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ABSTRACT

Major depressive disorder is a common and serious mood illness. The molecular mechanisms underlying the
pathogenesis and symptomatology of depression are poorly understood at present. Multiple neurotransmitter
systems are believed to be implicated in depression. Increasing evidence supports glutamatergic transmission as a
critical element in depression and antidepressant activity. In this study, we investigated adaptive changes in
expression of AMPA receptors in a key limbic reward structure, the striatum, in response to an anhedonic model
of depression. Prolonged social isolation in adult rats caused anhedonic/depression- and anxiety-like behavior. In
these depressed rats, surface levels of AMPA receptors, mainly GluAl and GluA3 subunits, were reduced in the
nucleus accumbens (NAc). Surface GluA1/A3 expression was also reduced in the caudate putamen (CPu)
following chronic social isolation. No change was observed in expression of presynaptic synaptophysin, post-
synaptic density-95, and dendritic microtubule-associated protein 2 in the striatum. Noticeably, chronic treat-
ment with the metabotropic glutamate (mGlu) receptor 5 antagonist MTEP reversed the reduction of AMPA
receptors in the NAc and CPu. MTEP also prevented depression- and anxiety-like behavior induced by social
isolation. These data indicate that adulthood prolonged social isolation induces the adaptive downregulation of
GluA1/A3-containing AMPA receptor expression in the limbic striatum. mGlu5 receptor activity is linked to this
downregulation, and antagonism of mGlu5 receptors produces an antidepressant effect in this anhedonic model
of depression.

1. Introduction

and neurological disorders (Traynelis et al., 2010).
Major depressive disorder is a common mental illness. While the

Glutamate is a neurotransmitter in the central nervous system and
interacts with ionotropic and metabotropic glutamate receptors to
achieve its action. The  a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) receptor is one of the ionotropic glutamate
receptors and serves as a ligand-gated ion channel processing the fast
excitatory synaptic transmission. AMPA receptors usually become
functional upon homo- or heterotetrameric assembly of four subunits,
GluAl-4 (formerly known as GluR1-4) (Greger et al., 2017). As a
glutamate receptor enriched in broad regions of the brain, the AMPA
receptor is critical for the regulation of normal neural and synaptic ac-
tivities and is linked to the pathogenesis of a variety of neuropsychiatric

specific neurological mechanisms for this illness are far from clear, many
neurotransmitters play a role. In addition to the relatively well charac-
terized monoaminergic system, glutamate homeostasis is implicated in
depression (Paul and Skolnick, 2003; Bleakman et al., 2007; Tokita
et al., 2012; Vose and Stanton, 2017). In particular, the AMPA receptor
is an important molecular target based on accumulating evidence. For
instance, in response to repeated restraint or unpredictable stress in rats,
GluA1/A2 surface expression was reduced in pyramidal neurons of the
prefrontal cortex (PFC), an adaptive change critical for depression-like
behavior (Yuen et al., 2012). Chronic mild stress also reduced GluAl
expression in the PFC and hippocampus of adult rats, although GluAl
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expression was increased in the anterior part of the nucleus accumbens
(NAc) of adult but not young rats (Toth et al., 2008). Chronic antide-
pressant treatment elevated GluAl and GluA2/3 expression in the hip-
pocampus and striatum (Martinez-Turrillas et al., 2005; Tan et al.,
2006). AMPA  receptor potentiators  generally  exhibited
antidepressant-like action in various animal models of depression and in
patients (Bleakman et al., 2007; Nations et al., 2012; Tokita et al., 2012;
Jaso et al., 2017). In addition, AMPA receptors are positively regulated
by phosphorylating GluAl at S831 and S845. Mice bearing point mu-
tations at both sites showed an increase in immobility (Svenningsson
et al., 2007). Similarly, mice lacking the GluR-A (GluAl) subunit rep-
resented a model of depression with good face and construct validity
(Chourbaji et al., 2008).

