 (one-way ANOVA). (F) Bar graph shows the time spent in the open arms of EPM
(%).*p < 0.05 and **p < 0.01 (one-way ANOVA).
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Fig. 3. EC-BLA synaptic transmission in VCD-mice. (A) Field potential recordings were carried out from the BLA in acute brain slices. By stimulating external capsule
(EC) fibers, field excitatory post-synaptic potentials (EPSPs) were recorded in the BLA. (B) Representative traces of EPSP evoked by 0.5 mA stimulation intensities (SI)
in control slices treated with 3min perfusion of AMPAr antagonist CNQX, NMDAr antagonist AP-V, or GABAAR antagonist bicuculine (bicu). (C) Input/output curve.
EPSP slopes were plotted against stimuli ranging from 0.1mA to 0.8 mA in control slices and VCD-slices. Typical traces evoked by 0.5 mA SI. *p < 0.05 and
**p < 0.01 (repeated-measure ANOVA). (D) Paired-pulse inhibition (PPI) and facilitation (PPF) of EPSPs. Paired pulse ratios (PPR, %) of EPSP slopes were plotted
against inter-pulse intervals (IPI) of 20–30ms (PPI) and 50–100ms (PPF). *p < 0.05 (repeated-measure ANOVA). (E-G) Bar graphs show the EPSP slopes and the
values of PPF and PPI in control mice and VCD-mice treated with E2. *p < 0.05 (two-way ANOVA).
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induced approximately 40% decline in the EPSP slopes lasting 60min
(Fig. 5E), indicative of LTD induction. However, the same LFS protocol
could not induce a stable LTD in VCD-slices (F(1,10) = 13.471,
p=0.004), indicative of “LTD impairment”. The NMDAr-independent
LTD in control mice was blocked by the application of bicuculine
(F(1,10) = 8.647, p=0.015; Fig. 5F). The administration of E2 could
recover the induction of LTD in VCD-mice (Fig. 5G), whereas it did not
affect the induction of LTD in control mice.

3.6. Effects of 5-HTr agonists on synaptic plasticity in VCD-mice

Next experiments were designed to determine whether the down-
regulation of 5-HT1Ar and 5-HT2A/Cr was involved in the LTP facil-
itation and LTD impairment of VCD-mice (n=6 slices/6 mice per ex-
perimental group). The perfusion of 8-OH-DPAT in VCD-slices could
prevent the facilitation of LTP (Fig. 6A), whereas the application of CGS
or DOI did not (Fig. 6B). The perfusion of WAY-100635 could cause the
facilitation of LTP in control slices (F(1,10) = 6.531, p=0.029; Fig. 6A).
These results indicate that the increased presynaptic glutamate release
by the down-regulation of 5-HT1Ar in VCD-mice facilitates NMDAr-

dependent LTP induction. (See Fig. 7).
In VCD-slices, the LTD impairment was rescued by the co-applica-

tion of 8-OH-DPAT and DOI (F(1,10)= 6.471, p=0.029; Fig. 6C), but
not the perfusion of 8-OH-DPAT, CGS or DOI alone (Fig. 6D), or the co-
application of 8-OH-DPAT and CGS (Fig. 6E). Notably, the application
of sarpogrelate abolished the LTD induction in control mice. The ap-
plication of muscimol in VCD-slices had no effect on the impairment of
LTD (Fig. 6F), whereas the co-application of muscimol and 8-OH-DPAT
could recover the induction of LTD (F(1,10) = 18.072, p=0.002). These
results indicate that increased presynaptic glutamate release or reduced
GABAergic inhibition in VCD-mice can impair the NMDAr-independent
LTD induction.

