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Metabotropic Glutamate Receptor 5 in Amygdala
Target Neurons Regulates Susceptibility to
Chronic Social Stress
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ABSTRACT
BACKGROUND: Metabotropic glutamate receptor 5 (mGluR5) has been implicated in stress-related psychiatric
disorders, particularly major depressive disorder. Although growing evidence supports the proresilient role of
mGluR5 in corticolimbic circuitry in the depressive-like behaviors following chronic stress exposure, the underlying
neural mechanisms, including circuits and molecules, remain unknown.
METHODS: We measured the c-Fos expression and probability of neurotransmitter release in and from basolateral
amygdala (BLA) neurons projecting to the medial prefrontal cortex (mPFC) and to the ventral hippocampus (vHPC)
after chronic social defeat stress. The role of BLA projections in depressive-like behaviors was assessed using
optogenetic manipulations, and the underlying molecular mechanisms of mGluR5 and downstream signaling were
investigated by Western blotting, viral-mediated gene transfer, and pharmacological manipulations.
RESULTS: Chronic social defeat stress disrupted neural activity and glutamatergic transmission in both BLA pro-
jections. Optogenetic activation of BLA projections reversed the detrimental effects of chronic social defeat stress on
depressive-like behaviors and mGluR5 expression in the mPFC and vHPC. Conversely, inhibition of BLA projections
of mice undergoing subthreshold social defeat stress induced a susceptible phenotype and mGluR5 reduction. These
two BLA circuits appeared to act in an independent way. We demonstrate that mGluR5 overexpression in the mPFC
or vHPC was proresilient while the mGluR5 knockdown was prosusceptible and that the proresilient effects of
mGluR5 are mediated through distinctive downstream signaling pathways in the mPFC and vHPC.
CONCLUSIONS: These findings identify mGluR5 in the mPFC and vHPC that receive BLA inputs as a critical mediator
of stress resilience, highlighting circuit-specific signaling for depressive-like behaviors.
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More than 300 million people worldwide, i.e., approximately
4.4% of the world’s population, are estimated to have
depression (1). Accumulating evidence suggests that
stressful life events can increase the risk of developing
depression (2,3). However, not all stress-exposed individuals
develop stress-related psychiatric disorders, such as major
depressive disorder, and some individuals are vulnerable to
stress, while others maintain normal psychophysiological
functioning (4,5).

It has been reported that the glutamatergic system in
brain regions such as the basolateral amygdala (BLA), medial
prefrontal cortex (mPFC), and hippocampus (HPC) plays a
critical role in both stress susceptibility and resilience (6–8).
The BLA is involved in emotional valence processing, both
positive and negative (9,10). Recent studies have shown that
distinct BLA cell populations are responsible for fear-, anxi-
ety-, and/or depression-related behaviors via unique long-
range projections to brain regions such as the mPFC and
ventral HPC (vHPC) (11–15). Deficits of the glutamate
neurotransmitter system in these brain areas have been
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reported to be associated with chronic stress and depres-
sion (16,17).

In particular, dysfunctional metabotropic glutamate receptor
5 (mGluR5) signaling has been implicated in the pathophysi-
ology of stress-related psychiatric disorders (18,19). Despite
some inconsistencies (20,21), a large amount of evidence
supports the proresilient role of mGluR5 in patients with
depression. Previous neuroimaging studies have reported
decreased mGluR5 binding or glutamate metabolites in the
PFC and HPC of subjects with depression (18,19,22). Reduced
mGluR5 expression was also observed in the postmortem PFC
of patients with major depressive disorder (23). Genome-wide
association studies and meta-analyses have also revealed
reduced Grm5 (encoding mGluR5) expression (24) in patients
with major depressive disorder. Preclinical studies have shown
that chronic corticosterone and stress downregulate mGluR5
expression and density in some brain regions, including the
HPC (25–27). Consistently, mGluR5 knockout, particularly in
PFC glutamatergic neurons, promotes depressive-like behav-
iors (28,29).
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Despite this evidence for a proresilient role of mGluR5, the
underlying neural mechanisms, including circuits and mole-
cules, are largely unknown in the context of chronic stress. In
this study, we investigated a presynaptic activity–dependent
role of postsynaptic mGluR5 in molecular and behavioral re-
sponses to chronic social defeat stress (CSDS) in an etho-
logically validated animal model of depression (30,31), with a
focus on projections from the BLA to the mPFC (BLA/mPFC)
or the vHPC (BLA/vHPC). Our results demonstrate that
activation of BLA projections and activity-dependent mGluR5
signaling in the mPFC and vHPC affect depressive-like
behaviors.

METHODS AND MATERIALS

Animals

Eight-week-old male C57BL/6NCrljOri mice (25–30 g; Orient
Bio) and 3- to 8-month-old male CrlOri: CD-1 (35–45 g; Orient
Bio) were used. Food and water were provided ad libitum
during the acclimation period to the polycarbonate cage under
a 12-hour light/dark cycle. The temperature and humidity of the
breeding room were maintained at 22 6 2 �C and 50 6 10%.
All experimental procedures followed the Korea Brain
Research Institute guidelines and Institutional Animal Care and
Use Committee (M1-IACUC-19-0009).