Prolonged period (10-12 weeks) of social isolation in adult rats is an
animal paradigm modeling depression in adulthood (Wallace et al.,
2009). Rats subjected to this chronic passive stress exhibited
anhedonia-like symptoms, i.e., decreases in natural reward-related be-
haviors (such as deficits in sucrose preference and sexual reward)
(Wallace et al., 2009; Mao and Wang, 2018). Various brain areas are
implicated in this depressive disorder. Central among them is the limbic
reward system. The striatum containing two subdivisions, the NAc and
the caudate putamen (CPu), is a key structure within the limbic reward
circuit. A number of studies have demonstrated the role of the NAc in
anhedonic behavior and antidepressant-like activity (Zacharko and
Anisman, 1991; Nestler and Carlezon, 2006). Of note, AMPA receptors
are abundant in the striatum (Bernard et al., 1997; Kondo et al., 2000;
Reimers et al., 2011), although to date, little is known about the
responsivity of striatal AMPA receptors to chronic adulthood social
isolation.

This study explored possible adaptive changes in AMPA receptor
expression in the striatum following social isolation in adult rats. As a
unique chronic stress, prolonged social isolation is particularly useful for
monitoring the long-lasting neuroadaptation of a given receptor in
relation to enduring anhedonic behavior (Krishnan and Nestler, 2011).
In addition, metabotropic glutamate (mGlu) receptor 5 antagonists
produced the antidepressant-like effect in several models of depression
(Tatarczynska et al., 2001; Pilc et al., 2002; Palucha et al., 2005; Li et al.,
2006; Belozertseva et al., 2007). We thus investigated whether an
mGlu5 antagonist produces similar behavioral effects in our model of
depression and whether it has any impact on responses of striatal AMPA
receptors to social isolation.

2. Methods
2.1. Animals and prolonged social isolation at adulthood

In this study, we used Wistar male rats. Rats were 7-8 weeks of age
(200-225 g) at arrival and acclimated to the animal facility for 5 days
prior to the experiments. Animals were housed in standard rat cages (46
x 24 x 20 cm) with corncob bedding and at 23 °C and humidity of 50 &
10 % with a 12-h/12-h light/dark cycle. Water and food were available
ad libitum. Rats were kept in accordance with the US National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Rat care
and use were approved by the Institutional Animal Care and Use Com-
mittee. The Animal Research: Reporting In Vivo Experiments (ARRIVE)
guidelines have been followed. This study was not pre-registered.

Adulthood social isolation was carried out as described previously
(Wallace et al., 2009; Mao and Wang, 2018). Briefly, we randomly
divided rats into two groups: socially isolated rats and control rats. So-
cially isolated rats were housed in home cages individually (one per
cage) for 10-12 weeks. Control rats were housed two animals per cage
for the same period of time. After 10-12 weeks of social isolation,
behavioral assessments were performed. Rats were anesthetized next
day by an intraperitoneal injection of sodium pentobarbital (55-60
mg/kg) and sacrificed. Brains were dissected for following neurochem-
ical assays. Of note, pentobarbital induced rapid anesthesia and had no
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effect on surface GluA1-3 expression in the mouse cortex at 5 min after
injection (Carino et al., 2012).

We employed a computer-generated randomization table (GraphPad
software/QuickCalcs, La Jolla, CA) to randomly divide animals into
different groups. Sample size was calculated by alpha = 0.05 and beta =
0.2 (80 % power) with no difference in sample size between the
beginning and end of the experiments. The health state of animals was
used as the criteria for inclusion/exclusion. The healthy animals showed
no signs of illness as evaluated by body weight and visual observations.

2.2. Drug administration

Vehicle or the mGlu5 selective antagonist 3-[(2-methyl-1,3-thiazol-
4-yDethynyl]-pyridine (MTEP) was administered intraperitoneally (i.
p.) at a dose of 1 mg/kg once daily for 14 consecutive days (isolation for
8-10 weeks with 2 additional weeks of isolation with MTEP treatment).
Selection of the MTEP dose was based on the finding that chronic
administration of MTEP (1 mg/kg, i.p., once daily for 14 days) attenu-
ated the hyperactivity in a rat olfactory bulbectomy model of depres-
sion, while MTEP itself did not cause any behavioral changes in the
sham-operated rats (Palucha et al., 2005). Behavioral assessments
were performed 24 h after the last dose of a drug.

2.3. Sucrose preference test

Sucrose preference was tested as an operational index of anhedonic
behavior. To this end, a two-bottle-choice paradigm was performed as
described previously (Wallace et al., 2009; Mao and Wang, 2018).
Briefly, rats were initially habituated to two bottles of water for five
days. Unlimited access to two bottles containing tap water or 1 % (w/v)
sucrose was then given to rats for a period of 24 h. The consumed
amounts of water and sucrose solutions were measured. We calculated
preference for sucrose as the percentage of the volume of sucrose
consumed (ml per 24 h) divided by the total fluid (sucrose + water)
intake (ml per 24 h).