3.7. AMPAr, NMDAr and GABAAR expression and activities in the BLA of
VCD-mice

To explore the mechanisms underlying increased EC-BLA synaptic
transmission, reduced GABAergic inhibition, facilitation of LTP and
impairment of LTD in VCD-mice, we further examined the expression
and phosphorylation of AMPAr, NMDAr and GABAAR (3 slices/mice,

Fig. 4. VCD-reduced 5-HT1R activity enhances presynaptic glutamate release. (A) Representative images of immune-staining for TPH in BLA (ring of point lines).
Scale bars= 100 μm (upper). Higher-power views in bottom-right inset. Scale bars= 25 μm. Arrows indicate TPH positive fibers. (B–D) The values of EPSP slopes,
PPF and PPI in control slices or VCD-slices treated with bath-application of 8-OH-DPAT (DPAT), WAY-100635(WAY), CGS, DOI or sarpogrelate for 5min. *p < 0.05
and **p < 0.01 (two-way ANOVA).
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n=5 mice per experimental group). RT-PCR analysis showed that the
levels of GluR1, GluR2, NR1, NR2B, GABAAR-a4 and GABAAR-d mRNA
in the BLA had no significant difference between VCD-mice and control
mice (p > 0.05; Fig. 6A).

The expression levels of AMPAr GluR1 (Fig. 6B), NMDAr NR2B
(Fig. 6C), and CaMKII (Fig. 6D) or the basal levels of GluR1

phosphorylation (phosphor-GluR1, p > 0.05), NR2B phosphorylation
(phosphor-NR2B, p > 0.05), and CaMKII phosphorylation (phosphor-
CaMKII, p > 0.05) in VCD-mice did not differ from WT mice. At 10min
after HFS×1, the levels of phosphor-CaMKII (p=0.002) in VCD-mice
were higher than that in control mice, which were sensitive to the
application of the NMDAr channel blocker MK801 (p=0.006) or 8-OH-

Fig. 5. VCD-mice show LTP facilitation and LTD impairment. (A&B) Induction of LTP by HFS (HFS×5 or HFS×1) in control slices and VCD-slices. Each point
represents the mean value (± SEM) of EPSP slopes expressed as percentage of baseline. A solid arrow indicates when HFS was given. *p < 0.05 (repeated-measure
ANOVA). (C) Induction of LTP by HFS× 5 in control slices or HFS× 1 in VCD-slices in the presence of AP-V. Black line indicates duration of AP-V applied. (D)
Induction of LTP by HFS× 1 in control mice and VCD-mice treated with E2. (E) Induction of LTD by LFS (1 Hz for 15min) in control slices and VCD-slices.
**p < 0.01 (repeated-measure ANOVA). (F) Induction of LTD by LFS in control slices treated with AP-V or bicuculine (bicu). *p < 0.05 (repeated-measure ANOVA).
Black line indicates duration of AP-V and bicuculine applied. (G) Induction of LTD in control mice and VCD-mice treated with E2.

Fig. 6. VCD-reduced 5-HT causes LTP facilitation and LTD impairment. (A&B) Induction of LTP by HFS×1 in control slices treated with WAY-100635 or in VCD-
slices treated with 8-OH-DPAT, CGS, DOI. *p < 0.05 (repeated-measure ANOVA). (C–F) Induction of LTD in control slices treated with sarpogrelate or in VCD-slices
treated with bath-application of 8-OH-DPAT, CGS, DOI or muscimol. Black line indicates duration of the drugs applied. *p < 0.05 and **p < 0.01 (repeated-
measure ANOVA).

Y. Wang, et al. Experimental Neurology 321 (2019) 113030

10



DPAT (p=0.023). In contrast, the levels of phosphor-GluR1
(p > 0.05) or phosphor-NR2B (p > 0.05) after HFS×1 had no sig-
nificant difference between VCD-mice and control mice.