Stress Exposure and Behavior Test for
Depressive-like Behaviors

CSDS and subthreshold social defeat stress (SSDS) were
conducted as described previously (32–34). For CSDS, each
C57BL/6N mouse was exposed to 10 minutes of physical
aggression by a CD-1 mouse. After the session, the defeated
C57BL/6N mice were housed overnight within the same cage
as the CD-1 mice on the opposite side of a transparent and
perforated divider to provide sensory, but not physical, con-
tact. The procedure was repeated for 10 consecutive days with
a new aggressor on each day. For SSDS, mice were exposed
to three social defeat sessions with 5 minutes of physical
defeat followed by 15 minutes with no defeat. All stressed mice
received the social interaction test 24 hours after the last
defeat episodes and the sucrose preference test.

Viral Injection

Stereotaxic surgeries of viral injections were performed for the
retrograde mapping of BLA/mPFC or BLA/vHPC projection
neurons (PNs), ex vivo electrophysiological experiments,
repeated optical activation/inactivation of BLA/mPFC and/or
BLA/vHPC PNs, and localized Grm5 gene overexpression or
knockdown.

Cannula Implantation and Microinfusions

Animals received bilateral intra-mPFC or -vHPC infusions of 10
mM LY294002 [PI3K/Akt (phosphatidylinositol 3-kinase/Akt)
inhibitor, 1 mg/0.25 mL/side] or 2 mM U0126 [MAPK/ERK
(mitogen-activated protein kinase/extracellular signal–
regulated kinase) inhibitor, 1 mg/0.25 mL/side] at a continuous
rate of 0.1 mL/min via a microinfusion pump (Legato 200; KD
Scientific) around 15 minutes before SSDS.
Biological
Ex Vivo Electrophysiology

To assess the paired-pulse ratio (PPR) of excitatory or inhibi-
tory postsynaptic currents and AMPA/NMDA ratio, whole-cell
patch-clamp recordings were obtained from pyramidal neu-
rons of the mPFC or vHPC in acute brain slices from mice that
had been stereotaxically injected with AAV5–Syn-ChrimsonR-
tdTomato into the BLA.

Data Analysis

We confirmed normality (Shapiro-Wilk test) and equal variance
(Bartlett’s test) on all data before a parametric analysis unless
otherwise indicated. To assess differences between the two
experimental groups, Student’s t tests, Student’s t tests with
Welch’s correction (for datasets with unequal variances), and
Mann-Whitney U tests (for non-normally distributed data) were
used. For the analysis of three or more groups, one-way
analysis of variance (ANOVA) with Tukey’s post hoc tests or
with Welch’s post hoc tests (for data sets with unequal vari-
ances) and the Kruskal-Wallis H test with Dunn’s post hoc
tests (for non-normally distributed data) were used. To analyze
CSDS effects on the topographical distribution of activated
BLA projections, two-way ANOVAs with Fisher’s protected
least significant difference post hoc tests were used. For de-
tails, see Supplemental Methods in Supplement 1 and
Table S2 in Supplement 2.

Additional Details

See Supplemental Methods in Supplement 1 for additional
routine procedures and information, including immunofluo-
rescence, real-time quantitative polymerase chain reaction,
and Western immunoblot analysis.

RESULTS

CSDS Reduces Cell Activity in BLA PNs

We investigated whether expression of c-Fos or other imme-
diate early genes, such as activity-regulated cytoskeleton-
associated protein (ARC) and early growth response 1 (EGR1),
can be used as readouts for neural activity in BLA neurons
projecting to the mPFC (BLA/mPFC) or vHPC (BLA/vHPC).
Two weeks after injection of AAVrg-hsyn-ChR2-EYFP or
AAVrg-hsyn-Jaws-KGC-GFP-ER2 into the mPFC or vHPC
(Figures S1A and S2A in Supplement 1), each mouse received
5 minutes of photostimulation or photoinhibition over BLA PNs
for a single day or 10 consecutive days without defeat stress
exposure. A single-day 5-minute optogenetic acute activation,
but not acute inhibition, altered the expression of c-Fos, ARC,
and EGR1 at 90 minutes after optogenetic manipulation
(Figure S1B–H in Supplement 1). However, we could not
observe acute optogenetic effects 24 hours after acute pho-
tomanipulation (Figure S1I–O in Supplement 1). As a result of a
once-daily 5-minute optogenetic activation over BLA PNs for
10 consecutive days, we observed that c-Fos expression was
increased both at 90 minutes (Figure S2B–H in Supplement 1)
and 24 hours after the last optic manipulation compared with
the control group (Figure S2I–O in Supplement 1). In contrast,
10-day photoinhibition of BLA PNs decreased c-Fos expres-
sion at both time points. However, these chronic optogenetic
effects were not explicit for ARC and EGR1 expression. These
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observations support the use of c-Fos as an appropriate
readout that reflects the rise and fall of chronic neural activity in
both BLA/mPFC and BLA/vHPC PNs.

