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Chronic stress exposure increases the risk of developing various neuropsychiatric
illnesses. The ventral hippocampus (vHPC) is central to affective and cognitive
processing and displays a high density of acetylcholine (ACh) muscarinic receptors
(mAChRs). However, the precise role of vHPC mAChRs in anxiety remains to be fully
investigated. In this study, we found that chronic restraint stress (CRS) induced social
avoidance and anxiety-like behaviors in mice and increased mAChR expression in
the vHPC. CRS increased the vHPC ACh release in behaving mice. Moreover, CRS
altered the synaptic activities and enhanced neuronal activity of the vHPC neurons.
Using pharmacological and viral approaches, we showed that infusing the antagonist of
mAChRs or decreasing their expression in the vHPC attenuated the anxiety-like behavior
and rescued the social avoidance behaviors in mice probably due to suppression of
vHPC neuronal activity and its excitatory synaptic transmission. Our results suggest that
the changes of neuronal activity and synaptic transmission in the vHPC mediated by
mAChRs may play an important role in stress-induced anxiety-like behavior, providing
new insights into the pathological mechanism and potential pharmacological target for
anxiety disorders.

Keywords: chronic stress, anxiety, hippocampus, acetylcholine muscarinic receptors,
scopolamine, electrophysiology

INTRODUCTION

Maladaptive responses to chronic stress are associated with the onset and exacerbation of
emotional abnormalities, including anxiety disorders and social avoidance (Dias-Ferreira et al.,
2009; McEwen and Morrison, 2013; McEwen et al., 2015; Sandi and Haller, 2015). It is reported
that more than 30% of adults and adolescents present an anxiety disorder in their lifetime and
that 25%–80% of patients admitted to the hospital for surgery experienced preoperative anxiety
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(Bluett et al., 2014; Kassel et al., 2018). The anxiety impacts
negatively influence the quality of life of patients. Furthermore,
during postsurgical recovery, anxiety negatively influences the
intensity of postoperative pain and analgesia requirement and
even increases postoperative morbidity and mortality in certain
types of surgery (Kassel et al., 2018). Various treatments, such as
acceptance and commitment therapy, cognitive therapy, music
therapy, and pharmacological interventions, have been applied
to patients suffering from anxiety disorder. However, currently
available treatments for anxiety disorders are inadequate. For
instance, the drugs lorazepam and pregabalin, intended to
treat anxiety, have failed to decrease preoperative anxiety and
postoperative pain (Kassel et al., 2018). Currently, mechanisms
underlying anxiety need to be fully understood for developing
adequate treatments.

Previous studies in rodents have shown that the ventral
hippocampus (vHPC) is involved in regulating anxiety-like
behavior. Bilateral lesions of the vHPC reducemouse anxiety-like
behavior (Bannerman et al., 1999, 2003; Weeden et al., 2015),
whereas other studies using optogenetic or pharmacological
stimulation of the region found the opposite effect (Felix-
Ortiz et al., 2013; Padilla-Coreano et al., 2016). Using
freely moving calcium imaging, a recent study in mice
reported anxiety cells in ventral CA1 (vCA1) region (Jimenez
et al., 2018). Acute activation of vCA1 neurons induces
anxiety-like behaviors in mice; however, little is known
about molecular and synaptic mechanisms underlying the
changes of these neuronal activities in this region after
chronic stress.

In the central neuronal system (CNS), acetylcholine (ACh)
facilitates many functions, such as learning, memory, attention,
and motor control (Hasselmo, 2006; Thomsen et al., 2007;
Wess et al., 2007). ACh muscarinic receptor (mAChR) family
is one of the two ACh receptors, with subtypes M1, M2,
M3, M4, and M5 (Volpicelli and Levey, 2004). They are
expressed in many regions of the CNS including the prefrontal
cortex, amygdala, and hippocampus. In the hippocampus,
M1 is the predominant receptor (approximately 60%) while
M2 and M4 are less abundant (approximately 20%). Throughout
the hippocampus, M1 is expressed mainly in the pyramidal
cell bodies and apical and basal dendrites of the stratum
radiatum and stratum oriens. It has been recently demonstrated
that mAChRs play a role in learning and memory (Bartko
et al., 2014; Dasgupta et al., 2018; Felder et al., 2018).
Unbalanced ACh levels in the hippocampus cause abnormal
emotional behaviors (Mineur et al., 2013). Inescapable stress
can elevate ACh levels in the hippocampus (Mark et al.,
1996). Increased ACh levels by inhibiting acetylcholinesterase
(AChE) in the hippocampus of mice induce anxiety-like and
depression-like behaviors (Mineur et al., 2013). However,
the functional plasticity of mAChRs in stress-induced mood
disorders remains unresolved.

In this study, we investigated the role of vHPC mAChRs
in stress-induced anxiety behaviors. Our results suggest that
increased expression of mAChRs in the vHPC contributed to
stress-induced anxiety-like behavior via promoting excitatory
synaptic transmission in the vHPC.

MATERIALS AND METHODS

Animals
This study was approved by the Institutional Laboratory Animal
Care and Use Committee of Guangdong Provincial People’s
Hospital. All of the experiments were implemented according
to the rules of the Chinese Council on Experimental Animal
Care. In all of the experiments, male C57BL/6J mice (8–9 weeks,
four per cage) were housed with a 12-h light/dark cycle (lights
on at 8:00 a.m. and lights off at 18:00 p.m.) under standard
conditions (21◦C–26◦C). Behavioral tests were performed from
10:00 to 15:00, and animals’ behaviors weremonitored with video
tracking software (Ethovision XT10, Noldus). Animal suffering
was minimized through our efforts.