4. Discussion

The present study determined that VCD-accelerated ovarian failure
in mice caused anxiety-like behaviors with the decline in serum E2 and
progesterone. During human menopause, E2 levels are very low or
undetectable, progesterone levels decrease (Nejat and Chervenak,
2010). In contrast, the E2 plasma concentrations remain unchanged in
female rats treated with VCD (VCD-rats) for 15 days (Pestana-Oliveira
et al., 2018; Reis et al., 2014). In this study, mice were injected with
VCD for 20 days. Thus, this contradictory of E2 levels between VCD-
mice and VCD-rats may arise from the difference in the experimental
protocol or the animal species. When B6C3F1 female mice are treated

with VCD for 10 consecutive days, the decline of E2 level occurs by
approximately day 110 after the onset of VCD administration (Brooks
et al., 2016). However, when mice are treated with VCD for 20 con-
secutive days, the onset of E2 decline can be accelerated to day 44. In
addition, as aging progresses to about 16–18months, mice appeared the
persistent estrus with decline of E2 levels (Rousseau, 2006), but rats did
not (Maffucci and Gore, 2006). The mice had complete follicular ex-
haustion at 24months of age and a greater decrease in E2 levels,
whereas rats retained a larger number of primary follicles and the E2
levels (Maffucci and Gore, 2006).

The VCD-mice showed an obvious decrease in the 5-HT synthesis in
the DRN, which was recovered by the supplement E2. Estradiol treat-
ment in VCD-treated rats has been reported to restore the synthesis of 5-
HT (Pestana-Oliveira et al., 2018). Consistent with our results, the
supplement E2 in VCD-treated rats can not only recover the expression
of 5-HT in the DRN but not decrease their anxiety-like behaviors (Hiroi

Fig. 7. VCD-reduced 5-HT increases CaMKII phosphorylation after HFS×1. (A) Levels of GluR1, GluR2, NR1, NR2B, GABAAR-α4 and GABAAR-δ mRNA in BLA of
VCD-mice and control mice. (B-D) Levels of basal and after HFS (10min after HFS×1) of phosphor-GluR1, phosphor-NR2B and phosphor-CaMKII in control slices or
VCD-slices treated with MK801, 8-OH-DPAT. *p < 0.05 and **p < 0.01 (one-way ANOVA).
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et al., 2006). Estradiol therapy in perimenopause and postmenopause
women reverses the decreased serotonergic activity (Halbreich et al.,
1995) and improves the affective disorder (Gleason et al., 2015). The
estrogen treatment in spayed monkeys increased the level of TPH ex-
pression (Bethea et al., 2000). TPH knockdown reduced the anxiolytic
effects of E2 (Hiroi and Neumaier, 2011). The activation of estrogen
receptor β (ERβ) is required for regulation of serotonin synthesis (Hiroi
et al., 2006) and can decrease serotonin degradation by inhibiting
monoamino-oxidase activity (Gundlah et al., 2005). The ERβ mutant in
female mice caused anxiety-like behaviors (Krezel et al., 2001). Early
data indicated that the estradiol treatment increased the density of
serotonin reuptake sites (Bethea et al., 2002); the density of SERT was
reduced in ovariectomized mice (Bertrand et al., 2005). The application
of estradiol increased SERT activity through the activation of nuclear
estrogen receptors (Kranz et al., 2015). SERT proteins are down-
regulated when 5-HT levels are low. However, the level of SERT ex-
pression in the BLA of VCD-mice did not differ significantly from con-
trol mice. 5-HT1Ar knockout mice exhibit increased anxiety-like
behaviors (Klemenhagen et al., 2006). The anxiety-like behaviors in
VCD-mice were relieved by the co-administration of 5-HT1Ar and 5-
HT2A/Cr agonists, indicating that the 5-HT deficiency in VCD-mice is
responsible for their anxiety-like behaviors.

