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mGIuR5 in hippocampal CA1 pyramidal neurons mediates
stress-induced anxiety-like behavior
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Pharmacological manipulation of mGIuR5 has showed that mGIuR5 is implicated in the pathophysiology of anxiety and mGIuR5 has
been proposed as a potential drug target for anxiety disorders. Nevertheless, the mechanism underlying the mGIuR5 involvement
in stress-induced anxiety-like behavior remains largely unknown. Here, we found that chronic restraint stress induced anxiety-like
behavior and decreased the expression of mGIuR5 in hippocampal CA1. Specific knockdown of mGIuR5 in hippocampal CA1
pyramidal neurons produced anxiety-like behavior. Furthermore, both chronic restraint stress and mGIuR5 knockdown impaired
inhibitory synaptic inputs in hippocampal CA1 pyramidal neurons. Notably, positive allosteric modulator of mGIuR5 rescued stress-
induced anxiety-like behavior and restored the inhibitory synaptic inputs. These findings point to an essential role for mGIuR5 in
hippocampal CA1 pyramidal neurons in mediating stress-induced anxiety-like behavior.

Neuropsychopharmacology (2023) 48:1164-1174; https://doi.org/10.1038/s41386-023-01548-w

INTRODUCTION

Anxiety disorders, defined as excess worry, hyperarousal and
fear, are among the most prevalent psychiatric disorders in the
worldwide [1, 2]. The prevalence of anxiety disorders is high
across the globe and the lifetime prevalence estimates is 28.8%
[3]. However, the mechanisms underlying the pathophysiology
of the anxiety remains unclear and current treatments for
anxiety disorders are not satisfying [4, 5]. Chronic stress is a key
risk factor for anxiety disorders in human and can induce
anxiety-like behavior in rodents, which is a widely used animal
model for understanding the mechanisms of anxiety disorders
[6, 71.

Glutamate is the prominent excitatory neurotransmitter in the
brain [8]. Metabotropic glutamate receptors (mGIuRs), which are a
member of G-protein coupled receptors, could sense glutamate in
the synaptic cleft [9-11]. Previous studies have showed that
mGIuR5 might be a potential drug target for anxiety disorders
[12-15]. However, whether and how mGIUR5 participates in
chronic stress-induced anxiety-like behavior remains little known.

The hippocampus is traditionally thought to be important in
modulating learning and memory [16-18]. Nevertheless, the
hippocampus is also recognized as an important brain region to
transmit contextual information to the limbic structures [19-22].
It has been reported that hippocampal CA1 is enriched in
anxiety cells and responsible for anxiety-like behavior [23].

In this study, we investigated whether mGIuR5 in the
hippocampus participates in anxiety disorders through chronic
restraint stress model. We found that chronic restraint stress
induced anxiety-like behavior and reduced the inhibitory synaptic

inputs in the hippocampal CA1 pyramidal neurons. Moreover,
chronic restraint stress decreased the expression of mGIuR5 in
hippocampal CA1. Knockdown of mGIuR5 in hippocampal CA1
pyramidal neurons produced anxiety-like behavior and impaired
the inhibitory synaptic inputs. Positive allosteric modulator of
mGIuR5 rescued stress-induced anxiety-like behavior and restored
the inhibitory synaptic inputs in hippocampal CA1 pyramidal
neurons. Our findings demonstrate an essential role for mGIuR5 in
regulating stress-induced anxiety-like behavior.

MATERIALS AND METHODS

Mice

The mice (on C57BL/6 background) were housed in standard laboratory
cages (3-5 per cage) under a 12 h light/dark cycle (lights on at 8:00 A.M.) in a
temperature-controlled room (21-25 °C). The mice had free access to water
and food. Behavioral testing was performed during the light cycle between
0:00 P.M. and 5:00 P.M. Only male mice were used in all experiments. All
procedures were conducted in accordance with the Chinese Council on
Animal Care Guidelines and were approved by the Southern Medical
University Animal Ethics Committee. Efforts were made to minimize animal
suffering. The mGIuR5 loxp mice were obtained from the Jackson Lab.
C57BL/6 mice (aged 8 weeks) were purchased from the Guangdong Medical
Laboratory Animal Center (Guangzhou, China).

Restraint stress

The mice were individually placed head-first into well-ventilated 50 ml
polypropylene conical tubes and tied with a cap of the 50 ml tube (2h
per day, 5 days). After each session of restraint stress, the mice were returned
to their home cage, in which they had free access to food and water.
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Drugs and chemicals

Bicuculin, DNQX, AP-5 were purchased from Tocris Bioscience. CDPPB were
purchased from Topscience (Shanghai, China). CDPPB was dissolved in
DMSO to a concentration of 10 mg/ml, and mixed with PBS containing
10% Tween-80 in a 1:9 ratio for intraperitoneal injection. When DMSO
(Sigma) was used to prepare solutions, its final concentration was 0.05%
or less.

Antibodies
The primary antibodies were as follows: rabbit anti-mGIuR5 (1:50, Abcam,
ab76316), mouse anti-B-actin (1:100, Proteintech).