Chronic Restraint Stress
Male mice were restrained in well-ventilated Perspex tubes
for 2 h (between 8:00 a.m. and 12:00 p.m., without water
and food) for 10 consecutive days. Twenty-four hours after
restraint stress, mice were subjected to behavioral tests, Q-PCR,
Western blotting assessments, electrophysiological recording,
and immunofluorescence staining.

Intracerebral Infusions and Stereotaxic
Injection
Animals were anesthetized using pentobarbital (intraperitoneal,
50 mg/kg) and mounted onto a mouse stereotaxic frame. A
small hole in the skull was made (1 mm diameter) using
a dental drill. A stainless steel guide cannula (Plastics One,
Incorporation; C315G/SPC; length, 4.0 mm) was lowered into
the vHPC according to the following coordinates: anterior,
−3.0 mm; lateral, 3.6 mm; ventral, −3.4 mm from the Bregma.
The guide cannula was fixed in place using glass ionomer cement.
Mice were placed back into their home cages to recover. All of the
behavioral experiment tests were performed 7 days after cannula
placement. After removal of the dummy cannula, intra-vHPC
injection was performed using an infusion cannula (Plastics
One, Incorporation; C315I/SPC, length matched to the guide
cannulas) connected to a 10-µl microsyringe (Hamilton, Reno,
NV, USA) via polyethylene tubing (Plastics One, Incorporation;
C313C). The injection volume was 0.5 µl/side at a rate of
0.1 µl/min, which was controlled by a microinfusion pump
(RWD200, China). The infusion cannula was then held in place
for 2 min to allow for diffusion of the drug before being replaced
by the dummy cannulas.

We used shRNA, a gene silencing technology to genetically
interfere with M1 mAChR expression. The M1shRNA has been
previously described (Wohleb et al., 2016) and contains the
sequence 5′-TGCAACGCCTCTGTCATGAATCTTCTTCAA
GAGAGAAGATTCATGACAGAGGCGTTGCTTTTTTC-3′.
The expression plasmid AAV-U6-M1shRNA-CMV-RFP was
constructed by using molecular biological techniques and
packaged into an adeno-associated virus (AAV9) at a titer of
1 × 1013 vg/ml. We used a microsyringe pump (Nanoliter
2000 Injector, WPI) to inject the virus (300 nl, 100 nl per min)
into the vHPC according to the following coordinates: anterior,
−3.0 mm; lateral, 3.6 mm; ventral,−3.7 mm from the Bregma.
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Fiber Photometry Recording
AAV-syn-GAch2.0 (a fluorescent ACh indicator, purchased
from Vigene Bioscience, Shandong, China) virus was injected
into the vHPC (titer, 1× 1012 vg/ml, 300 nl), then, an optical fiber
(200 µm outer diameter, 0.37 numerical aperture) was placed
in a ceramic ferrule and inserted toward the vHPC through
the craniotomy and fixed in place using glass ionomer cement.
Mice were placed back into their home cages to recover for at
least 2 weeks. Fluorescence signals were acquired with a fiber
photometry system equipped with a 488-nm excitation laser,
505–544 nm emission filter and a photomultiplier tube (R3896,
Hamamatsu). The laser power at the tip of the optical fiber was
adjusted to the low level of∼30 mW to minimize bleaching.

For the fiber photometry experiments, mice were habituated
to the testing house for 5 min. Then, mice were gently held by the
experimenter for 10 s using the right hand to imitate transient
restraint stress. Every mouse went through this stress six times
with an interval of more than 60 s.

We calculated (F − F0)/F0 to obtain the fluorescence change
value (4F/F), where F0 was the average value of baseline
fluorescence signal in the 5-s control time window. 4F/F values
were represented by SEM or heat map with shaded areas, which
represented signal changes over and over again.

Social Interaction Test
The chamber consists of a large open field (89 × 63 × 60 cm)
within a small wire cage (14 × 17 × 14.5 cm) at one side of it.
Mice were habituated to the testing house at least 1 h before the
test in low light lux condition (∼50 lux). The test was divided
into two phases. In the first phase, mice were running free in the
chamber for 2.5 min. In the second phase, an unfamiliar male
mouse was introduced into the wire cage. The length of time the
mice spent in the interactive zone was recorded. We recorded the
interaction time of the mice with the wire cage during two 2.5-
min phases (with and without the unfamiliar C57BL/6J mouse).
The ratio of the two phases is defined as the interaction index.

Open-Field Test
Before the experiment, mice were habituated in the experiment
room for 1 h, then mouse was placed in the center of the
chamber (40 × 40 × 30 cm). A 25-watt halogen bulb is used
to illuminate open field areas (∼650 light lux). The mouse
was gently placed and monitored by Versamax animal behavior
monitoring (AccuScan, Columbus, OH, USA) for 5 min. Time
mice spent in the center (15 × 15 cm square) and total distance
were measured, and 75% ethanol was used to clean the chamber
between trials.