We then investigated whether CSDS affects the activation
of BLA/mPFC or BLA/vHPC PNs. We injected AAVrg-
hSyn-EGFP into the mPFC and AAVrg-hSyn-mCherry into
the vHPC (Figure 1A). After 2 weeks of recovery, the mice
received 10 days of CSDS. The social interaction ratio was
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Figure 1. CSDS effects on cell activation and synaptic function in BLA neuro
injection into the mPFC and AAVrg-hSyn-mCherry into the vHPC, and confocal
confocal images show c-Fos1 (blue), BLA/mPFC PNs (green), and BLA/vHP
BLA/mPFC PNs (blue 1 green, arrows in panel (B), unpaired t test, t8 = 2.896,
unpaired t test, t8 = 5.661, p = .0005, n = 5) were decreased in the intermediate pa
CTRL mice. For CSDS effects on distribution of c-Fos1 BLA PNs at the anterior (2
and I in Supplement 1. (F, G) Experimental procedures for ex vivo electrophysiol
AP). Scale bar = 1 mm. (H, I) Representative EPSC-PPR evoked by photostimul
squares indicate light pulse delivery. Scale bars = 1 mm. (J, K) EPSC-PPR was in
n = 18, 20) and in BLA/vHPC synapses (K) (Welch’s t test, t31.45 = 2.816, p = .0
***p , .001, ****p , .0001. Data represented as mean 6 SEM. AP, anterior-poste
control; EGFP, enhanced green fluorescent protein; EPSC, excitatory postsyna
paired-pulse ratio; SIT, social interaction test; vHPC, ventral hippocampus.

106 Biological Psychiatry July 15, 2022; 92:104–115 www.sobp.org/jo
assessed in a social interaction test that proceeded 24 hours
after the last defeat. Animals were sacrificed 90 minutes after
the behavioral tests for c-Fos immunolabeling, as described in
previous studies (35,36). After triple-immunofluorescence la-
beling, BLA tissues were imaged in at 4 to 6 anterior-posterior
(AP) coordinates and retrogradely labeled BLA PNs were
counted (Figure S3A in Supplement 1). BLA/mPFC PNs
[EGFP1 (green)/DAPI1] were present throughout the entire
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BLA with a highest density at approximately 21.6 mm AP from
bregma. Conversely, BLA/vHPC PNs [mCherry1 (red)/
DAPI1] were preferentially located in the posterior part of the
BLA (sparse around 21.0 mm AP from bregma and reaching a
plateau around21.6 mm AP), but with a smaller density across
the entire BLA than BLA/mPFC PNs (Figure 1B, C;
Figure S3B in Supplement 1).

Our retrograde localization and further analyses showed
that CSDS had no effect on the relative cell numbers of
BLA/mPFC (EGFP1/DAPI1) PNs, BLA/vHPC (mCherry1/
DAPI1) PNs, or co-projection BLA neurons (EGFP1/
mCherry1/DAPI1) in the anterior (21.1 to 21.3 mm AP), in-
termediate (21.5 to 21.7 mm AP), or posterior sections (21.9
to 22.1 mm AP) of the BLA (Figure S3C–F in Supplement 1).
Most importantly, despite null effect of CSDS on the overall
number of c-Fos1 cells [c-Fos1 (white)/DAPI1] (Figure S1G in
Supplement 1), the number of c-Fos1 cells that were colo-
calized in the BLA/mPFC (c-Fos1/EGFP1/DAPI1) and/or
BLA/vHPC (c-Fos1/mCherry1/DAPI1) circuits were
decreased by CSDS compared with that in control mice
(Figure 1D, E; Figure S3H, I in Supplement 1). These data
suggest that CSDS effects on cell activity are circuit specific in
the BLA. In addition, we observed that both BLA/mPFC or
BLA/vHPC PNs were mostly colabeled with CamKIIa1, a
glutamatergic marker (w80%), but not with GAD671, a
GABAergic (gamma-aminobutyric acidergic) marker (1%–2%).
These data indicate that BLA PNs are mostly excitatory glu-
tamatergic neurons, rarely inhibitory GABAergic neurons, as
shown in previous studies (37,38) (Figure S4 in Supplement 1).
Taken together, these data suggest that CSDS may reduce the
excitatory activity of BLA/mPFC or BLA/vHPC PNs.

We directly assessed the effects of CSDS on circuit-specific
glutamatergic synaptic transmission from the BLA using
ex vivo optogenetic patch-clamp electrophysiology. Two
weeks after we injected AAV5-Syn-ChrimsonR-tdTomato into
the BLA, the mice were exposed to CSDS for 10 days
(Figure 1F, G; Figure S5A in Supplement 1). Then, synaptic
transmissions were recorded in mPFC or vHPC neurons by
activating ChrimsonR-expressing axon terminals from the BLA
(Figure 1H, I; Figure S5B in Supplement 1). We found that
CSDS significantly increased the PPRs of the excitatory
postsynaptic current in both BLA/mPFC (Figure 1J) and
BLA/vHPC (Figure 1K) synapses. However, the inhibitory
postsynaptic current PPRs and AMPA/NMDA ratios were not
altered (Figure S5B–F in Supplement 1). These results suggest
that CSDS decreases glutamate release probability (39,40) at
both BLA/mPFC and BLA/vHPC synapses.
Stimulation of BLA-PNs Rescues CSDS-Induced
Social Avoidance