Slice preparation

The mice were anesthetized with ethyl ether and subsequently
decapitated. The brains were quickly removed and placed in ice-cold
oxygenated modified ACSF containing 220 mM sucrose, 2.5mM Kdl,
1.3 mM CadCly, 2.5 mM MgSO,4, 1 mM NaH,PO,, 26 mM NaHCOs3, and 10 mM
glucose. 300 um slices were prepared using a VT-1200S vibratome (Leica,
Germany). Then the slices were transferred to a storage chamber
containing normal ACSF (120 mM NaCl, 2.5 mM KCl, 1.2mM NaH,PO,,
2.0 mM CaCl,, 2.0 MM MgSO,, 26 mM NaHCOs;, and 10 mM glucose) for a
30 min recovery period at 34°C and subsequently at room temperature
(25+1°C) for an additional 2-6 h. All solutions were saturated with 95%
0,/ 5% CO, (vol/vol).

Electrophysiological recordings

The slices were placed in a recording chamber perfused with ACSF (2 ml/
min) at 32-34°C. Whole-cell patch-clamp recordings of hippocampal
neurons were obtained under 40X water-immersion lens (BX51WI,
Olympus). Pipettes were pulled using a micropipette puller (P-97, Sutter
instrument) with a resistance of 3-6 MQ. Recordings were obtained using a
MultiClamp 700 B amplifier and 1440 A digitizer (Molecular Device). For
SsEPSC and mEPSC recordings, glass pipettes were filled with a solution
containing 125mM Cs-methanesulfonate, 5mM CsCl, 10 mM Hepes,
02mM EGTA, TmM MgCIl2, 4mM Mg-ATP, 0.3mM Na-GTP, 10 mM
phosphocreatine and 5mM QX314 (pH 7.40, 285 mOsm). For sIPSC and
mIPSC recordings, the holding potentials were 0 mV, glass pipettes were
filled with a solution containing 110 mM Cs,SO,4 0.5mM CaCl,, 2mM
MgCl,, 5mM EGTA, 5mM HEPES, 5mM TEA, 5mM ATP-Mg, pH 7.35,
285 mOsm.

Western blot

The tissue was harvested and lysed in ice-cold RIPA lysis buffer
(ThermoFisher) containing 1 mmol/L PMSF. For western blot, the proteins
were detected by automatic protein detection instrument (ProteinSimple)
and analysed by Compass software (ProteinSimple). The results were
normalized to internal controls.

Quantitative real-time RT-PCR

The tissue was harvested and immediately extracted for total RNA and
total RNA was reverse transcribed and amplified. The reverse transcription
was conducted by using PrimeScript RT reagent kit (Takara, RR037A) and
RT-gPCR analyses were performed using SYBR Premix Ex Taq (Takara,
RR420A). The following sequences of primers were used for real-time RT-
PCR. GAPDH forward: 5-CAA TGT GTC CGT CGT GGA TCT-3"; GAPDH
reverse: 5-GTC CTC AGT GTA GCC CAA GAT G-3". mGluR5 forward: 5°-TTT
GGA GTG CTG ACC AGG AG-3"; mGIuR5 reverse: 5-AGG TTG ACT TTT TGG
TCC CAG A-3".

Stereotaxic microinjection

The mice were anesthetized with 1% pentobarbital sodium and placed in a
stereotaxic frame. All coordinates are reported relative to the bregma in
mm. The mortality rate was 0. The post-operative recovery time was
generally >4 weeks. The scalp was incised and a hole drilled into the skull
above the hippocampus CA1 (AP, —2mm; ML, —1.6 or +1.6 mm; DV,
—1.6mm) and a 5 pl hamilton needle loaded with AAV was introduced
slowly by using a syringe pump. 0.3 pl of virus was injected bilaterally at a
rate of 0.05 pl/min. After a 10 minutes delay, the needle was pulled up.
Electrophysiological recordings and behavior experiments were performed
28 days after viral transduction. The Camkll Cre virus were generated by
BrainVTA (Wuhan, China).
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Intracerebral Infusions

The mice were anesthetized with 1% pentobarbital sodium and placed in a
stereotaxic frame. The scalp was incised and a hole drilled into the skull
above the hippocampus CA1 (AP, —2mm; ML, —1.6 or +1.6 mm; DV,
—1.6 mm). Stainless-steel guide cannulas (RWD; 62004; length, 2 mm) were
lowered into the dorsal hippocampal CA1. The guide cannulas were
secured in place using glass ionomer cements. Dummy cannulas (RWD;
62104, with lengths matching the guide cannulas) were placed inside the
guide cannulas to prevent occlusion. Incisions were fixed and covered with
glass ionomer cement. The animals were removed from the stereotaxic
instrument and recovered on an electric blanket, and then they were
placed back into their home cages. The infusion of CDPPB or ACSF was
performed 7 days after surgery and behavior tests were performed 30 min
after infusion. The dummy cannulas were removed from the guide
cannulas and replaced by infusion cannulas (RWD; 62204). The infusion
cannulas were connected, via polyethylene tubing (RWD; BC-22) to 5 ul
microsyringes (Hamilton, Reno, NV) mounted on a microinfusion pump
(RWD200, China). Each mouse was injected with 0.3 pl/side at a flow rate of
0.1 pl/min. To allow the diffusion of the drug, the infusion cannulas were
kept in for 3 min before being replaced with the dummy cannulas.