Elevated Plus Maze Test
The elevated plusmaze (EPM) is located 50 cm above the ground.
The maze consists of two open arms (25 × 8 × 0.5 cm) and two
closed arms (25× 8× 12 cm) that extend from a central platform
(8 × 8 cm). Closed arms are surrounded by transparent walls
12 cm high, and open arms are surrounded by 0.5-cm ledges
with ∼650 light lux centered over the open arms. Each mouse
was placed in the center platform, facing a closed arm. During
the 5-min test, cameras above the maze recorded the mice’s

movements. The researchers measured the time mice spent in
open or closed arms. The maze was cleaned with 75% ethanol
between each test.

Real-Time Quantitative PCR
After chronic restraint stress (CRS), mice went through the
behavior tests to ensure the stress-induced anxiety. Total
vHPC RNA was extracted from C57BL/6 mice using RNeasy
Mini Kit (QIAGEN) according to the instructions. RNA
concentrations were then determined via Nanodrop. RNA was
reverse transcribed to cDNA using PrimeScriptTM RT Reagent
Kit (Takara RR037A, Japan). Real-time PCR was performed
on a 7500 RT-PCR instrument using the SYBRr Premix Ex
TaqTM (RR420A, Takara, Japan). Relative expression levels were
determined according to the ∆∆Ct method.

Western Blot
Mice were anesthetized with isoflurane and transcardially
perfused with phosphate buffered saline (PBS)
buffer. Hippocampal samples were homogenized in
radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 1 mM ethylenediaminetetraacetic
acid (EDTA), and 50 mM Tris HCl, pH 7.4) containing
protease and phosphatase inhibitors and then incubated
for 30 min on ice. The homogenates were centrifuged at
14,000× g for 30 min at 4◦C, and then the supernatants
were collected for Western blot. Protein concentrations were
determined using bicinchoninic acid (BCA) assay (Thermo
Fisher Scientific). RIPA extracted brain lysates (60–80 µg)
were run on 10% SDS–polyacrylamide gel electrophoresis
(PAGE) gel. Proteins were transferred onto polyvinylidene
difluoride (PVDF) membrane and blocked in 5% nonfat
dried milk in Tris-buffered saline with Tween 20 (TBST). The
membrane was then incubated in the following antibodies:
rabbit monoclonal anti-M1 (1:200; M9808; Sigma–Aldrich)
and mouse monoclonal anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:10,000; MAP374; Millipore).
Primary antibodies were detected with the species-specific
horseradish peroxidase (HRP)-conjugated secondary antibody,
and then visualized by enhanced chemiluminescence (ECL).
Chemiluminescent signal was captured on an LAS4000 Fuji
Imager. Densitometry analysis was performed using Quantity
One software (Bio-Rad).

Brain-Slice Electrophysiology
Slices were prepared as described previously (Tao et al., 2013).
After being anesthetized with pentobarbital sodium (50 mg/kg),
mice were decapitated and the brain was transferred into the
ice-cold artificial cerebrospinal fluid (ACSF, cutting solution)
made of 2.5 mM KCl, 220 mM sucrose, 2.5 mMMgSO4, 1.3 mM
CaCl2, 1 mM NaH2PO4, 26 mM NaHCO3, and 10 mM glucose.
Horizontal slices (300 µm) containing the vHPC were cut with
a vibrating microtome (Leica VT 1000S, Germany). Slices were
then moved into a chamber for 20 min recovery in 32◦C and
kept at room temperature for additional 1 h before recording.
The chamber contained the recording ACSF, made of 26 mM
NaHCO3, 126 mM NaCl, 1.2 mM NaH2PO4, 3 mM KCl, 2 mM
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CaCl2, 1 mM MgSO4, and 10 mM glucose. All solutions were
saturated with 95% O2/5% CO2 (vol/vol).

Slices were transferred into a recording chamber, and
the recording solution (ACSF) was perfused through the
chamber at a flow rate of 3 ml/min. To record spontaneous
excitatory postsynaptic currents (sEPSCs), pipettes filled with
the intracellular solution composed of 30 mM KCl, 105 mM K-
gluconate, 10 mM phosphocreatine, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 4 mM ATP-Mg,
0.3 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA), 0.3 mM GTP-Na, and 5 mM QX314
(pH 7.4, 290 mOsm) were used. sEPSCs were recorded
at a holding potential of −60 mV in the presence of
bicuculline methiodide (BMI, 20 µM) for blocking GABAergic
synaptic currents. Spontaneous inhibitory postsynaptic currents
(sIPSCs) were recorded at a holding potential of 0 mV,
with a pipette filled with an internal solution containing
140 mM CsCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM EGTA,
10 mM HEPES-CsOH, 2 mM adenosine triphosphate, and
5 mM QX-314. Then, 1 mM kynurenic acid was added to the
recording solution. Digidata1440 converter and Axoclamp-700B
amplifiers (Molecular Devices, Sunnyvale, CA, USA) were
used. For measuring firing frequency, steady-state current
was injected in +20 pA increments from −60 to 220 pA.
All action potential properties and excitability recordings
were performed in the presence of 2,3-dihydroxy-6-nitro-7-
sulfanilobenzene(f)quinoline-2,3-diketone (NBQX, 10 mM) and
BMI (20 µM). All reagents were purchased from Sigma–Aldrich.
All analyses were performed using Clampfit 10.2 (Axon
Instruments/Molecular Devices), Minianalysis.