We then assessed the role of the BLA/mPFC and
BLA/vHPC pathways in defeat-induced depressive-like be-
haviors by injecting AAV5-hSyn-hChR2-EYFP into the BLA
(Figure 2A) and implanting optic fibers in the ChR2 (channel-
rhodopsin-2)-infected axon terminals in the mPFC (Figure 2B)
or vHPC (Figure 2D). Each mouse received 5 minutes of optic
stimulation immediately after each defeat. CSDS significantly
decreased social interaction with a target CD-1 mouse in
control animals injected with AAV5-hSyn-EYFP, whereas
Biological
BLA/mPFC photostimulation reversed the CSDS-induced
social avoidance (Figure 2C). BLA/vHPC photostimulation
also attenuated the CSDS-induced social impairment
(Figure 2E). These data indicate that the activation of
BLA/mPFC or BLA/vHPC projections is proresilient in
response to CSDS.

To characterize the putative postsynaptic signaling events
underlying the rescuing effects from photostimulation of the
BLA projections on the CSDS-elicited social avoidance, we
conducted quantitative polymerase chain reaction for various
glutamate receptor subunits in the mPFC and vHPC: mGluRs
Grm1, Grm2, Grm3, Grm4, Grm5, Grm6, Grm7, and Grm8;
subunits of NMDA receptors Grin1, Grin2a, Grin2b, Grin2c,
Grin2d, Grin3a, and Grn3b; subunits of AMPA receptors
Gria1, Gria2, Gria3, and Gria4; and subunits of kainic acid
receptors Grik1, Grik2, Grik3, Grik4, and Grik5 (Figures S6
and S7 in Supplement 1). Among them, we found that
Grm5 was the only gene in which RNA expression was
significantly decreased by CSDS but reversed by
BLA/mPFC (Figure 2H) and BLA/vHPC (Figure 2K) stim-
ulation. Similar to the quantitative polymerase chain reaction
data, additional Western blotting analyses showed similar
expression patterns of mGluR5 proteins in the mPFC
(Figure 2F, G) and vHPC (Figure 2I, J). These data suggest
that mGluR5 expression in the mPFC and vHPC is modulated
BLA circuit activity.

Inhibition of BLA-PNs Has Prodepressive-like
Effects

To address whether inactivation of BLA/mPFC and
BLA/vHPC projections promotes vulnerability to defeat
stress in contrast to the proresilient effect by photoactivation
of BLA projections, we injected AAV5-hSyn-eNpHR3.0-EYFP
into BLA neurons (Figure 3A), and 2 weeks later, the optic fi-
bers were implanted into the mPFC or vHPC (Figure 3B, D).
The 1-day SSDS procedure did not reduce social interactions,
as observed in previous studies (34). However, mice that
received photostimulation of amber light in the mPFC
(Figure 3C) or vHPC (Figure 3E) immediately after each defeat
exhibited a sharp decrease in social interactions 24 hours after
SSDS. In addition, our data showed that Grm5 messenger
RNA and mGluR5 protein expression were downregulated by
SSDS with photoinactivation of BLA/mPFC (Figure 3F–H) or
BLA/vHPC (Figure 3I–K) projections. These results indicate
that inactivation of the BLA/mPFC or BLA/vHPC circuits by
SSDS promotes depressive-like behavioral abnormalities and
reductions of mGluR5.

Functional Independence of BLA Projections in
Depressive-like Behaviors

Next, we investigated interaction of BLA projections in
depressive-like behaviors in response to CSDS. For simulta-
neous photoactivation of BLA/mPFC and BLA/vHPC pro-
jections, we injected AAV5-hSyn-hChR2-EYFP into the BLA,
and 2 weeks later, optic fibers were implanted in the mPFC and
vHPC regions (Figure 4A, B). Each mouse received 5 minutes
of ChR2 photoactivation immediately after each defeat. Each
photoactivation of BLA/mPFC and or BLA/vHPC pro-
jections successfully reversed CSDS-induced social
Psychiatry July 15, 2022; 92:104–115 www.sobp.org/journal 107

http://www.sobp.org/journal


0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Recovery

24 hrs 24 hrs10 days

CSDS
+ Optic stimulation SIT

1 week

Optic fiber 
(mPFC or vHPC)

AAV5-hSyn-
hChR2-EYFP 

(BLA)

2 weeks

Sac
sampling

So
ci

al
 in

te
ra

ct
io

n 
ra

tio
 (%

)

EYFP+Stress naïve EYFP+CSDS ChR2+CSDS 

mPFC

vHPC

mGluR5

β-actin

kDa

132

42

EYFP+Stress naïve EYFP+CSDS ChR2+CSDS 

F

I

G

J

H

K

-
-

+
-

+
+

CSDS   
ChR2

-
-

+
-

+
+

kDa

132

42

mGluR5

β-actin

CSDS   
ChR2

So
ci

al
 in

te
ra

ct
io

n 
ra

tio
 (%

)