2.4. Elevated plus maze

We performed the elevated plus maze test to assess anxiety-like
behavior (Walf and Frye, 2007). Four arms (two enclosed and two
open arms) were arranged in a plus shape (61 cm from the floor). We
placed rats onto the central area of the plus maze with rats facing an
open arm. Behavior activity was recorded and scored in a blind manner.
Anxiety-like behavior as assessed by the elevated plus maze was
analyzed as (1) the time spent in the open arms (s), and (2) the ratio of
open arm entries to the total number of entries (expressed as a per-
centage) during a 5-min freely exploring period.

2.5. Surface protein biotinylation

Surface protein biotinylation was performed on CPu and NAc slices
as described previously (Dennis et al., 2011; Jin et al., 2017) with minor
modifications. Briefly, rats were anesthetized and decapitated. Brains
were removed and cut into slices (300 um) using a vibratome
(VT12008S). The CPu and NAc were dissected using a biopsy punch (1.5
mm, ThermoFisher, Waltham, MA) and incubated in ice-cold artificial
cerebrospinal fluid containing (in mM) 10 glucose, 124 NaCl, 3KCl, 1.25
KH5POy4, 26 NaHCOg, 2 MgSOy4, 2 CaCly, bubbled with 95% 05-5% COa,
pH 7.4, and 1 mg/ml EZ-LINK-Sulfo-NHS-SS-Biotin (ThermoFisher) for
45 min. Slices were washed and quenched by glycine (100 mM). Slices
were then homogenized by sonication in ice-cold lysis buffer containing
20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1 % Triton X-100,
0.5 % sodium deoxycholate, 0.1 % SDS, and a protease/phosphatase
inhibitor cocktail (ThermoFisher). Homogenized samples were centri-
fuged at 800 g (10 min, 4 °C). The supernatant was collected as the total
protein fraction. An aliquot of total proteins was further incubated with
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neutrAvidin resin (ThermoFisher) overnight. Precipitation of bio-
tinylated proteins (i.e., surface proteins) was achieved by centrifugation.
Surface proteins were then eluted with a lithium dodecyl sulfate sample
buffer. Proteins of interest in surface and total fractions were analyzed
by immunoblot.

2.6. Western blot analysis

This was performed as described previously (Jin et al., 2013). Protein
samples were separated on 4-12% Tris-glycine gels (Invitrogen, Carls-
bad, CA). Separated proteins were transferred to polyvinylidene fluoride
membranes. A primary antibody was used in incubation of membranes
overnight at 4 °C. A goat anti-mouse or anti-rabbit secondary antibody
was then used. An enhanced chemiluminescence reagent (GE Healthcare
Life Sciences, Piscataway, NJ) was used to visualize immunoblots. The
density of immunoblots was measured using the NIH ImageJ (RRID:
SCR_003073; Bethesda, MD). Values of total and surface AMPA receptor
levels were normalized to total protein load as determined by p-actin
blot (Clem et al., 2010).

2.7. Antibodies and pharmacological drugs

Rabbit primary antibodies used in this study include those against
GluAl (RRID:AB_1977216; Millipore, Bedford, MA; 1:2000), synapto-
physin (RRID:AB_2286949; Abcam, Cambridge, MA; 1:2000),
microtubule-associated protein 2 (MAP-2, RRID:AB_91939; Millipore;
1:2000), and f-actin (RRID:AB_476693; Sigma-Aldrich, St. Louis, MO;
1:2500). Mouse antibodies used include those against GluA2 (RRID:
AB_2113875; Millipore; 1:1500), GluA3 (RRID:AB_2113897; Millipore;
1:2000), postsynaptic density-95 (PSD-95, RRID:AB_325399; Thermo-
Fisher; 1:4000), and N-cadherin (RRID:AB_10610922; Santa Cruz
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Biotechnology, Dallas, TX: 1:2000). Data for the validation of these
antibodies are available from the companies. MTEP was purchased from
Tocris (Minneapolis, MN) and was suspended in 10% Tween 80 in sterile
water.