Slice for confocal microscopy

Mice, microinjected with AAV-CamKII-GFP or AAV-CamKIl-Cre, were
anesthetized and perfused transcardially with 4% paraformaldehyde in
0.1 M PBS (pH 7.4). Brains were post-fixed overnight in the same solution,
and then stored in 30% sucrose (wt/vol) in PBS. All brains were cut into
40 um coronal sections on a cryostat. A series of fluorescent images were
obtained with the A1 Nikon confocal microscope.

Open field test

The open-field apparatus was a rectangular chamber (60 x 60 x 40 cm) that
was composed of gray polyvinyl chloride. The center area was illuminated
using 25 W halogen bulbs (200 cm above the field). The mice were gently
placed into the center of the testing chamber for a 5 min recording period
and monitored using an automated video tracking system. The digitized
image of the path taken in those 5 min was automatically analyzed using
the DigBehv animal behavior analysis program.

Elevated plus maze test

The elevated plus maze test comprised two open arms (10 x 50 cm) located
opposite one another and two opposing enclosed arms (10 x 50 X 40 cm)
40 cm above the floor. The junction of the four arms(the central platform)
measured 10 x 10 cm. All experimental mice were taken to a dimly lit testing
room 30 min prior to the test. At the beginning of the 5 min test, the mice
were placed onto the central platform of the elevated plus-maze facing the
closed arm. The maze was cleaned between the sessions using 70% ethanol.
We used computational software to automatically quantify the time spent
and distance travelled in the closed and open arms.

Statistical analyses

Statistical analysis was conducted using GraphPad Prism version 7.0
(GraphPad Software). All data are expressed as the mean + SEM. Student'’s
t-test was used to compare the data from two groups. One-way ANOVA
was used for the analysis of data from three or more groups. Two-way
ANOVA was used in analyzing more than two parameters. In the
cumulative frequency distribution curves of EPSC/ IPSC frequency, the
bin-widths were 100ms across all experiments. In the cumulative
frequency distribution curves of EPSC/ IPSC amplitude, the bin-widths
were 2 pA across all experiments. The statistical significance level for all
experiments was set at P < 0.05.

RESULTS

Chronic restraint stress leaded to anxiety-like behaviors and
reduced glutamatergic and GABAergic inputs in hippocampal
CA1 pyramidal neurons

To understand the underlying mechanism how chronic stress
induces anxiety-like behavior, chronic restraint stress (CRS) model
was adopted in this study. Mice were subjected to a 5-day
restraint stress for 2 h per day in a well-ventilated Perspex tube
and then underwent two anxiety-related behavioral tests, open
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field test and elevated plus maze [24]. As reported, we found that
mice exposed to restraint stress showed decreased weight,
traveled more distance and spent less time in the central area in
open field test (Fig. 1a—c) [25]. The periphery/ center distance
ratio and periphery time ratio can be used as an indicator for
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anxiety-related responses. We found that mice exposed to
restraint stress traveled a significantly higher proportion of
distance and time in the periphery, and lower proportion of
distance in the center, indicating an increased anxiety-like
behavior after CRS (Fig. 1d-f). Moreover, the mice exposed to
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Fig. 1 Chronic restraint stress leaded to anxiety-like behaviors and impaired the synaptic inputs in hippocampal CA1 pyramidal neurons.
a After 5 days of chronic restraint stress, the weight of the mice was decreased. n = 19 mice for control group, n = 18 mice for chronic restraint
stress group. ****P < 0.0001 by two-tailed unpaired Student’s t-test. t = 11.15, d.f. = 35. b—f After 5 days of chronic restraint stress, the mice
showed increased locomotion and anxiety-like behavior in the open field test. n = 9 mice for control group, n = 10 mice for chronic restraint
stress group. Total distance: **P < 0.01 by two-tailed unpaired Student’s t-test. P=0.0015, t = 3.782, d.f. = 17. Center time: ***P < 0.001 by two-
tailed unpaired Student’s t-test. P=0.0008, t =4.078, df.= 17. Periphery/ total distance ratio: *P < 0.05 by two-tailed Mann Whitney test.
P=0.0101. Center/ total distance ratio: *P < 0.05 by two-tailed Mann Whitney test. P= 0.0101. Periphery/ total time ratio: ***P < 0.001 by two-
tailed unpaired Student’s t-test. P=0.0008, t = 4.078, d.f. = 17. g, h After 5 days of chronic restraint stress, the mice decreased open arm time
in the elevated plus maze test. No difference in open arm entries. n = 9 mice for control group, n = 10 mice for chronic restraint stress group.
Open arm time: *P < 0.05 by two-tailed unpaired Student’s t-test. P = 0.0495, t =2.115, d.f. = 17. i-k Representative traces and quantitative
analysis of sEPSC. n =10 cells from 4 mice in the control group, n = 10 cells from 3 mice in the CRS group. **P < 0.01 by two-tailed unpaired
Student’s t-test. P=0.003, t = 3.425, d.f. = 18. ****P < 0.0001 by Kolmogorov-Smirnov test. Scale bar: 1s, 30 pA. I-n Representative traces and
quantitative analysis of mEPSC. n = 10 cells from 4 mice in the control group, n = 8 cells from 4 mice in the CRS group. *P < 0.05 by two-tailed
unpaired Student’s t-test. P=0.0386, t = 2.254, d.f. = 16. Cumulative probability: ****P < 0.0001 by Kolmogorov-Smirnov test. Scale bar: 15,
30 pA. o—q Representative traces and quantitative analysis of sIPSC. n= 11 cells from 4 mice for each group. *P < 0.05 by two-tailed unpaired
Student’s t-test. P=0.0107, t = 2.813, d.f. = 20. ****P < 0.0001 by Kolmogorov-Smirnov test. Scale bar: 1s, 30 pA. r-t Representative traces and
quantitative analysis of mIPSC. n =15 cells from 4 mice in the control group, n =10 cells from 4 mice in the CRS group. **P < 0.01 by two-
tailed unpaired Student’s t-test. P=0.007, t = 2.963, d.f. = 23. Cumulative probability: ****P < 0.0001 by Kolmogorov-Smirnov test. Scale bar:

1's, 30 pA. Error bars, mean + SEM.
<4

restraint stress spent less time in the open arms in elevated plus
maze, while no significant difference was found in open arm
entries (Fig. 1g, h). In summary, these results indicated that
chronic restraint stress induced anxiety-like behavior.

Structural degeneration in hippocampus have been reported in
the pathogenesis of anxiety, which support an important role of
the hippocampus in anxiety [26]. To investigate the cellular
mechanism underlying chronic stress induced anxiety-like beha-
vior, we conducted electrophysiological recordings in hippocam-
pal CA1 pyramidal neurons of chronic stressed mice. To determine
whether chronic restraint stress could modify excitatory synaptic
inputs, sEPSCs and mEPSCs were recorded. The mean values of
sEPSC and mEPSC frequency were decreased after CRS, while no
change was found on the mean values of sSEPSC or mEPSC
amplitude between the groups (Fig. 1i-n). In the cumulative
frequency distribution curves, Kolmogorov-Smirnov (KS) test
revealed a significant decrease in sEPSC and mEPSC frequency
of CA1 pyramidal neurons after CRS. These results indicate that
chronic restraint stress impaired excitatory synaptic inputs.

Next, to test whether chronic restraint stress could modify
inhibitory synaptic inputs, sIPSCs and mIPSCs were recorded in
CA1 pyramidal neurons. The mean values of sIPSC and mIPSC
frequency were decreased after chronic restraint stress, while no
change was found on the mean values of sIPSC or mIPSC
amplitude between the groups (Fig. 1o-t). In the cumulative
frequency distribution curves, Kolmogorov-Smirnov (KS) test
revealed a significant decrease in sIPSC and mIPSC frequency of
CA1 pyramidal neurons after CRS. Together, these results
indicated that chronic restraint stress also impaired inhibitory
synaptic inputs. Considering that chronic restraint stress mainly
decreased mEPSC and mIPSC frequencies, but not the amplitude,
these results suggested that impaired synaptic transmission might
be due to a presynaptic mechanism.

Chronic restraint stress decreased mGIuR5 expression in
hippocampal CA1 and mGluR5 knockdown produced anxiety-
like behaviors

To test whether mGIuR5 in hippocampus was involved in anxiety-
like behaviors, we studied chronic restraint stress induced mGIuR5
regulation in hippocampal CA1, CA3 and DG using quantitative
PCR. Remarkably, we found that mGIuR5 in CA1 was down-
regulated after chronic restraint stress, but not in CA3 or DG
(Fig. 2a—c). Then, the expression of mGIuR5 in CA1 was decreased
compared with the control mice when detected by Wes (Fig. 2d).
These results suggested that mGIuR5 in hippocampal CA1 might
be involved in the anxiety-like behaviors induced by chronic
restraint stress.

Neuropsychopharmacology (2023) 48:1164- 1174

We then examined whether knockdown of mGIuR5 in hippocam-
pal CA1 pyramidal neurons by AAV-Camkll-Cre has effect on anxiety-
like behavior. To validate the selectivity of mglur5 deletion, we
microinjected AAV-Camkll-Cre-EGFP into the hippocampus of Ail4
mice and found that EGFP and Cre were mainly expressed in
hippocampal CA1 pyramidal neurons (Fig. 2e, f). Next, we micro-
injected AAV-CamkIl-EGFP or AAV-Camklil-Cre-EGFP into the hippo-
campus of mGIuRS5 loxP/loxP mice. Four weeks later, the expression of
mGIuR5 was significantly decreased in the AAV-Camkll-Cre injected
mice when detected by quantitative PCR and Wes (Fig. 2g, h).

Next, the mice underwent tests for anxiety-like behavior. In
open field test, we found that AAV- Camkll-Cre injected mice
traveled less distance and spent less time in the central area when
compared with AAV-Camkll-GFP injected mice (Fig. 2i, j). Mean-
while, we found that AAV-Camkll-Cre injected mice traveled a
significantly higher proportion of distance and time in the
periphery, and lower proportion of distance in the center,
indicating an increased anxiety-like behavior after mGIuR5
knockdown (Fig. 2k-m). Furthermore, the AAV-Camkll-Cre injected
mice spent less time and had less open arm entries in the open
arms (Fig. 2n, o). Together, these results indicated that knockdown
of mGIuR5 in hippocampal CA1 pyramidal neurons produced
anxiety-like effects.