**

##

##

G
rm
5

m
R

N
A

CSDS   
ChR2

-
-

+
-

+
+

****

m
G

lu
R

5 
pr

ot
ei

n

0.0

0.5

1.0

1.5

2.0

###

***

CSDS   
ChR2

-
-

+
-

+
+

G
rm
5

m
R

N
A

CSDS   
ChR2

-
-

+
-

+
+

##

*
#

***

m
G

lu
R

5 
pr

ot
ei

n

CSDS   
ChR2

-
-

+
-

+
+

C

E

A

B

D

PL

IL

mPFC

vHPC

###

*

AAV5-hsyn-
hChR2-EYFP

AAV5-hsyn-
hChR2-EYFP

Figure 2. Activation of BLA projections in social behaviors and mGluR5 expression in response to CSDS. (A) Experimental procedures for ChR2 stimulation
of the BLA/mPFC or BLA/vHPC pathways. (B, D) AAV5-hSyn-hChR2(H134R)-EYFP was injected into the BLA, and optic fibers were implanted into the
mPFC or vHPC. Scale bars = 500mm. (C, E) Photoactivation of the BLA/mPFC circuit significantly reversed social avoidance by CSDS (one-way ANOVA with
Welch’s test, F2,33.47 = 8.663, p = .0009, n = 14, 24, 20). BLA/vHPC photoactivation also prevented social avoidance by CSDS (one-way ANOVA with Welch’s
test, F2,33.47 = 6.801, p = .0047, n = 14, 19, 21). (F, G) Typical immunoblots with quantification for mGluR5 protein expression in the mPFC of EYFP1stress-
naïve, EYFP1CSDS, and ChR21CSDS mice. EYFP1CSDS mice showed reduced mGluR5 protein expression, which was blocked by BLA/mPFC activation
during CSDS (ChR21CSDS) (one-way ANOVA with Tukey’s test, F2,12 = 18.26, p = .0002, n = 5). (H) Consistently, CSDS decreased Grm5 mRNA expression,
which was rescued by BLA/mPFC activation (one-way ANOVA with Welch’s test, F2,7.595 = 21.34, p = .0008, n = 5). (I, J) Similarly to the mPFC, reduced
levels of mGluR5 proteins in the vHPC by CSDS were alleviated by BLA/vHPC activation during CSDS (one-way ANOVA with Tukey’s test, F2,12 = 19.56, p =
.0002, n = 5). (K) Grm5 mRNA levels also decreased after CSDS, whose effects were blocked by BLA/vHPC activation (one-way ANOVA with Welch’s test,
F2,6.149 = 13.32, p = .0058, n = 5). Post hoc analysis, *p, .05, **p, .01, ***p, .001, ****p, .0001 compared with the control1EYFP group; #p, .05, ##p, .01,
###p , .001 compared with the CSDS1EYFP group. Data represented as mean 6 SEM. ANOVA, analysis of variance; BLA, basolateral amygdala; ChR2,
channelrhodopsin-2; CSDS, chronic social defeat stress; EYFP, enhanced yellow fluorescent protein; IL, infralimbic; mGluR5, metabotropic glutamate receptor
5; mPFC, medial prefrontal cortex; mRNA, messenger RNA; PL, prelimbic; SIT, social interaction test; vHPC, ventral hippocampus.
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avoidance (Figure 4C) and anhedonic behavior, as measured in
the sucrose preference test (Figure 4D). However, simulta-
neous activation of these two BLA neural circuits did not
further ameliorate CSDS-induced depressive-like behaviors
compared with photoactivation of each BLA circuit, indicating
no synergic effects. These results suggest that BLA/mPFC
and or BLA/vHPC projections play proresilient roles in
response to CSDS in an independent way despite BLA neu-
rons co-projecting to the mPFC and vHPC, as in Figure S3F in
Supplement 1.

For cross-photomanipulations of the BLA/mPFC and
BLA/vHPC circuits, we injected both AAV5-hSyn-hChR2-
EYFP and AAV5-hSyn-eNpHR3.0-EYFP into the BLA, and 2
weeks later, optic fibers were implanted in the mPFC and
vHPC (Figure 4E). Each mouse underwent a photoinactivation
of the BLA/mPFC circuits and photoactivation of the
BLA/vHPC circuits at the same time, immediately after
receiving defeat (Figure 4F). Photostimulation of the
BLA/vHPC circuits successfully blocked CSDS-induced so-
cial avoidance (Figure 4G) and anhedonic behavior (Figure 4H),
as in Figure 2E. However, photoinhibition of the BLA/mPFC
circuits did not aggravate CSDS-induced social avoidance
108 Biological Psychiatry July 15, 2022; 92:104–115 www.sobp.org/jo
(Figure 4G) and anhedonic behavior (Figure 4H), suggesting a
possibility of the ceiling effect. However, the reversal effects of
BLA/vHPC PN photostimulation on CSDS-induced depres-
sive-like behaviors were also not affected by BLA/mPFC PN
photoinhibition. Likewise, the photostimulation of
BLA/mPFC circuits reversed the CSDS-induced social
avoidance (Figure 4J), as observed in Figure 2D. The reversal
effects of the BLA/mPFC PN photostimulation on CSDS-
induced depressive-like behaviors were also not affected by
the BLA/vHPC PN photoinhibition. Together, these data
suggest the functional independence of these two BLA
projections.
Proresilient Role of mGluR5 in Behavioral
Responses to CSDS