2.8. Statistics

To statistically analyze our data, we used GraphPad Prism 6 (RRID:
SCR_002798; GraphPad software, La Jolla, CA) with no blinding. The
normality of data was tested. No test for outliers on the data was per-
formed, and no animals were excluded from the study. We used either
two-way analysis of variance (ANOVA) followed by a post hoc test for
comparing multiple groups or two-tailed unpaired Student’s t-test for
comparing two groups. A level of P < 0.05 was defined as a statistically
significant level.

3. Results
3.1. Effects of social isolation on expression of total AMPA receptors

We first explored the effect of social isolation on total AMPA receptor
expression in the striatum. To this end, rats were sacrificed after 10-12
weeks of social isolation. Changes in cellular levels of total AMPA re-
ceptor subunit proteins were examined in the NAc and CPu using
immunoblot. We focused on three subunits (GluA1/A2/A3) since they
are the principal subunits in the striatum (Boudreau et al., 2007). In the
NAc, a significant decrease in total GluAl levels was seen in socially
isolated rats as compared to double-housed control rats (Fig. 1A). Levels
of total GluA2 proteins were not significantly altered. Total GluA3 levels
were reduced following social isolation. Likewise, in the CPu, expression
of the two subunits (GluAl and GluA3) but not GluA2 was reduced in
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Fig. 1. Effects of chronic social isolation on expression of total AMPA receptors in the rat striatum. (A) Effects of social isolation on total AMPA receptor expression in
the NAc. (B) Effects of social isolation on total AMPA receptor expression in the CPu. Note that the amounts of total cellular GluA1 and GluA3 proteins in the NAc (A)
and CPu (B) were reduced in socially isolated (SI) rats compared to control (Con) rats as detected by immunoblots (IB). Representative immunoblots are shown to the
left of the quantified data. Data were statistically analyzed using Student’s t-test (n = 6 per group) with ‘n’ equal to the number of animals. * P < 0.05 versus double-
housed control animals. GluA1-NAc [t(10) = 3.435, P = 0.006], GluA2-NAc [t(10) = 1.151, P = 0.277], GluA3-NAc [t(10) = 2.879, P = 0.016], GluA1-CPu [¢(10) =
2.829, P = 0.017], GluA2-CPu [t(10) = 0.399, P = 0.699], GluA3-CPu [t(10) = 4.524, P = 0.001].
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this region of socially isolated rats (Fig. 1B). These results demonstrate
that prolonged social isolation in adulthood downregulates cellular
expression of total GluAl and GluA3 subunits in the striatum. Of note,
body weight was not significantly altered in isolated rats as compared to
control rats (control rats: 504.83 + 7.90 g versus isolated rats: 478.01 +
10.30 g; P > 0.05).

3.2. Effects of social isolation on surface expression of AMPA receptors

We next examined the effect of social isolation on surface expression
of AMPA receptors in the striatum. The NAc and CPu slices were cut
from socially isolated rats and control rats. The abundance of GluAl,
GluA2, and GluA3 subunits in a specific subcellular compartment, i.e.,
the surface membrane fraction, was assayed by surface biotinylation.
We found that surface GluA1 and GluA3 levels in the NAc were markedly
reduced in socially isolated rats as compared to control rats (Fig. 2A). A
tendency of a decrease in surface GluA2 levels was also seen, although it
did not reach a statistically significant level. Similar results were
observed in the CPu. GluA1 and GluA3 but not GluA2 exhibited a lower
level of surface expression in socially isolated rats than that of their
control rats (Fig. 2B). These results indicate that striatal surface
expression of GluAl and GluA3 subunits is subjected to the down-
regulation in response to chronic social isolation.

N-cadherin, also known as Cadherin-2 (CDH2) or neural cadherin
(NCAD), is a classical cell adhesion protein with its extracellular do-
mains carrying out cell-cell adhesion. We used this protein as a surface
protein marker for the surface biotinylated fraction, whereas an intra-
cellular protein marker, p-actin, was used as a negative control for the
biotinylated fraction. No significant change in total N-cadherin levels
was found in the NAc between socially isolated and control rats
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(Fig. 3A). Similarly, surface expression of NAc N-cadherin showed a
minimal change. Total f-actin levels remained unchanged following
social isolation, while p-actin was not detected in the surface bio-
tinylated fraction. Similar results were observed in the CPu (Fig. 3B).
These data support the selectivity and efficiency of biotinylation assays
in analyzing the distinct pool of surface proteins.