Knockdown of mGIuR5 in hippocampal CA1 pyramidal
neurons mainly inhibited the GABAergic inputs

To understand the cellular mechanism underlying knockdown of
mGIuR5 in hippocampal CA1 pyramidal neurons induced anxiety-
like behavior, we conducted electrophysiological recording on
AAV-CamklI-GFP and AAV-Camkll-Cre injected mice. To determine
whether knockdown of mGIuR5 in hippocampal CA1 could modify
excitatory synaptic inputs, SEPSCs and mEPSCs were recorded in
CA1 pyramidal neurons. Our data showed that the frequency of
SEPSCs/ mEPSCs were significantly altered when tested on the
cumulative curves by KS test, but a nonsignificant trend when
tested on the mean values (Fig. 3a—f). These results indicated that
knockdown of mGIuR5 in CA1 pyramidal neurons inhibited
excitatory synaptic inputs.

Next, to test whether knockdown of mGIuR5 in hippocampal
CA1 could modify inhibitory synaptic inputs, sIPSCs and mIPSCs
were recorded in CA1 pyramidal neurons. We found that the mean
values of sIPSC and mIPSC frequency was significantly decreased
when compared with the control group, while no change was
found on the mean values of sIPSC or mIPSC amplitude between
the groups (Fig. 3g-1). In the cumulative frequency distribution
curves, KS test revealed a significant decrease in sIPSC and mIPSC
frequency of CA1 pyramidal neurons after mGIuR5 knockdown,
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indicating that knockdown of mGIuR5 impaired inhibitory synaptic
inputs. Notably, the decreased extent in sIPSC and mIPSC
frequency was larger than that in sEPSC and mEPSC frequency.
Therefore, these results suggested that mGIuR5 knockdown
mainly impaired inhibitory synaptic inputs.
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The positive allosteric modulator of mGIuR5 restored
impaired inhibitory synaptic inputs after chronic stress
CDPPB, a positive allosteric modulator of mGIuR5, could potentiate
the activity of mGIuRS5. Previous studies suggested that CDPPB
could rescue the decreased mEPSC frequency in neurons knocked
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Fig. 2 Chronic restraint stress decreases mGIuR5 expression in hippocampal CA1 and mGIuR5 knockdown produced anxiety-like
behaviors. a-c mGIuR5 in CA1 was downregulated after chronic restraint stress. No difference in CA3 or DG. n =4 mice for each group. CA1:
**P < 0.01 by two-tailed unpaired Student’s t-test. P= 0.0086, t = 3.84, d.f. = 6. d Western analysis of mGIuR5 expression after chronic restraint
stress. n =4 mice for each group. *P <0.05 by two-tailed unpaired Student’s t-test. P=0.0295, t =2.842, df.=6. e The diagram of virus
injected sites. f Representative images of the distribution of AAV injected mice. Scale bar: 500 pm. g qPCR analysis of mGIuR5 expression in
AAV-CamKII-Cre injected mice. n =5 mice for control group, n =4 mice for AAV-CamKII-Cre group. *P < 0.05 by two-tailed unpaired Student’s
t-test. P=0.0134, t = 3.285, d.f. = 7. h Western blot analysis of mGIuR5 expression after AAV-CamKII-Cre injection. n =5 mice for each group.
*P<0.05 by two-tailed unpaired Student’s t-test. P=0.0148, t=3.095, d.f.=8. i-m The AAV-CamKII-Cre injected mice showed decreased
locomotion and increased anxiety-like behavior in the open field test. n =8 mice for control group, n =10 mice for AAV-CamKII-Cre group.
Total distance: *P < 0.05 by two-tailed unpaired Student’s t-test. P=0.0334, t = 2.328, d.f. = 16. Center time: *P < 0.05 by two-tailed unpaired
Student’s t-test. P=0.0207, t =2.567, d.f. = 16. Periphery/ total distance ratio: *P < 0.05 by two-tailed unpaired Student’s t-test. P=0.0338,
t=2.321, d.f. = 16. Center/ total distance ratio: *P < 0.05 by two-tailed unpaired Student’s t-test. P=0.0338, t = 2.321, d.f. = 16. Periphery/ total
time ratio: *P < 0.05 by two-tailed unpaired Student’s t-test. P=0.0207, t =2.567, d.f. = 16. n, o The AAV-CamKII-Cre injected mice showed
decreased open arm time, open arm entries in the elevated plus maze test. n =8 mice for control group, n =10 mice for AAV-CamKII-Cre
group. Open arm time: **P < 0.01 by two-tailed unpaired Student’s t-test. P=0.0016, t = 3.794, d.f. = 16. Open arm entries: *P < 0.05 by two-

:ailed unpaired Student’s t-test. P=0.0145, t = 2.74, d.f. = 16. Error bars, mean = SEM.

down for Shank3 and could reverse the whisker deprivation-
induced PPR increase [27, 28]. Thus, we investigated whether 5 uM
CDPPB could restore the decreased GABAergic inputs after chronic
stress. sIPSCs was recorded in CA1 pyramidal neurons. We found
that CDPPB increased the mean values of sIPSCs frequency when
compared with vehicle controls in chronic stressed group, while no
change was found in the mean values of sIPSCs amplitude between
the groups (Fig. 4a-c). Meanwhile, /\sIPSC frequency was increased
after CDPPB application in the CRS group, while no significant
difference was observed in the control group (Fig. 4d, e). KS test of
the cumulative frequency distribution curves also revealed a
significant rescue in sIPSC frequency. Together, these results
indicated that CDPPB application could restore the impaired
inhibitory synaptic inputs after chronic stress.