The decline of TPH positive fibers in the BLA of VCD-mice reflects a
decreased 5-HT afferent from DRN to BLA. An earlier study reported
that 5-HT potently suppresses excitatory synaptic transmission via 5-
HT1Ar-mediated inhibition of presynaptic glutamate release (Schmitz
et al., 1998). Activation of 5-HT1Ar hyperpolarizes neurons by a per-
tussistoxin-sensitive G-protein and the opening of a Ca2+ independent
K+ channel (Penington et al., 1993). Indeed, the probability of pre-
synaptic glutamate release at the EC-BLA synaptic transmission was
enhanced in VCD-mice, which was corrected by the 5-HT1Ar agonist or
the estrogen treatment, but not the 5-HT1Br agonist or the 5-HT2A/Cr
agonist. The blockade of 5-HT1Ar caused an increase in probability of
presynaptic glutamate release in control mice. Thus, one simple ex-
planation is that the deficiency of 5-HT in VCD-mice enhances pre-
synaptic glutamate release via down-regulation of 5-HT1Ar.

The induction of LTP in the BLA principal neurons is well known to
be a cell model of the fear memory acquisition (Goosens and Maren,
2002). A principal observation in VCD-mice is the facilitation of
NMDAr-dependent LTP. The activation of 5-HT1Ar could prevent the
facilitation of LTP in VCD-mice, while the blockade of 5-HT1Ar in
control mice was able to reduce the threshold of LTP induction. The
induction of NMDAr-dependent LTP is modulated probably by the
presynaptic transmitter release or postsynaptic NMDAr Ca2+ influx.
Thus, one possible explanation is that the increased glutamate release
by the down-regulation of 5-HT1Ar can promote the NMDAr-dependent
LTP induction. On the other hand, the activation of postsynaptic 5-
HT1Ar has also been shown to suppress NMDAr-dependent LTP in the
hippocampus (Sakai and Tanaka, 1993) and in the visual cortex
(Edagawa et al., 1999). A microdialysis study demonstrated an inter-
action between 5-HT1Ar and NMDAr. Activation of 5-HT1Ar reduces
Ca2+ influx through NMDAr channels (Yuen et al., 2008) through a
reduction in surface expression of NMDAr NR2B subunit (Yuen et al.,
2005). Activation of 5-HT1Ar also reduced CaMKII activity and the
AMPAr GluR1 subunit phosphorylation as well as surface expression of
the GluR2/3 subunits (Cai et al., 2002; Schiapparelli et al., 2005). Al-
though the levels of NR2B or GluR1 subunit phosphorylation before and
after HFS× 1 in the BLA of VCD-mice were unchanged compared to
controls, the level of CaMKII phosphorylation after HFS× 1 was ele-
vated significantly. The increased CaMKII phosphorylation and the fa-
cilitation of LTP in the BLA of VCD-mice were sensitive to the NMDAr
channel blocker or the 5-HT1Ar agonist. Therefore, another possible
explanation is that the down-regulation of 5-HT1Ar increases the Ca2+

influx of NMDAr during HFS.
The activation of 5-HT2r directly activates GABAergic interneurons

of the BLA and increases the frequency of inhibitory synaptic events in

projection neurons (Rainnie, 1999). The blockade of GABAAR atte-
nuated the local feedback GABAergic inhibition at the EC-BLA synaptic
transmission (Zhang et al., 2017). Interestingly, the feedback GA-
BAergic inhibition in VCD-mice did not differ significantly from control
mice, whereas in the presence of the 5-HT1Ar agonist it was decreased
compared to control mice, which was corrected by the activation of 5-
HT2A/Cr. In addition, the blockade of 5-HT2A/Cr attenuated the GA-
BAergic inhibition in control mice. The application of the 5-HT1Ar
agonist to the hippocampal dentate gyrus reduced somatic GABAergic
inhibition (Sanberg et al., 2006). The 5-HT1Ar knockout mice displayed
a decline of the GABAAR α1 and α2 subunits in the amygdala (Pattij
et al., 2002). However, the level of GABAAR expression in the BLA of
VCD-mice was unchanged. Thus, it is proposed that the down-regula-
tion of 5-HT1Ar in VCD-mice enhances feedforward excitatory input
onto interneurons, which can mask the decline in 5-HT2A/Cr-mediated
GABAergic inhibition.