Immunofluorescence
Mice were anesthetized using pentobarbital sodium (50 mg/kg),
perfused with saline, followed by 4% methanol in 0.1 M
phosphate buffer (PBS). After which brain tissue was removed,
postfixed into 4% methanol for 6 h, and then immersed
in 30% sucrose. After 3 days, a freezing microtome (Leica)
was used to obtain 40-µm-thick coronal brain sections. Slices
were then washed with PBS and treated with 1% Triton-100,
followed by goat serum and incubation with c-fos primary
antibody (Santa Cruz Biotechnology, -sc-52, 1:3,000) at 4◦C
overnight. Slices were then incubated with the corresponding
fluorescence-conjugated secondary antibody [Alexa Fluor 488
(1:500, A11034, Invitrogen)] at room temperature for 2 h. Images
with fluorescence were captured using a Nikon A1 confocal
microscope with the resolution of 1,024 × 1,024 pixels and
were then processed using National Institutes of Health (NIH)
ImageJ software.

Statistical Analyses
Statistical analysis was performed using SPSS software. An
independent sample t-test or one-way analysis of variance
(ANOVA) or two-way ANOVA was used for statistical analysis,
followed by a least square difference (LSD) test for post hoc
comparisons. All data are represented as mean ± standard error
of the mean (SEM). The statistical significance level was set at
*p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS

Chronic Restraint Stress Induces Social
Avoidance and Anxiety-Like Behaviors and
Increases Acetylcholine Muscarinic
Receptor Expression in Ventral
Hippocampus
We first assessed the impact of chronic stress on mouse
behaviors. As described previously (Zhang et al., 2019), we
used CRS to study the impact of stress on mice. Male mice
were immobilized in the restrainer once for 2 h/day. After
10-day restraint, at the end of stress, emotional behaviors
were assessed with the social interaction (SI), open-field
test (OFT), and EPM test (Figure 1A); each behavior test
was detected 1 day apart. We found that C57BL/6J mice
showed social avoidance behavior after CRS, as they showed
less desire for interaction in the SI test (Figures 1B,C;
F(1,56) = 5.631, p < 0.001) and showed a smaller SI ratio
compared with no stress mice (Figure 1D; t(28)s = 4.086,
p < 0.001). During a 5-min OFT, CRS mice spent less time
in the center of the open field (Figures 1E,F; t(28) = 2.899,
p = 0.0072), although the total distance of CRS mice was not
significantly different from that of the control group (Figure 1G;
t(28) = 0.5412, p = 0.5927). On the EPM, CRS mice in the
CRS group showed less open-arm exploration (Figures 1H,I;
t(28) = 3.183, p = 0.0036) and more duration in closed arms
(Figure 1J; t(28) = 3.915, p < 0.001). These results suggest
that CRS induces social avoidance and anxiety-like behaviors in
C57BL/6J mice.

To investigate the change of mAChRs in vHPC, we
detected mRNA and protein expression levels of mAChR
subtypes in the vHPC. The qPCR experiments showed
that CRS increased mRNA expression of M1 mAChRs and
M3 mAChRs in the vHPC (Figure 1K; t(12) = 6.019,
p < 0.001, t(12) = 2.951, p = 0.0121). Moreover, Western
blotting experiments showed that CRS enhanced protein
expression levels of M1 mAChRs (Figure 1L; sst(6) = 5.097,
p = 0.0022).

Transient Restraint Stress Increases
Ventral Hippocampus Acetylcholine
Muscarinic Receptor Signal in Behaving
Mice
A previous study had developed a fluorescent ACh indicator
GAch2.0 based on mAChRs (Jing et al., 2018). Here, we
injected AAV-syn-GAch2.0 virus into the vHPC and recorded
GAch2.0 fluorescence signal using fiber photometry (Figure 2A).
For the convenience of repeat recording within individuals,
mice were gently held by the experimenter for 10 s using
the right hand to imitate transient restraint stress. During the
restraint test, we observed a rapid increase in fluorescence
intensity when mice were restrained by hand (Figures 2B–D;
t(4) = 7.754, p = 0.0015). To test the effect of CRS on
vHPC ACh release, the mice went through the CRS for
9 days, and on day 10, we recorded fluorescence intensity
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FIGURE 1 | Chronic restraint stress (CRS) induces social avoidance and anxiety-like behaviors and increases acetylcholine (ACh) muscarinic receptor (mAChR)
expression in ventral hippocampus (vHPC) in mice. (A) CRS procedure: mice were restrained for 2 h/day for 10 days and subsequently subjected to behavioral tests.
(B) Representative tracks of control and stress group in social interaction (SI) test. (C) SI time in the absence or presence of social target. Two-way analysis of
variance (ANOVA), F (1,56) = 5.631, p < 0.001. (D) The ratio in the SI test was decreased in the CRS group. Unpaired two-tailed Student’s t-test, t(28) = 4.086,
p < 0.001. (E) Representative tracks of control and stress group in the open-field test (OFT). (F) Mice after CRS spent more time in the center area of the OFT.
Unpaired two-tailed Student’s t-test, t(28) = 2.899, p = 0.0072. (G) Control and CRS mice showed no difference in total distance. Unpaired two-tailed Student’s
t-test, t(28) = 0.5412, p = 0.5927. (H) Representative tracks of control and stress group in the elevated plus maze (EPM). (I) Mice after CRS spent less time in the
open arms of EPM. Unpaired two-tailed Student’s t-test, t(28) = 3.183, p = 0.0036. (J) Mice after CRS spent more time in the closed arms of EPM. Unpaired
two-tailed Student’s t-test, t(28) = 3.915, p < 0.001. (K) The mRNA expression of different mAChR subtypes in the vHPC in control and CRS mice. Unpaired
two-tailed Student’s t-test. (L) The protein levels of M1 were increased in the vHPC of CRS mice. Unpaired two-tailed Student’s t-test, t(6) = 5.097, p = 0.0022. The
data are presented as the mean ± SEM, N.S.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001. The numbers of mice are shown in parentheses.

when mice were restrained by hand. Compared with the
acute stress on day 1, after CRS, the stress induced more
ACh release in the vHPC by showing a larger fluorescence
intensity (Figures 2E–G; t(4) = 6.399, p = 0.0031). This
result indicated that restraint stress increased ACh release in
the vHPC.