Similarly, mIPSCs was recorded in CA1 pyramidal neurons and
we found that the mean value of mIPSC frequency was restored
after CDPPB application in the CRS group, while no significant
difference was observed in the control group (Fig. 4f-h). Mean-
while, AAmIPSC frequency was increased after CDPPB application
in the CRS group, while no significant difference was observed in
the control group (Fig. 4i, j). KS test of the cumulative frequency
distribution curves also revealed a significant rescue in mIPSC
frequency. Together, these results indicated that CDPPB applica-
tion could restore the impaired inhibitory synaptic inputs after
chronic stress.

The positive allosteric modulator of mGIuR5 restored stress-
induced anxiety-like behavior

Next, we examined the effect of CDPPB on stress-induced anxiety-
like behavior. Mice were intraperitoneally injected with 5 mg/kg
CDPPB after 5 days of restraint stress and underwent anxiety-
related behavioral tests. In the open field test, injection of CDPPB
did not restore the proportion of time and distance in the center
and in the periphery (Fig. 5a—¢). In the elevated plus maze test,
injection of CDPPB restored the number of entries into open arms
and time spent in open arms (Fig. 5f-h). Meanwhile, the control
mice did not show significant difference in locomotion or anxiety-
like behavior after CDPPB application (supplementary Fig. S1).
Therefore, our results suggested that CDPPB could partially rescue
stress-induced anxiety disorders.

Given that mGIuR5 is widely expressed in the brain, we locally
infused CDPPB into dorsal hippocampal CA1 region in mice
subjected to CRS to test whether this treatment could restore the
heightened anxiety-like behavior. In the open field test, local
infusion of CDPPB in the dorsal CA1 did not rescue stress-induced
anxiety-like behavior (Fig. 5i-n). However, in the elevated plus
maze test, injection of CDPPB restored time spent in open arms
(Fig. 50, p). Moreover, local injection of CDPPB also had no effect
on anxiety-like behaviors in control mice (Fig. 5j—p). In summary,
our results suggested that local infusion of CDPPB into
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hippocampal CA1 region could partially rescue stress-induced
anxiety disorders.

DISCUSSION

In this study, we found that the low expression of mGIuR5
in hippocampal CA1 was associated with anxiety-like behaviors in
chronic restraint stress model. Knockdown of mGIuR5 in
hippocampal CA1 induced anxiety-like behavior. Chronic restraint
stress reduced the inhibitory synaptic inputs in hippocampal CA1
pyramidal neurons. Meanwhile, knockdown of mGIuR5 also
decreased inhibitory synaptic inputs in hippocampal CA1 pyr-
amidal neurons. Finally, we also found that CDPPB restored the
decreased inhibitory synaptic inputs and increased anxiety-like
behavior after chronic restraint stress (Fig. 5q).

Chronic restraint stress, a typical animal model for stress
disorders, has been shown to elicit behavioral, gene expression
and synaptic transmission changes similar to the patients under
stress [29-32]. However, no study to date has clarified the
association between mGIuR5 and chronic restraint stress. Some
studies showed that the mGIuR5 protein levels are not altered in
response to restraint stress, in which they dissected the
whole hippocampus [33]. Our results found that the expression
of mGIuR5 was decreased in hippocampal CA1 after the
chronic restraint stress, but unaltered in hippocampal CA3 or
DG. Therefore, it is important to determine the mGIuR5 protein
levels in different subregions of the hippocampus. Extensive
research has identified a critical role of mGIuR5 in learning and
memory [34-36]. However, little is known about the role of
mGIuR5 in stress-induced anxiety-like behavior. Through tar-
geted pharmacological manipulation, our previous study indi-
cated that mGIuR5 in BLA regulates anxiety-like behavior after
social isolation [13]. Considering that pharmacological manip-
ulation could not decipher the function of mGIuR5 in a cell-type-
specific manner, we used AAV-CamKIl-Cre to knockdown
mGIuR5 in hippocampal CA1 pyramidal neurons. Our results
provide an important role of mGIuR5 in regulating anxiety-like
behaviors.