3.3. Effects of social isolation on expression of synaptic proteins

To determine effects of social isolation on expression of major syn-
aptic proteins, we monitored changes in expression levels of a repre-
sentative presynaptic vesicle membrane protein (synaptophysin), a
postsynaptic protein (PSD-95), and a dendritic protein (MAP-2) in
striatal lysates. In the NAc, synaptophysin showed little change in its
abundance between the two groups (socially isolated rats versus control
rats, Fig. 4A). Expression of PSD-95 and MAP-2 also remained stable
after social isolation. In the CPu, all three markers were not altered in
their levels in socially isolated rats relative to control rats (Fig. 4B).
Thus, there is no general loss of synaptic and dendritic components in
the striatum after social isolation as evidenced by the stable expression
of synaptic and dendritic marker proteins in response to social isolation.

3.4. Effects of mGlu5 antagonism on the social isolation-induced loss of
striatal AMPA receptors

Pharmacological antagonism of mGlu5 receptors by an acute or
chronic systemic injection of an mGlu5 antagonist consistently produced
an antidepressant effect (Tatarczynska et al., 2001; Pilc et al., 2002;
Palucha et al., 2005; Li et al., 2006; Belozertseva et al., 2007). To
determine the impact of an mGlu5 antagonist on the loss of AMPA
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Fig. 2. Effects of chronic social isolation on surface expression of AMPA receptors in the rat striatum. (A) Effects of social isolation on surface expression of AMPA
receptors in the NAc. (B) Effects of social isolation on surface expression of AMPA receptors in the CPu. Note that chronic social isolation caused a decrease in the
amounts of GluAl and GluA3 proteins in the surface fraction isolated from the NAc (A) and CPu (B) of socially isolated (SI) rats compared to control (Con) rats as
detected by immunoblots (IB). Representative immunoblots are shown to the left of the quantified data. Data were statistically analyzed using Student’s t-test (n = 6
per group) with ‘n’ equal to the number of animals. * P < 0.05 versus double-housed control animals. GluA1-NAc [¢(10) = 4.846, P = 0.001], GluA2-NAc [t(10) =
2.148, P = 0.057], GluA3-NAc [t(10) = 3.124, P = 0.009], GluA1-CPu [t(10) = 3.595, P = 0.005], GluA2-CPu [t(10) = 1.465, P = 0.174], GluA3-CPu [t(10) =

2.929, P = 0.015].
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Fig. 3. Effects of chronic social isolation on N-
cadherin expression in the rat striatum. (A) Ef-
fects of social isolation on total and surface
expression of N-cadherin in the NAc. (B) Effects
of social isolation on total and surface expres-
sion of N-cadherin in the CPu. Total and surface
protein fractions were prepared from the NAc
(A) and CPu (B) of socially isolated (SI) rats and
control (Con) rats and were analyzed by im-
munoblots (IB). Representative immunoblots
are shown to the left of the quantified data.
Data were statistically analyzed using Student’s
t-test (n = 6 per group) with ‘n’ equal to the
number of animals.

MAP-2
1.5—_
1.0 s
0.5
0.0
Control Sl
MAP-2
1.5—_
1.0 =+
11
0.5
0.0
Control  SI

Fig. 4. Effects of chronic social isolation on expression of synaptic and dendritic proteins in the rat striatum. (A) Effects of social isolation on expression of syn-
aptophysin, PSD-95, and MAP-2 in the NAc. (B) Effects of social isolation on expression of synaptophysin, PSD-95, and MAP-2 in the CPu. Protein samples were
prepared from the NAc (A) and CPu (B) of socially isolated (SI) rats and control (Con) rats and were analyzed by immunoblots (IB). Representative immunoblots are
shown to the left of the quantified data. Data were statistically analyzed using Student’s t-test (n = 5-6 per group) with ‘n’ equal to the number of animals.

receptors in the striatum in response to chronic social isolation in adult
rats, we examined changes in surface expression of striatal AMPA re-
ceptors in isolated rats in the presence of an mGlu5 antagonist. In detail,
the selective mGlu5 antagonist MTEP was administered to socially iso-
lated and control rats (1 mg/kg, i.p., once daily for the last 14 days of
isolation). Rats were then sacrificed for testing changes in surface