Chronic Restraint Stress Increases Ventral
Hippocampal Neuronal Activity by
Enhancing Excitatory Synaptic Activity and
Decreasing Inhibitory Synaptic Activity
Next, we examine the effect of CRS on vHPC neuronal activity.
C-Fos is widely used as a marker for neuronal activity. We first
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FIGURE 2 | Transient restraint stress increases ACh muscarinic receptor (mAChR) signal in behaving mice. (A) Left, schematic of the fiber photometry setup. Right,
a representative image validates GAch2.0 expression (green) and optical fiber tract above the vHPC. Scale bar, 500 µM. (B,C) PETH plot (B) and heat map (C) of
fluorescence transients from a representative mouse aligned to the start of the restraint stress. (D) Quantification of change in fluorescence intensity before and after
restraint stress (N= 5 mice). Paired Student’s t-test, t(4) = 7.754, p = 0.0015. PETH plot (E) and heat map (F) of fluorescence transients from a representative mouse,
which went through 9 days of CRS, aligned to the start of restraint stress on day 10. (G) Quantification of change in fluorescence intensity before and after restraint
stress (N= 5 mice). Paired Student’s t-test, t(4) = 6.399, p = 0.0031. The data are presented as the mean ± SEM, **p < 0.01. The numbers of mice are shown
in parentheses.

examined the c-Fos expression in the vHPC. Indeed, more than
two-fold increase of c-Fos expression was found in the vHPC of
CRS mice (Figure 3A; t(10) = 4.013, p = 0.0025). To determine
synaptic alterations triggered by CRS, we recorded sEPSCs and
spontaneous inhibitory postsynaptic currents (sIPSCs) in vHPC
pyramidal neurons by whole-cell patch-clamp recording of acute
brain slices from control and CRS mice. We found that both
the amplitude and frequency of sEPSCs significantly increased
in CRS mice compared to those in control mice (Figures 3B,C;
t(22) = 2.685, p = 0.0135; Figure 3D; t(21) = 3.337, p = 0.0031).
Meanwhile, the frequency of sIPSCs but not the amplitude
greatly decreased in CRS mice (Figures 3E,F; t(23)ss = 0.1448,
p = 0.8862; Figure 3G; t(21) = 3.027, p = 0.0064). Together,
these c-Fos data and electrophysiological measurements showed
that CRS increased neuronal activity and excitatory synaptic
transmission but decreased inhibitory synaptic transmission in
the vHPC pyramidal neurons.

Scopolamine Reverses the Enhanced
Spontaneous Excitatory Postsynaptic
Currents in Ventral Hippocampus Neurons
and Rescues Chronic Restraint
Stress-Induced Mouse Social Avoidance
and Anxiety-Like Behaviors
Scopolamine was a nonselective mAChR antagonist; previous
studies demonstrate that it can produce rapid antidepressant
actions (within hours) and is effective even in treatment-resistant
major depressive disorder (MDD) patients (Furey et al., 2010;
Drevets et al., 2013; Wohleb et al., 2016). We tested the effects of

scopolamine (50 µM; Zhu et al., 2013) on synaptic transmission
in the vHPC pyramidal neurons of CRSmice and found that bath
perfusion of scopolamine significantly reduced the amplitude
and frequency of sEPSCs (Figures 4A,B; F(1.619,14.57) = 18.99,
p = 0.0002; Figure 4C; F(1.283,11.55) = 30.79, p < 0.0001).
However, the delivery of scopolamine did not change the
amplitude and frequency of sIPSCs of vHPC pyramidal neurons
(Figures 4D,E; F(1.878,16.9) = 0.009277, p = 0.9882; Figure 4F;
F(1.839,16.55) = 0.5085, p = 0.5954).

To confirm the effect of scopolamine on the behaviors in
CRS mice, we infused scopolamine (50 µM, 0.5 µl/side) in the
vHPC bilaterally (Figure 4G). Then, 30 min after scopolamine
delivery, the CRS mice showed a greater desire for SI as
they spent more time in the SI zone and a higher SI ratio
(Figure 4H; F(1,84) = 5.414, p = 0.22; Figure 4I; F(1,42) = 13.28,
p < 0.001). Furthermore, in the OFT, we found that intra-vHPC
administration of scopolamine increased center time without
affecting locomotion of CRS mice (Figure 4J; F(1,42) = 3.671,
p = 0.0621; Figure 4K; F(1,42) = 1.141, p = 0.291). Moreover, the
same treatment decreased open arms avoidance in CRS mice, as
they spent more time in the open arms (Figure 4L; F(1,42) = 7.212,
p = 0.0103).