To determine whether mGluR5 has proresilient effects in
response to CSDS, we first overexpressed mGluR5 by inject-
ing LV-EF1a-mGluR5-IRES-ZsGreen1 into the mPFC and
vHPC (Figure 5A, B; Figure S8A, C in Supplement 1). When
mice were evaluated for their social interaction 24 hours after
the last defeat, we observed that mGluR5 overexpression in
urnal
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Stress-Resilient Role of mGluR5 in BLA Target Neurons
Biological
Psychiatry
the mPFC and vHPC blunted CSDS-elicited social avoidance
(Figure 5C, E) and anhedonic behavior (Figure 5D, F). These
data suggest that mGluR5 has proresilient effects. Next, to
investigate the causal link between mGluR5 expression and
stress resilience, we examined whether a knockdown of
mGluR5 expression in the mPFC or vHPC has prodepressive
effects. We injected AAV5-hSyn1-mGluR5-shRNA-GFP into
the mPFC and vHPC (Figure 5G, H; Figure S8B, D in
Supplement 1). Two weeks later, the mice were exposed to
SSDS. We found that mGluR5 knockdown in the mPFC or
vHPC with SSDS significantly reduced social interaction
(Figure 5I, K) and sucrose preference (Figure 5J, L). In addition,
we investigated whether mGluR5 directly mediates the
modulatory effects of the activity of BLA projections on stress-
related social avoidance behaviors by blocking mGluR5
expression in the mPFC or vHPC and by photostimulating the
BLA/mPFC or BLA/vHPC circuits (Figure S8E, F in
Supplement 1). Notably, mGluR5 knockdown target areas
completely suppressed the reversal effects of ChR2 activation
of BLA/mPFC and BLA/vHPC projections on CSDS-
elicited social avoidance (Figure S8G, H in Supplement 1).
Together, these results suggest a critical mediating role of
Biological
mGluR5 in BLA projection activities and stress-related social
behaviors.
Pharmacological Modulation of mGluR5
Downstream Signaling Affects Depressive-like
Behaviors

Postsynaptic mGluR5 initiates a variety of downstream
signaling pathways, mainly via the canonical Gq-dependent
mechanism, generating inositol-1, 4, 5-trisphosphate and
diacylglycerol, which typically activate protein kinase C
(PKC). mGluR5-ERK coupling can occur not only via Gq-
dependent mechanisms (Gq-PKC-ERK) but also via Gq-in-
dependent (or Homer1b/c-dependent) mechanisms (41,42).
In addition, mGluR5 signaling can activate other pathways,
such as the PI3K/Akt/mechanistic target of rapamycin kinase
pathway through a Gq-independent mechanism (Homer1b/c-
PI3K-Akt) (43,44). Because a wide range of mGluR5 down-
stream signaling pathways can explain social avoidance, we
next evaluated the activation and protein levels of several
mGluR5 signaling components in the mPFC or vHPC using
Western blotting analyses. We observed reduced mGluR5
Psychiatry July 15, 2022; 92:104–115 www.sobp.org/journal 109
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BLA/mPFC and/or BLA/vHPC circuits signifi-
cantly reversed CSDS-induced social avoidance (C)
(Kruskal-Wallis H test, H = 28, p = .0003, n = 9, 10, 6,
6, 6) and anhedonic behavior, which was measured
by SPT (D) (one-way ANOVA with Tukey’s test,
F4,35 = 6.527, p = .0005, n = 10, 10, 7, 7, 6). Of note,
the photoactivation effects of either of the BLA
pathways were not different from the simultaneous
photoactivation effects of both BLA pathways,
suggesting null synergic interaction of those BLA
circuits on depressive-like behaviors. (E) Experi-
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BLA/mPFC and BLA/vHPC pathways in CSDS.
(F, I) After AAV5-hSyn-hChR2(H134R)-EYFP and
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BLA, we implanted optic fibers for photoinhibition
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vHPC and vice versa. Scale bars = 800mm. (G, H)
CSDS-induced social avoidance and anhedonic
behavior were not aggravated by NpHR photo-
inactivation over the BLA/mPFC circuit but
reversed by ChR2 activation over the BLA/vHPC
circuit. (G) Social interaction: one-way ANOVA with
Tukey’s test, F4,32 = 10.39, p , .0001, n = 8, 10, 6, 7,
6. (H) Sucrose preference: F4,32 = 6.609, p = .0005,
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CSDS1EYFP group; $p , .05, $$p , .01, $$$p , .001, $$$$p , .0001 compared with the CSDS1NpHR (either mPFC or vHPC) group. Data represented as
mean 6 SEM. ANOVA, analysis of variance; BLA, basolateral amygdala; ChR2, channelrhodopsin-2; CSDS, chronic social defeat stress; EYFP, enhanced
yellow fluorescent protein; IL, infralimbic; mPFC, medial prefrontal cortex; NpHR, halorhodopsin; PL, prelimbic; SIT, social interaction test; SPT, sucrose
preference test; SSDS, subthreshold social defeat stress; vHPC, ventral hippocampus.