A critical finding in VCD-mice is the impairment of NMDAr-in-
dependent LTD. A wide body of evidence suggests that the GABAergic
inhibition in the mouse BLA is pivotal for the LTD induction (Bissiere
et al., 2003), because blocked GABAergic synaptic transmission pre-
vents the production of LTD (Rammes et al., 2001). The deficit in
GABAergic inhibition in amygdala is a critical cellular mechanism in
the development of anxiety (Wu et al., 2008). An earlier study reported
that 5-HT1Ar activation promoted the induction of LTD (Garraway and
Hochman, 2001). The serotonergic projection on inhibitory inter-
neurons has been reported to alter synaptic plasticity via silencing
GABAergic inhibition (Sanberg et al., 2006). Interestingly, the activa-
tion of 5-HT1Ar was required for the GABAAR agonist or 5-HT2A/Cr
agonist-rescued LTD induction in VCD-mice. Thus, it is indicated that
the enhancemnt of postsynaptic excitability or the facilitation of LTP in
VCD-mice might be involved in the LTD impairment, in addition to the
dysfunction of GABAergic inhibition. The impairment of LTD in the BLA
has been associated with the deficit in extinction of a fear memory (Kim
et al., 2007) or the production of anxiety-related behaviors (Yang et al.,
2017; Zhang et al., 2017). The impaired performance in anxiety-related
tasks is thought to be due to an enhanced fear response in aversive
environments (Gross et al., 2000). The co-activation of 5-HT1Ar and 5-
HT2A/Cr or the estrogen treatment in VCD-mice could recover LTD
induction and relieve anxiety-like behaviors. Based on the data, the
following model is proposed: the deficiency of 5-HT in the BLA of VCD-
mice via down-regulation of 5-HT1Ar and 5-HT2A/Cr causes dysfunc-
tion of GABAergic inhibition, excitability of postsynaptic neurons or
LTP facilitation, which impairs LTD induction leading to anxiety-like
behaviors (Fig. 8).

The perimenopause is associated with the occurrence of depression,
which is also tied to the serotonergic system. The impairment of LTD
induction in the BLA has been reported to cause the production of de-
pressive-like behaviors (Zhang et al., 2017). Indeed, we observed the
depression-like behaviors in VCD-mice, showing the longer immobility
during forced swim test (FST) and tail suspension test (TST) than those
in control mice (Supplementary data: S-Fig. 1). However, the co-ad-
ministration with 8-OH-DPAT and DOI in VCD-mice failed to recover
the immobility during FST and TST. In addition, BLA receives dense
dopaminergic innervations from the ventral tegmental area (VTA).
Dopamine and dopaminergic receptors play a significant role in neu-
roplasticity and modulation of neural activity in the BLA. Stimulatory
D1-like receptors (D1R) can attenuate firing of BLA projection neurons
and activation of BLA interneurons (Pape, 2005; Rosenkranz and Grace,
1999). By contrast, the number of tyrosine hydroxylase-positive (TH+)
cells or TH immunoreactivity in the midbrain ventral tegmental area
(VTA) or substantia nigra (SNpc) of VCD-mice did not differ sig-
nificantly from control mice (data not shown). Although VCD-mice
exhibited a reduction in the time spent in the central portion of the
arena during the OFT, the total distance traveled was unchanged
compared to control mice. Therefore, further experiments should be
done to clarify the mechanims underlying the VCD-induced depressive-
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like behaviors.

5. Conclusions

Through the model of perimenopause mice by VCD-accelerated
natural follicular depletion, the present study demonstrated that the
deficiency of 5-HT through the down-regulation of 5-HT1Ar and 5-
HT2A/Cr in the BLA is responsible for anxiety-like behaviors. The re-
sults indicate that estradiol therapy ameliorates perimenopause and
postmenopause anxiety probably by boosting the serotonin pathway.
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