M1 Knockdown in the Ventral
Hippocampus Reverses Anxiogenic Effect
of Chronic Restraint Stress
To further confirm the role of the vHPC M1 mAChRs in
the genesis of anxiety behaviors in mice, M1 mAChRs in the
vHPC were knocked down using the adeno-associated virus

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 December 2020 | Volume 13 | Article 598811

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Mei et al. Acetylcholine Receptor in Mental Disorders

FIGURE 3 | CRS increases ventral hippocampal activity by enhancing excitatory postsynaptic currents (EPSCs) and decreasing inhibitory postsynaptic currents
(IPSCs). (A) Representative images of c-Fos (green) staining in the vHPC. Scale bar, 100 µM (Left). Quantification of vHPC c-Fos+ cells after CRS (Right). Unpaired
two-tailed Student’s t-test, t (10) = 4.013, p = 0.0025. (B) Representative spontaneous EPSC (sEPSC) traces of neurons in vHPC. Scale bar: 10 pA, 1 s.
(C) Cumulative distribution of sEPSC amplitudes and average amplitudes. Unpaired two-tailed Student’s t-test, t(22) = 2.685, p = 0.0135. (D) Cumulative distribution
of sEPSC inter-event intervals and average frequencies. Unpaired two-tailed Student’s t-test, t(21) = 3.337, p = 0.0031. (E) Representative spontaneous IPSC (sIPSC)
traces of neurons in vHPC. Scale bar: 10 pA, 1 s. (F) Cumulative distribution of sIPSC amplitudes and average amplitudes. Unpaired two-tailed Student’s t-test,
t(23) = 0.1448, p = 0.8862. (G) Cumulative distribution of sIPSC inter-event intervals and average frequencies. Unpaired two-tailed Student’s t-test, t(21) = 3.027,
p = 0.0064. The data are presented as the mean ± SEM, N.S.: not significant, *p < 0.05, **p < 0.01. The numbers of recording neurons are shown in parentheses.

expressing M1-shRNA injected into the vHPC (Figure 5A).
Using immunoblotting, we confirmed a high efficiency of
M1 knockdown in the vHPC of mice after AAV-U6-M1shRNA-
CMV-RFP injection (Figure 5B; t (10) = 7.269, p < 0.001).
Ex vivo acute brain slices were prepared, and whole-cell patch-
clamp recordings were obtained from mice injected with the
virus in vHPC. Interestingly, we observed a decrease in intrinsic
excitability of vHPC neurons after interference of M1 expression
(Figure 5C; F(1,264) = 47.91, p < 0.001). Meanwhile, we
examined changes in synaptic inputs by measuring sEPSCs and
found M1 knockdown in the vHPC of mice had significantly
smaller amplitude and frequency of excited synaptic inputs
(Figures 5D,E; t(36) = 2.241, p = 0.0313; Figure 5F; t(36) = 2.039,
p = 0.0489). Changes in synaptic input may cause excitability
changes. In order to isolate excitability indicators from synaptic
inputs, we measured intrinsic excitability in the presence of
excitability and inhibitory synaptic current blockers NBQX
and methiodinucleotide (BMI). We found that the threshold
is significantly increased (Figure 5G; t(16) = 2.16, p = 0.0463),
while the resting membrane potential (RMP) and membrane
resistance remained unchanged (Figures 5H,I); this suggests that

the intrinsic excitability changes are not secondary effects of
synaptic changes. Then, AAV-U6-M1shRNA-CMV-RFP virus
and the control virus were injected into two groups of C57 mice.
Themice were performed CRS 2 weeks after viral injection before
behavioral tests. We observed that mice with M1 knockdown in
the vHPC spent more time in the center in the OFT (Figure 5J;
F(1,32) = 0.5230, p = 0.4760) and time spent in the open
arms in the EPM test (Figure 5K; F(1,32) = 1.243, p = 0.2732)
in comparison with the control group. In the SI test, vHPC
M1 knockdown mice show more desire for the interaction with
a strange mouse (Figure 5L; F(1,64) = 4.5, p = 0.0063; Figure 5M;
F(1,32) = 5.142, p = 0.0302). These results show that M1 mAChR
expression in the vHPC is critically required for the development
of stress-induced anxiety, consistent with those observed in mice
infused with scopolamine in the vHPC.