26

expression of GluA1 and GluA3 subunits in striatal slices. Chronic MTEP
treatment had an insignificant effect on basal surface expression of
GluAl and GluA3 in the striatum of control rats (Figs. 5A and 5B).
Significant decreases in surface levels of GluAl and GluA3 were seen in
socially isolated rats as compared to control rats. Remarkably, the de-
creases in surface levels of these subunits in isolated rats were reversed
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Fig. 5. Effects of MTEP on the downregulated surface
expression of AMPA receptors in the striatum of socially
isolated rats. (A and B) Effects of MTEP on the loss of
surface GluAl (A) and GluA3 (B) subunits in the striatum
following social isolation. Chronic i.p. treatment with
vehicle (Veh) or MTEP (1 mg/kg, once daily for last 14
days during 10-12 weeks of social isolation) was given to
socially isolated (SI) rats and control rats. Surface GluAl
and GIuA3 proteins were isolated by biotinylation and

+ were analyzed by immunoblots (IB). Data were analyzed
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._2_‘ P =0.019, control versus SI, F(1,32) =11.97, P < 0.001,
and interaction, F(1,32) =1.917, P=0.175; GluA3:

b ©® ¢ vehicle versus MTEP, F(1,32) = 6.906, P = 0.013, control

versus SI, F(1,32) = 11.90, P < 0.001, and interaction, F
(1,32) =4.296, P = 0.046. * P < 0.05 versus vehicle in

Ie) Ie)
= 1.5 . n -l- = 1.5
8 e mu 8 0 0%
— * u—
5 1.0 . X 5 1.0 o
S ‘;3 = S o
L 0.5 HO L 0.5

0.0+ 0.0

Veh MTEP Veh MTEP

Veh MTEP Veh MTEP

double-housed control animals. + P < 0.05 versus vehicle
in socially isolated animals.

Control S

by MTEP, indicating that chronic administration of the mGlu5 antago-
nist can reverse the loss of GluA1 and GluA3 subunits in striatal neurons
induced by prolonged social isolation.

3.5. Effects of MTEP on depression- and anxiety-like behavior

After prolonged adulthood social isolation, rats showed depression-
like behavior, e.g., a decrease in sucrose intake (Wallace et al., 2009;
Mao and Wang, 2018). As a core symptom of anhedonic depression that
can be objectively measured in rodents, we monitored changes in the
sucrose intake behavior in isolated versus control rats. As expected, after
chronic social isolation, rats exhibited a significant decrease in sucrose
intake relative to control rats (Fig. 6A). The value of sucrose preference
was also lower in socially isolated rats than that in control rats (Fig. 6B).

Control
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Noticeably, in socially isolated rats chronically treated with MTEP, the
decreases in sucrose intake and preference were reversed. No significant
differences in both parameters were observed between socially isolated
and control rats in the presence of MTEP. These behavioral results
provide evidence supporting a critical role played by mGlu5 receptors in
the anhedonic behavior induced by prolonged adulthood social
isolation.

Anxiety usually occurs together with depression as a characteristic of
depression. Indeed, anxiety-like behavior was also seen in socially iso-
lated rats (Wallace et al., 2009; Mao and Wang, 2018). In this study, we
examined the effect of MTEP on anxiety-like behavior in socially isolated
rats. Using an elevated plus maze test, we found that adulthood social
isolation caused significant decreases in the time spent in open arm
exploration (Fig. 6C) and the number of open arm entries (Fig. 6D). In
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the rats treated with MTEP, the decreases in the two parameters were
reversed. Thus, the mGlu5 antagonist possesses the ability to reverse
anxiety-like behavior in parallel with the reduction of depression-like
behavior.