Stress-Resilient Role of mGluR5 in BLA Target Neurons
Biological
Psychiatry
protein expression in both the mPFC and vHPC of suscep-
tible, but not in resilient, mice (Figure 6A–D). Similarly, CSDS
downregulated Homer1b/c expression and phosphorylation
of Akt in the mPFC of susceptible mice, but not in resilient
mice (Figure 6A–D). No changes were observed in pPKC
and pERK levels in the mPFC. By contrast, pPKC and
pERK levels in the vHPC were decreased only in suscep-
tible animals (Figure 6A–D). No changes were observed in
Homer1b/c or pAKT in the vHPC. These findings suggest
that differential mGluR5 downstream signaling in the mPFC
and vHPC may mediate proresilient effects in response to
CSDS. mGluR5 mediates the effects of CSDS in a
110 Biological Psychiatry July 15, 2022; 92:104–115 www.sobp.org/jo
Homer1b/c-Akt–dependent way in the mPFC, whereas it
mediates these effects in a Gq-PKC-ERK–dependent
manner in the vHPC. Next, we investigated whether each
mGluR5 downstream signaling influences stress-related
social behaviors. Approximately 2 weeks after the implan-
tation of the cannula bilaterally in the mPFC and vHPC, we
infused a selective PI3K-Akt inhibitor, LY294002, or a
highly selective inhibitor of MAPK/ERK kinase, U0126, into
the mPFC or vHPC. Social interaction was measured 24
hours after SSDS (Figure 6E, F). We found that the infusion
of LY294002, but not of U0126, into the mPFC reduced
social interaction (Figure 6G) and sucrose preference
urnal
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Stress-Resilient Role of mGluR5 in BLA Target Neurons
Biological
Psychiatry
(Figure 6H), while the infusion of U0126, but not LY294002,
into the vHPC decreased social interaction (Figure 6I) and
sucrose preference (Figure 6J). These data strongly sug-
gest that the proresilient effects of mGluR5 signaling in
the mPFC and vHPC are mediated through differential
downstream signaling pathways: mGluR5-Homer1b/c-
pAKT signaling pathways in the mPFC versus
Biological
mGluR5-Gq-pERK signaling pathways in the vHPC
(Figure S9 in Supplement 1).
DISCUSSION

This study provides evidence that mGluR5 in the mPFC and
vHPC that is regulated by BLA outputs can be a molecular
Psychiatry July 15, 2022; 92:104–115 www.sobp.org/journal 111
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*p , .05, ***p , .001, ****p , .0001 compared with the CTRL1vehicle group; #p , .05, ##p , .01, ###p , .001 compared with the SSDS1vehicle group; $p ,

.05, $$p , .01, $$$p , .001 compared with the SSDS1LY294002 group. Data represented as mean 6 SEM. ANOVA, analysis of variance; CTRL, control;
mGluR5, metabotropic glutamate receptor 5; mPFC, medial prefrontal cortex; pAkt, phosphorylated protein kinase B; pERK, phosphorylated extracellular
signal–regulated kinase; pPKC, phosphorylated protein kinase C; RES, resilient; SIT, social interaction test; SPT, sucrose preference test; SSDS, subthreshold
social defeat stress; SUS, susceptible; tAkt, total protein kinase B; tERK, total extracellular signal–regulated kinase; tPKC, total protein kinase C; vHPC, ventral
hippocampus.
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switch of susceptibility to resilience in response to CSDS. Our
findings show that CSDS, an ethologically validated model of
aspects of depression in mice (31), decreases the activity of
BLA innervations to the mPFC and vHPC, which is also
observed in patients with depression (45,46). Optogenetic
manipulation of BLA projection activity to the mPFC or vHPC
reversed CSDS-induced mGluR5 reduction and depressive-
112 Biological Psychiatry July 15, 2022; 92:104–115 www.sobp.org/jo
like behaviors as measured by social interaction and sucrose
preference tests. Consistently, viral-mediated mGluR5 induc-
tion alleviated CSDS-induced social avoidance and anhedonia.
Furthermore, we observed that selective blockade of the
distinctive mGluR5 downstream signaling pathways attenu-
ated CSDS-elicited depressive-like behaviors in a region-
specific manner. Overall, our findings indicate that mGluR5
urnal
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and its selective downstream signaling in the mPFC and vHPC,
which are innervated by BLA projections, are proresilient in
response to CSDS.