DISCUSSION

In the present study, the major findings are as follows.
Chronic stress induced social avoidance and anxiety-like
behavior and increased mAChR expression in C57BL/6J mice.
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FIGURE 4 | Scopolamine reverses the enhanced spontaneous excitatory postsynaptic currents (sEPSCs) in vHPC neurons and rescues CRS-induced mouse social
avoidance and anxiety-like behaviors. (A) Representative sEPSC traces before, during, and after wash of scopolamine. Scale bar: 10 pA, 1 s. (B) Cumulative
distribution of sEPSC amplitudes and average amplitudes. One-way ANOVA/least square difference (LSD) post hoc test. F (1.619,14.57) = 18.99, p = 0.0002. Before vs.
scopolamine, t(9) = 4.369, p = 0.0036. Wash vs. scopolamine, t(9) = 5.028, p = 0.0014. (C) Cumulative distribution of sEPSC inter-event intervals and average
frequencies. One-way ANOVA/LSD post hoc test. F (1.283,11.55) = 30.79, p < 0.0001. Before vs. scopolamine, t(9) = 5.376, p = 0.0009. Wash vs. scopolamine,
t(9) = 6.081, p = 0.0004. (D) Representative spontaneous inhibitory postsynaptic current (sIPSC) traces before, during, and after wash of scopolamine. Scale bar:
10 pA, 1 s. (E) Cumulative distribution of sIPSC amplitudes and average amplitudes. One-way ANOVA/LSD post hoc test. F (1.878,16.9) = 0.009277, p = 0.9882.
Before vs. scopolamine, t(9) = 0.0377, p > 0.9999. Wash vs. scopolamine, t(9) = 0.1537, p > 0.9999. (F) Cumulative distribution of sIPSC inter-event intervals and
average frequencies. One-way ANOVA/LSD post hoc test. F (1.839,16.55) = 0.5085, p = 0.5954. Before vs. scopolamine, t(9) = 0.9347, p = 0.7487. Wash vs.
scopolamine, t(9)s = 0.5731, p > 0.9999. (G) Cartoon shows drug delivery in vHPC. (H) SI time in the absence or presence of social target. Two-way ANOVA/LSD
post hoc test, F (1,84) = 5.414, p = 0.022, targetACSF + stress vs. targetscopolamine + stress, t = 4.466, p < 0.001). (I) The ratio in the SI test. Two-way ANOVA/LSD post hoc
test. F (1,42) = 13.28, p < 0.001. CRS + artificial cerebrospinal fluid (ACSF) vs. CRS + scopolamine, t = 4.651, p < 0.0001. (J) The time spent in the center of OFT.
Two-way ANOVA/LSD post hoc test. F (1,42) = 3.671, p = 0.0621. CRS + ACSF vs. CRS + scopolamine, t = 2.975, p = 0.0097. (K) Mice total distance in OFT.
Two-way ANOVA/LSD post hoc test. F (1,42) = 1.414, p = 0.291. CRS + ACSF vs. CRS + scopolamine, t = 0.7562, p = 0.7016. (L) The time spent in the open arms
of elevated plus maze (EPM). Two-way ANOVA/LSD post hoc test. F (1,42) = 7.212, p = 0.0103. CRS + ACSF vs. CRS + scopolamine, t = 3.935, p = 0.015. The data
are presented as the mean ± SEM, N.S.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001. The numbers of recording neurons are shown in parentheses.

Transient restraint stress increased ACh release in the vHPC.
Electrophysiological measurements indicated that CRS enhanced

the amplitude and frequency of sEPSCs while decreasing
the frequency of sIPSCs in ventral hippocampal neurons.
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FIGURE 5 | M1 knockdown in the vHPC reverses anxiogenic effect of CRS. (A) Representative confocal images of AAV-U6-M1shRNA-CMV-RFP (red) distribution
in the vHPC. Scale bar, 500 µM; inset, 100 µM. (B) The protein levels of M1 were decreased in the vHPC of mice injected with an AAV expressing M1-shRNA.
Unpaired two-tailed Student’s t-test, t (10) = 7.269, p < 0.001. (C) Left, spikes elicited after 200 pA current injection in vHPC neurons. Scale bar, 20 pA, 100 ms.
Right, spikes elicited in vHPC neurons in response to current injection. Two-way ANOVA/LSD post hoc test. F (1,264) = 47.91, p < 0.001. (D) Representative
spontaneous excitatory postsynaptic currents (sEPSCs) traces of neurons in vHPC. (E,F) M1 knockdown decreased sEPSCs amplitude (E), Unpaired two-tailed
Student’s t-test, t(36) = 2.241, p = 0.0313, and frequency of vHPC neurons. Unpaired two-tailed Student’s t-test, t(36) = 2.039, p = 0.0489. (G–I) a.p. threshold,
resting membrane potential (RMP) and membrane resistance for vHPC neurons. Unpaired two-tailed Student’s t-test, t(16) = 2.16, p = 0.0463. Scale bar, 10 pA, 1 s.
(J) The time spent in the center of the OFT. Two-way ANOVA/LSD post hoc test. F (1,32) = 0.5203, p = 0.4760. CRS + CON vs. CRS + shRNA, t = 2.705, p = 0.0217.
(K) The time spent in the open arms of the elevated plus maze (EPM). Two-way ANOVA/LSD post hoc test. F (1,32) = 1.243, p = 0.2732. CRS + CON vs. CRS +
shRNA, t = 2.784, p = 0.0179. (L) SI time in the absence or presence of a social target. Two-way ANOVA/LSD post hoc test, F (1,64) = 4.5, p = 0.0063,
targetCON + stress vs. targetCON + stress, t = 3.547, p = 0.0044. (M) The ratio in the SI test. Two-way ANOVA/LSD post hoc test. F (1,32) = 5.142, p = 0.0302. CRS + CON
vs. CRS + shRNA, t = 3.04, p = 0.0094. The data are presented as the mean ± SEM, N.S.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001. The numbers of
mice are shown in parentheses.

The mAChR antagonist scopolamine attenuated the excitatory
synaptic activity in vHPC neuron and rescued the social
avoidance and anxiety-like behavior induced by CRS in mice.
Furthermore, M1 receptor knockdown in the vHPC reversed the
anxiogenic effect of CRS in mice. To our knowledge, this is the
first study to demonstrate that ventral hippocampal mAChRs are
critical for stress-induced anxiety-like behavior in mice.