Hippocampus is known to be essential for cognitive processes
and anxiety disorders [37]. Previous study suggested that “anxiety
cells” are more abundant in ventral CA1 than in dorsal CA1 and
neural activity in the ventral CA1 is correlated with anxiety-like
behaviors in rodents [23]. However, they did not explore whether
dorsal CA1 could regulate anxiety-like behaviors. Their data are
mainly correlation analysis, which is lack of interventions in dorsal
CA1. Besides our results, many previous studies have showed that
dorsal CA1 is implicated in regulating anxiety-like behaviors
[20, 38, 39]. It has been found that median raphe serotonin
neurons promote anxiety-like behavior via inputs to the dorsal
hippocampus [20]. Moreover, the researchers found that
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Fig. 3 Knockdown of mGIuR5 in hippocampal CA1 pyramidal neurons impairs inhibitory synaptic inputs. a—c Representative traces and
quantitative analysis of SEPSC. n =9 cells from 4 mice in the control group, n = 10 cells from 4 mice in the AAV-Camkll-Cre group. Cumulative
probability: ****P < 0.0001 by Kolmogorov-Smirnov test. Scale bar: 1s, 30 pA. d-f Representative traces and quantitative analysis of mEPSC.
n =9 cells from 4 mice in the control group, n =10 cells from 4 mice in the AAV-Camkll-Cre group. Cumulative probability: ****P < 0.0001 by
Kolmogorov-Smirnov test. Scale bar: 1s, 30 pA. g-i Representative traces and quantitative analysis of sIPSC. n =10 cells from 4 mice in the
control group, n =8 cells from 4 mice in the AAV-Camkll-Cre group. **P < 0.01 by two-tailed unpaired Student’s t-test. P=0.0049, t = 3.259,
df.=16. ****P <0.0001 by Kolmogorov-Smirnov test. Scale bar: 1, 30 pA. j-1 Representative traces and quantitative analysis of mIPSC. n=9
cells from 4 mice in each group. *P < 0.05 by two-tailed unpaired Student’s t-test. P = 0.0216, t = 2.545, d.f. = 16. ****P < 0.0001 by Kolmogorov-
Smirnov test. Scale bar: 1s, 30 pA. Error bars, mean + SEM.
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Fig. 4 The CDPPB restored stress-impaired inhibitory synaptic inputs. a Representative traces of sIPSCs. Scale bar: 2s, 30pA.
b, ¢ Quantitative analysis of sIPSCs after CDPPB application. sIPSC frequency: n =9 cells from 4 mice in the control group, n =11 cells from 4
mice in the CRS group. *P < 0.05, **P < 0.01 by Repeated measure two-way ANOVA. Con(before) versus CRS(before): P = 0.0048. CRS(before)
versus CRS(after): P = 0.0366. Con(before) versus CRS(after): P = 0.1037. No difference in sIPSC amplitude. d, e Quantitative analysis of /\sIPSC
after CDPPB application. AsIPSC frequency was calculated by (f2 - f1)/f1, where f1 and f2 were the frequencies of sIPSCs recorded before and
after CDPPB treatment, respectively. /\sIPSC amplitude was calculated by (a2 - a1)/al, where al and a2 were the amplitudes of sIPSCs
recorded before and after CDPPB treatment, respectively. /AAsIPSC frequency: n =9 cells from 4 mice in the control group, n =11 cells from 4
mice in the CRS group. **P<0.01 by two-tailed unpaired Student’s t-test. P=0.0042. No difference in /\sIPSC amplitude. Cumulative
frequency distribution curves of sIPSC frequency: Con versus CRS: ****P < 0.0001 by Kolmogorov-Smirnov test. CRS versus CRS + CDPPB:
P =10.0188 by Kolmogorov-Smirnov test. f Representative traces of mIPSCs. Scale bar: 2's, 30 pA. g, h Quantitative analysis of mIPSCs after
CDPPB application. mIPSC frequency: n =10 cells from 4 mice in the control group, n=11 cells from 4 mice in the CRS group. *P < 0.05,
**P<0.01 by Repeated measure two-way ANOVA. Con(before) versus CRS(before): P=0.0217. CRS(before) versus CRS(after): P = 0.0046.
Con(before) versus CRS(after): P=0.4639. No difference in mIPSC amplitude. i, j Quantitative analysis of /AmIPSC after CDPPB application.
/AmIPSC frequency: n = 10 cells from 4 mice in the control group, n = 11 cells from 4 mice in the CRS group. *P < 0.05 by Mann-Whitney test.
P =0.0127. No difference in /AAmIPSC amplitude. Cumulative frequency distribution curves of mIPSC frequency: Con versus CRS: ****P < 0.0001
by Kolmogorov-Smirnov test. CRS versus CRS + CDPPB: ****P < 0.0001 by Kolmogorov- Smirnov test. Error bars, mean + SEM.
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hippocampal HCN1 channels or Lrp4 in dorsal CA1 could regulate
anxiety-like behaviors [38, 39]. There were some researches
investigating inhibitory synaptic inputs in the hippocampus after
chronic restraint stress and the results were complicated. Some
researches showed that chronic restraint stress suppressed