Although the BLA and its connections with other major
limbic components such as the PFC and HPC have long been
implicated in the regulation of emotion and etiology of stress-
related psychiatric diseases (47), there are only limited in-
vestigations on the roles of BLA projections in stress-related
depressive-like behaviors. Consistent with our data, a recent
study demonstrated that depressive behaviors induced by
chronic immobilization stress were mediated by hypoactive
glutamatergic neurons in the mPFC (48). Other studies have
shown that stimulating BLA/vHPC circuits rescues
depressive-like behaviors following repeated foot shock or
chronic unpredictable mild stress, which weakens the BLA-
vHPC connectivity (13,14). These findings highlight the pro-
resilient role of BLA/mPFC and BLA/vHPC projections in
animal models of depression using chronic stress. Further-
more, our data in this study suggest that these two BLA cir-
cuits that play the same proresilient role act in a functionally
independent way: the proresilient effect of optogenetic stim-
ulation over one of either of the BLA projections was not
influenced by optogenetic manipulations (i.e., stimulation and
inhibition) over the other BLA projection. Such functional in-
dependence for the same behavioral output might be associ-
ated with topographically different distributions or connectivity
characteristics of BLA PNs, as observed in our study and
others (49–52). However, it is noteworthy that the mPFC and
vHPC give glutamatergic projections to the nucleus accum-
bens, which also receives projections from the BLA and other
brain structures, forming a complex neural network for
depressive-like behaviors (53–55). Thus, further investigation
of putative interactions in this complex is required for a
comprehensive understanding of the BLA circuitry functions in
response to CSDS (56,57).

In this study, CSDS-induced hypoactivity of the
BLA/mPFC and BLA/vHPC circuits and its concomitant
depressive behaviors may occur through reductions in gluta-
mate release at BLA/mPFC or BLA/vHPC synapses,
assessed by PPRs of the excitatory postsynaptic current
following pathway-specific stimulation. Our findings are in line
with earlier preclinical evidence showing that glutamine sup-
plementation reverses reduced levels of glutamate/glutamine
cycling or glutamatergic activity in the PFC of chronically
stressed mice, thereby attenuating stress-induced depressive-
like behaviors (48,58,59). Clinical studies have also shown
reduced glutamate metabolite levels in the PFC and HPC of
patients with depression (60,61). This suggests a critical role of
glutamatergic transmission at BLA terminals in depressive-like
behaviors.

It is worth noting that mGluR5 is the only glutamate receptor
subtype whose expression is decreased by CSDS and
reversed by the stimulation of BLA projections. The expression
of glutamate receptors such as Grin2a, Gria1, Gria2, Gria3,
and/or Gria4 was also reduced in the mPFC and vHPC of
stressed mice, but BLA activation had no reversal effects.
These data suggest that mGluR5 in the BLA PN targets, such
as mPFC and vHPC, is the only receptor that can regulate the
detrimental effects of CSDS on depressive-like behaviors in a
BLA PN activity–dependent manner. Indeed, such mGluR5
Biological
alterations were compatible with social avoidance and anhe-
donic behaviors that were induced by CSDS but reversed by
the BLA circuit stimulation. Consistently, we found a regulatory
effect of viral-mediated mGluR5 induction in the mPFC and
vHPC on CSDS-induced depressive-like behaviors.

We further observed that mGluR5 knockdown in both the
mPFC and vHPC completely blocked the reversal effects from
photoactivation of BLA projections on CSDS-induced
depressive-like behavior. This supports a scheme wherein
mGluR5 is a key mediator of the proresilient effects of the BLA
circuit activation on depressive-like behaviors in response to
CSDS. It is of particular interest that the resilient effects of
mGluR5 are distinctively mediated by Gq-independent
Homer1b/c-Akt signaling in the mPFC and by Gq-dependent
PKC-ERK signaling in the vHPC. These data are not consistent
with previous studies showing enhanced mGluR5 and Hom-
er1b/c expressions in the dorsal hippocampus of CSDS- SUS
mice (62,63). This could be due to differences in connectivity-
based functions in the dorsal HPC, which primarily performs
cognitive functions, and in the vHPC, which performs functions
related to stress and emotion (64).

In conclusion, our study demonstrates a proresilient role of
mGluR5 signaling in the mPFC and vHPC innervated by the
BLA in social behaviors affected by CSDS. The sustained
inactivation of BLA PNs, in the context of stress, suppresses
postsynaptic mGluR5, which may produce pathological ef-
fects, as observed in patients with depression (19). However,
proresilient mGluR5 signaling in BLA outputs is likely in
contrast to the antidepressant effects of mGluR5 antagonists
or mGluR5 deletion (20,65). These inconsistencies may be due
to the diverse roles of mGluR5 in specific neuronal pop-
ulations, regions, and circuits, which are differentially modu-
lated by various stresses (29,66,67), and require further study.
Sex-specific physiological characteristics of mGluR5 in
depression also need to be further investigated. It may be
difficult to explore this system in female subjects with
depression because of the more noticeable circadian variation
of mGluR5 availability in female subjects and circadian
misalignment in subjects with depression (18,68,69). However,
such an investigation would be a crucial step toward the
development or optimization of precision interventions to treat
depression, especially for women, who show a higher lifetime
prevalence of depression than men (70,71).
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