Hippocampus, especially the vHPC, is intimately tied to
emotion. The vHPC modulates stress responses, and its
dysfunction leads to affective disorders such as anxiety (Fanselow
andDong, 2010; Parfitt et al., 2017; Jimenez et al., 2018). Previous
studies found that ventral hippocampal neurons control anxiety
by their projection to medial prefrontal cortex (mPFC), lateral
septum, and lateral hypothalamic area. The vHPC modulates
anxiety-like behavior through influencing neuronal activities (Tu
et al., 2014; Fisher et al., 2017; Rytova et al., 2019). In our
experiments, chronic stress induced anxiety-like behaviors and
enhanced neuronal activities in vHPC in mice. This is consistent
with several previous findings that activation of vHPC neurons

elicits negative emotions, including anxiety in mice (Bannerman
et al., 2003; Felix-Ortiz et al., 2013; Padilla-Coreano et al., 2016;
Jimenez et al., 2018).

The hippocampus, both the dorsal and ventral regions,
receives cholinergic fiber from basal forebrain cholinergic
neurons, especially the medial septum (Li et al., 2018). ACh
released from these neurons alters neuronal excitability,
influences synaptic transmission, induces synaptic plasticity,
and coordinates firing of groups of neurons (Picciotto et al.,
2012). Throughout the hippocampus, M1 receptor is mainly
expressed in the pyramidal cell bodies and dendrites. The most
consistent effect of exogenously applied ACh to hippocampal
pyramidal neurons is membrane depolarization with increased
membrane resistance based on the electrophysiological
experiment (Cole and Nicoll, 1984). However, in our study,
interference of M1 receptor did not influence membrane
resistance (Figures 5H,I), so, the impact of ACh on membrane
resistance may be through its activation of nicotine receptors or
other mAChRs. Also, muscarinic activation excited pyramidal
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cells by regulating ion channels on neurons including the
K+ currents IM and IAHP and the Ca2+-activated K+ currents
responsible for slowing action potential discharges (Dutar
et al., 1995). This may be the reason for AP threshold change
after M1 knockdown in vHPC. Besides these, our study
found that mAChRs can also influence ventral hippocampal
neurons’ activities via synaptic level. This is consistent
with the previous finding that in the dorsal CA1 region
of the hippocampus, ACh released from cholinergic fibers
modulates hippocampal synaptic plasticity through the
postsynaptic M1 mAChR activation (Shinoe et al., 2005).
Our in vivo data show that transient restraint stress induces
ACh release in vHPC (Figure 2); this is consistent with
previous studies showing that stress increases ACh level
in the hippocampus (Mark et al., 1996; Dong et al., 2004).
Furthermore, pharmacological and molecular genetic decreases
in hippocampal AChE activity increased anxiety-like behaviors
(Mineur et al., 2013; Fernandes et al., 2018). Our study
indicated that the ACh modulates mouse emotion behavior
viamAChRs.

Furthermore, we found that scopolamine rescued stress-
induced abnormal behavior by decreasing sEPSCs but not
affecting sIPSCs in vHPC neurons. These results indicate
that scopolamine produces the inhibitory effects on anxiety
behavior through M1 mAChRs on vHPC neurons. Our
electrophysiological experiments showed that both the amplitude
and frequency of sEPSCs were significantly increased in
CRS mice, indicating an increased glutamate release from
presynaptic terminals or enhanced response of postsynaptic
glutamate receptors. We also found that the frequency
of sIPSCs, but not the amplitude, was greatly decreased
in CRS mice, indicating a reduced gamma aminobutyric
acid (GABA) release from presynaptic terminals without
altering the postsynaptic GABA receptors. Together, these data
suggest that CRS produces stronger synaptic plasticity at the
excitatory glutamatergic synapses than the inhibitory GABAergic
synapses in vHPC neurons. Thus, the decrease of sEPSCs by
scopolamine may be enough for mice to disengage from the
stress. Further work needs to investigate how M1 mAChRs
regulate sEPSCs.

Many psychiatric illnesses are characterized by deficits in the
social domain (Allsop et al., 2014). A previous study found that
amygdala–vHPC glutamatergic projection could bidirectionally
modulate mouse SI (Felix-Ortiz and Tye, 2014). Moreover,
relaxin-3 receptor on GABA neurons in rat vHPC modulates
mouse social avoidance (Rytova et al., 2019). Interestingly, our
study found that intra-vHPC injection of scopolamine and
knockdown of M1 mAChRs in the vHPC can attenuate CRS
mouse social avoidance. As the amygdala neurons’ activities
show great change after chronic stress (Zhang et al., 2019),
M1 mAChRs might regulate social behavior through the
modulation of amygdala–vHPC glutamatergic transmission.

A series of studies suggest that scopolamine has
antidepressant effects in depressed humans (Dulawa and
Janowsky, 2019), shows promise for the treatment of opioid use
disorder (Jensen et al., 2018), and has significant postoperative
nausea and vomiting (PONV) therapeutic efficacy (Kassel
et al., 2018). In this study, we found that scopolamine had a
significant effect on social behavior in mice with chronic stress
(Figures 4H,I). Notably, besides the above, scopolamine may
benefit surgical patients because of its drying effects, resulting
in fewer secretions and complications with intubation (Kassel
et al., 2018). These suggest that scopolamine has potential
for treating surgical patients with preoperative anxiety at age
18–65, considering some significant side effects in old patients
and children.

In conclusion, this study reveals the functional role of the
vHPC M1 mAChRs in stress-induced social avoidance and
anxiety, which may provide new insight for treatments of
anxiety disorders.
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