SPRINGER NATURE

inhibitory synaptic inputs in hippocampal pyramidal neurons
[40, 41], while other researches suggested that chronic restraint
stress facilitated inhibitory synaptic inputs in hippocampal
pyramidal neurons [42]. The contradiction might be due to the
days and hours per day spent in restraint stress.
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Fig. 5 The CDPPB restored stress-induced anxiety-like behavior. a-e The CDPPB did not rescue stress-induced anxiety-like behavior in the
open field test. n =10 mice for control group, n =10 mice for CRS group, n=11 mice for CRS + CDPPB group. f Representative traces in
elevated plus maze test after CDPPB treatment. g, h The CDPPB treated mice showed restored open arm time and open arm entries in the
elevated plus maze test. n =10 mice for control group, n=10 mice for CRS group, n=11 mice for CRS + CDPPB group. Open arm time:
*P < 0.05 by One-way ANOVA, F, 53 =5.169. Con versus CRS: P=0.0397, q = 3.648, d.f. = 28. CRS versus CRS + CDPPB: P =0.0162, g =4.199,
d.f.=28. Open arm entries: *P<0.05 by One-way ANOVA. F,,s=4.447. Con versus CRS: P=0.0326, g =3.772, df.=28. CRS versus
CRS + CDPPB: P =0.0461, g = 3.552, d.f. = 28. i Representative infusion site (as indicated by the arrow) in the mouse dorsal hippocampal CA1
area. j-n Local infusion of CDPPB in dorsal CA1 did not rescue stress-induced anxiety-like behavior in the open field test. n = 9 mice for control
group, n =9 mice for Con+CDPPB group, n = 10 mice for CRS group, n =9 mice for CRS + CDPPB group. Center time: *P < 0.05 by Two-way
ANOVA. Con versus CRS: P=0.0145, t = 3.284, d.f. = 33. Con+CDPPB versus CRS: P = 0.0206, t = 3.15, d.f. = 33. o, p Local infusion of CDPPB in
dorsal CA1 rescued reduced open arm time, but not open arm entries, in the elevated plus maze test. n = 9 mice for control group, n = 9 mice
for Con+CDPPB group, n= 10 mice for CRS group, n =9 mice for CRS + CDPPB group. Open arm time: *P < 0.05, **P < 0.01 by Two-way
ANOVA. Con versus CRS: P=0.0196, t=3.1, d.f.=33. CRS versus CRS + CDPPB: P =0.0033, t =3.83, d.f.=33. q Schematic diagram of the
involvement of mGIuRS5 in the hippocampus in anxiety-like behavior. Chronic restraint stress decreases mGIUR5 activity in the hippocampus,
leading to deficits of firing and the development of anxiety-like behavior. CDPPB reversed the chronic restraint stress-induced decrease in

firing in the hippocampus and chronic restraint stress-induced increase in anxiety-like behavior. Error bars, mean + SEM.

In mGIuR5 knockdown mice, the reduced extent in sIPSC and
mIPSC frequency was larger than that in sEPSC and mEPSC
frequency. Therefore, these results suggested that mGIuR5
knockdown mainly impaired inhibitory synaptic inputs. One
possible reason for this is that there may be retrograde signal
from postsynaptic side to affect GABAergic presynaptic vesicles
release. Previous studies showed that inhibition of mGIuR5 could
upregulate hippocampal BDNF levels [43, 44]. Postsynaptic BDNF
could act as a retrograde synaptic regulator to reduce GABAergic
input [45]. Therefore, it might be the elevated BDNF after mGIuR5
knockdown that was responsible for the impaired GABAergic
presynaptic vesicles release.

Previous study also showed that restraint stress bidirectionally
modulates excitatory synaptic inputs in the hippocampus, in
which restraint stress decreased the frequency of spontaneous
excitatory currents after three repetitions but enhanced it after 14
and 21 repetitions [46]. Our results suggested that excitatory
synaptic inputs in the hippocampus was decreased after 5-day
chronic restraint stress. However, the reduced extent was less in
mGlur5 KD mice (Fig. 3b, e) than in CRS mice (Fig. 1j, m). Given
that CRS could affect many brain regions, other brain regions
(besides hippocampal CA1) might be also implicated in the
decreased excitatory synaptic inputs into hippocampus.

In previous studies, the mGIuR5 activation induced significant
increase in IPSC frequency [47, 48], which suggested that mGIuR5
could modify inhibitory synaptic inputs. CDPPB, a positive
allosteric modulator of mGIuR5, could potentiate the activity of
mMGIuR5. Previous studies showed that CDPPB could alleviate
the anxiety-like behavior in the open field and hypersociability in
the three-chamber test [49]. Thus, in our study, it is possible that
the decreased inhibitory synaptic inputs after mGIuR5 knockdown
contributes to the facilitation of anxiety-like behaviors. CDPPB has
been shown to be brain-penetrant and thus might be a potential
therapeutic drug to treat anxiety disorders.

mGIuR5 is known to be important for regulating a variety of ion
channels and NMDA receptors, leading to the alteration of firing
rate and neuronal excitability. Using mGIuR5 KO mice, previous
work indicated that mGluR5-dependent Ca** was necessary for
high-frequency stimulations-induced increase in dendritic Iy, p,
which leaded to the enhanced probability of AP firing [50]. It has
also been reported that activation of group | mGluRs including
mMGIuR5 increases calcium release from intracellular stores and
leads to cell depolarization and enhanced excitability [51].
Moreover, the activity of pyramidal cells in hippocampal CA1
could regulate anxiety-like behaviors [20, 52]. Thus, in our study, it
is possible that the decreased excitability and firing of CA1
pyramidal neurons after mGIuR5 knockdown might also con-
tribute (plus reduced synaptic inputs) to the facilitation of anxiety-
like behaviors. Then positive allosteric modulator of mGIuR5 might
restore pyramidal neuronal excitability and anxiety-like behaviors.

Neuropsychopharmacology (2023) 48:1164- 1174

In summary, we clarified that the expression of mGIuR5 in
hippocampal CA1 was associated with anxiety-like behavior. In
addition, we provide the first evidence that both cellular and
behavioral phenotypes of chronic restraint stress could be rescued
by CDPPB, confirming a crucial role for mGIuR5 signaling in
regulating anxiety- like behavior.
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