4. Discussion

Expression of AMPA receptors was altered in response to depression
(Freudenberg et al., 2015). At the mRNA level, GluAl and GluA3 mRNAs
were reduced in the perirhinal cortex and hippocampus of depressed
patients (Beneyto et al., 2007; Duric et al., 2013). Similar results were
observed in the rat hippocampus after chronic unpredictable stress
(Duric et al., 2013). At the protein level, repeated restraint or unpre-
dictable stress reduced total and surface GluA1l and GluA2 levels in the
PFC (Yuen et al., 2012). Similarly, chronic mild stress reduced GluAl
expression in the PFC and hippocampus of adult rats (Toth et al., 2008).
Postnatal or postweaning social isolation induced a decline of total or
surface GluAl or GluA2 expression in the rat PFC or hippocampus
(Hermes et al., 2011; Hsiao et al., 2011; Sestito et al., 2011). Neonatal
social isolation prevented experience-dependent synaptic trafficking of
AMPA receptors in the rat barrel cortex (Miyazaki et al., 2012, 2013)
and medial PFC (Tada et al., 2016). It appears that expression of AMPA
receptors in the PFC and hippocampus is generally downregulated in
depressed animals, although chronic social isolation for 4 weeks upre-
gulated GluA1l and GluA2 protein levels in the mouse amygdala (Shi-
mizu et al., 2016) and chronic restraint stress elevated surface GluA1l but
not GluA2 expression in the mouse basolateral amygdala (Zhou et al.,
2019).

In the striatum, postnatal social isolation for 30 days caused no
change in the number of GluAl immunostaining neurons in the rat NAc
(Wood et al., 2005). Sprague-Dawley rats subjected to a set of several
different and unpredictable chronic mild stressors showed an increase in
GluAl expression in the anterior but not the posterior NAc of adult but
not young rats as detected by immunohistochemistry, while these
stressors decreased GluAl expression in the PFC (Toth et al., 2008).
Additionally, social defeat stress caused different changes in GluAl
and/or GluA2 expression in the NAc of susceptible mice (Vialou et al.,
2010; Yang et al., 2016; Jiang et al., 2022). In this study, we found that
total and surface GluA1/3 expression in the CPu and NAc was down-
regulated in adult Wistar rats after prolonged social isolation. It appears
that AMPA receptor expression in the striatum could be differentially
regulated in response to depression-inducing stressors, depending on the
AMPA receptor subunits, striatal subdivisions, animal strains, and
stressor types and paradigms utilized.

The sensitivity of AMPA receptors to a variety of stressors that induce
depression indicates their roles in the pathogenesis and/or symptom-
atology of depression. One theory is that exposure to stress causes the
long-lasting adaptive downregulation of AMPA receptors in their
expression and function in the brain regions critical for depression,
which then leads to the development of depression. Several lines of
evidence support this notion. First, GluA1”~ mice displayed behavioral
and neurochemical features of depression (Chourbaji et al., 2008). In
addition, AMPA receptor activity is positively regulated by the phos-
phorylation of GluA1 at S831 and S845 sites. Point mutations of GluAl
to prevent its phosphorylation at S831 and S845 induced depression-like
behavior (Svenningsson et al., 2007). Second, AMPA receptor potenti-
ators are of an antidepressant value in most models of depression in
experimental animals and patients (Bleakman et al., 2007; Nations et al.,
2012; Tokita et al., 2012; Jaso et al., 2017). Finally, restoration of GluA1l
and GluN1 (an NMDA receptor subunit) expression in the PFC prevented
cognitive impairment in repeatedly stressed rats (Yuen et al., 2012).

Several standard antidepressant medications elevate AMPA receptor
phosphorylation. For instance, the selective serotonin reuptake inhibitor
fluoxetine (Prozac) increased GluA1l S845 phosphorylation in the PFC,
hippocampus, and striatum of normal mice (Svenningsson et al., 2002).
The classical tricyclic antidepressant imipramine increased mouse
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hippocampal S845 phosphorylation, while total GluA1 levels remained
unchanged (Du et al., 2007). Another antidepressant tianeptine
enhanced S831 phosphorylation in the mouse frontal cortex and hip-
pocampus, elevated S845 phosphorylation in the hippocampus, and
produced the antidepressant effect (Svenningsson et al., 2007). In
addition to phosphorylation, chronic treatment with the antidepressant
paroxetine elevated GluAl and GluA2/3 protein expression in the hip-
pocampus of normal rats (Martinez-Turrillas et al., 2005). Chronic
administration of the antidepressant maprotiline also increased GluAl
and GluA2/3 expression in the normal mouse hippocampus and striatum
(Tan et al., 2006). Since maprotiline caused no change or decrease in
GluA2 expression (Tan et al., 2006), the antidepressant likely induced an
increase in GluA2-lacking, Ca?*-permeable AMPA receptors in lim-
bic/striatal brain regions, leading to a higher level of synaptic activity
and plasticity in these circuits. In depressed rats, fluoxetine reversed the
reduction of GluA1 mRNA expression in the hippocampus (Duric et al.,
2013). Of note, ketamine after a single intravenous infusion at a sub-
anesthetic dose produced a robust, rapid, and sustained antidepressant
effect in patients with treatment-resistant depression. Accumulating
evidence suggests that facilitation of the AMPA receptor-mediated
synaptic transmission contributes to the ketamine effect (reviewed in
Dutta et al., 2015; Aleksandrova et al., 2017).

In addition to AMPA receptors, mGlu5 receptors play a role in
depression (Pilc et al., 2008). The mGlu5 receptor is a Gog-coupled re-
ceptor (Niswender and Conn, 2010) and is enriched in striatal neurons
(Testa et al., 1994; Tallaksen-Greene et al., 1998). Pharmacological
studies revealed the antidepressant effect of mGlu5 antagonists and
negative allosteric modulators (Tatarczynska et al., 2001; Pilc et al.,
2002; Wieronska et al., 2002; Palucha et al., 2005; Li et al., 2006;
Molina-Hernandez et al., 2006; Belozertseva et al.,, 2007;
Pomierny-Chamiolo et al., 2010; Liu et al., 2012; Kato et al., 2015).
mGlu5 knockout mice also exhibited antidepressant features (Li et al.,
2006). How mGlu5 receptors play a role in chronic stress-induced
depression remains unclear. Recently, we found an increase in mGlu5
receptor expression and signaling in the striatum of adult rats subjected
to chronic social isolation (Mao and Wang, 2018). In the present study,
we further found that the mGlu5 antagonist MTEP reversed the loss of
surface AMPA receptors in striatal neurons and antagonized anhedo-
nic/depression- and anxiety-like behavior. Thus, the adaptive upregu-
lation of mGlu5 receptors may contribute to the remodeling of AMPA
receptor-involved excitatory synaptic transmission in the limbic stria-
tum, leading to anhedonic behavior. In detail, the enhanced mGlu5
activity may trigger a downstream event, i.e., the weakening of AMPA
receptors, to link chronic stress to depression. In fact, stimulation of
group I mGlu receptors is known to reduce surface and synaptic
expression of AMPA receptors and blunt the AMPA receptor-mediated
glutamatergic transmission in striatal and hippocampal neurons
(Snyder et al., 2001; Xiao et al., 2001; Zho et al., 2002; Mangiavacchi
and Wolf, 2004). Future studies will need to elucidate the causal linkage
between upregulated mGlu5 receptors and downregulated AMPA re-
ceptors in striatal neurons in response to chronic adulthood social
isolation. Of note, the AMPA receptor antagonist NBXQ did not affect the
MTEP antidepressant effect as evaluated using the forced swim test in
mice (Pomierny-Chamiolo et al., 2010). Thus, accurate roles of the
mGlu5-AMPA receptor interaction may differ, depending on the type of
stress, the stage and symptom of depression, the neural circuits involved,
and the antidepressant treatment regimen.

Within the striatum, PSD-95 transcripts remained stable in depressed
subjects (Kristiansen and Meador-Woodruff, 2005). Similarly,
sub-chronic variable stress had no effect on PSD-95 puncta density in the
NAc of male and female mice, corresponding to little changes in spine
density and morphology in this region (Brancato et al., 2017). Acute but
not chronic administration of an antidepressant (citalopram) enhanced
PSD-95 mRNA expression in the rat CPu and NAc (Tomasetti et al.,
2011). However, chronic social defeat stress also enhanced PSD-95
protein levels in the NAc of susceptible mice (Yang et al., 2016; Jiang
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etal., 2022). Chronic mild stress increased dendritic branching in the rat
NAc and spine density in the NAc core but not shell, although it caused
no changes in the relative abundance of mature and immature spines in
the NAc (Bessa et al., 2013). In the present study, we found insignificant
changes in striatal PSD-95 levels in isolated rats. This indicates that
PSD-95 expression might not be altered in the striatum in this particular
model of depression. However, it could not be ruled out that circuit- or
even cell type (D; versus Dy receptor-bearing projection
neurons)-specific changes in expression of postsynaptic proteins such as
PSD-95 may occur. Future studies will elucidate the circuit- or cell
type-specific changes in striatal pre- and postsynaptic proteins in
response to chronic social isolation.
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