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Extensive evidence supports the hypothesis that deficits in inhibitory GABA transmission in the prefrontal cortex (PFC) may drive
pathophysiological changes underlying symptoms of schizophrenia that are not currently treated by available medications,
including cognitive and social impairments. Recently, the mGlu; subtype of metabotropic glutamate (mGlu) receptor has been
implicated as a novel target to restore GABAergic transmission in the PFC. A recent study reported that activation of mGlu;,
increases inhibitory transmission in the PFC through excitation of somatostatin-expressing GABAergic interneurons, implicating
mGlu; PAMs as a potential treatment strategy for schizophrenia. Here, we leveraged positive allosteric modulators (PAMs) of mGlu,
to examine whether mGlu; activation might reverse physiological effects and behavioral deficits induced by MK-801, an NMDA
receptor antagonist commonly used to model cortical deficits observed in schizophrenia patients. Using ex vivo whole-cell patch-
clamp electrophysiology, we found that MK-801 decreased the frequency of spontaneous inhibitory postsynaptic currents onto
layer V pyramidal cells of the PFC and this cortical disinhibition was reversed by mGlu, activation. Furthermore, acute MK-801
treatment selectively induced inhibitory deficits onto layer V pyramidal cells that project to the basolateral amygdala, but not to the
nucleus accumbens, and these deficits were restored by selective mGlu, activation. Importantly, the mGlu; PAM VU6004909
effectively reversed deficits in sociability and social novelty preference in a three-chamber assay and improved novel objection
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recognition following MK-801 treatment. Together, these findings provide compelling evidence that mGlu; PAMs could serve as a
novel approach to reduce social and cognitive deficits associated with schizophrenia by enhancing inhibitory transmission in the
PFC, thus providing an exciting improvement over current antipsychotic medication.

Neuropsychopharmacology (2022) 47:1826-1835; https://doi.org/10.1038/s41386-022-01350-0

INTRODUCTION

Schizophrenia is a chronic brain disease that involves three
primary symptom clusters: positive, negative, and cognitive
impairment [1]. Current antipsychotic medications show efficacy
in treating the positive symptoms of the disease; however, they
do not mitigate negative symptoms and cognitive deficits [2, 3].
Therefore, intense ongoing efforts aim to delineate the cellular
and molecular mechanisms underlying these symptom clusters
to develop novel, improved therapeutics to treat individuals
with schizophrenia. The prefrontal cortex (PFC) plays a critical role
in orchestrating complex behavioral functions known to be
disrupted in individuals with schizophrenia, including many
cognitive processes and social behavior [4, 5]. A key regulator of
these behavioral outputs within the PFC is the y-aminobutyric acid
(GABA) system [5, 6]. Based on many studies demonstrating that
reduced GABAergic transmission in the PFC is associated with
decreased sociability and impaired cognition [5, 7, 8], it has
long been hypothesized that loss of GABAergic transmission in the

PFC may drive pathophysiological changes underlying behavioral
deficits in schizophrenia patients [9]. In support of this hypothesis,
reduced PFC mRNA and protein levels of glutamic acid
decarboxylase 67 (GAD67), the enzyme responsible for synthesis
of GABA from glutamate precursor for GABA, is one of the most
consistent pathophysiological findings in postmortem brain tissue
from patients with schizophrenia [10-12]. Furthermore, enhancing
GABA signaling and normalizing the balance between inhibition
and excitation (I/E balance) in the PFC improves cognition and
social interaction [13, 14]. Thus, restoring cortical inhibition
represents a promising strategy to address unmet clinical needs
for people living with schizophrenia.

The mGlu1l receptor subtype of metabotropic glutamate mGlu
receptors has recently been implicated as a critical regulator of
inhibitory signaling in the PFC [14]. Highly expressed on
GABAergic interneurons of the PFC [14-17], activation of the
mGlu,; receptor enhances feedforward inhibition onto glutama-
tergic pyramidal neurons in acute PFC slices [18]. A recent study
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by Maksymetz et al. showed that mGlu; augments somatostatin-
expressing interneuron (SST-IN) output in the prelimbic (PL) PFC,
resulting in increased inhibition [14]. Leveraging novel positive
allosteric modulators (PAMs) selective for mGlu;, we found that
activation of mGlu, shifts I/E balance toward inhibition in the PL-
PFC and reverses deficits in working memory via actions on SST
interneurons. Together, these findings strongly suggest that
mGlu, is an important regulator of PFC inhibition and a promising
target for treating symptoms of schizophrenia that are not
alleviated by current medications. However, the potential efficacy
of mGlu, PAMs in reversing deficits in inhibitory transmission and
reversing additional PFC-dependent behavioral deficits in NMDAR
hypofunction models, such as social behavior and other forms of
cognition, has yet to be determined.

Multiple studies suggest that N-methyl-d-aspartate receptor
(NMDAR) hypofunction may play a key role in pathophysiology
of schizophrenia and that this is due in part to disruption of PFC
GABAergic transmission, which leads to behavioral impairments
associated with the disease. The NMDAR hypofunction hypoth-
esis of schizophrenia is largely based on observations that
NMDAR antagonists, such as phencyclidine (PCP) and dizocilpine
(MK-801), elicit behavioral abnormalities reminiscent of all three
classes of schizophrenia-related symptomology (positive, nega-
tive, and cognitive) [19]. Of the non-competitive NMDAR
antagonists, MK-801 displays high specificity and affinity for
NMDARs and produces behavioral effects related to schizo-
phrenia across multiple species [20]. Extensive preclinical
literature demonstrates the ability of acute MK-801 administra-
tion to induce deficits in social interaction and a multitude of
cognitive processes including working memory, attention, and
recognition memory [14, 21, 22]. Importantly, MK-801 disrupts
cortical networks and the function of PFC GABA interneurons.
For instance, systemic injection of MK-801 decreases the firing of
GABAergic interneurons and disinhibits pyramidal cells in the
mPFC, suggesting that the primary target of MK-801 is the
GABAergic neurons [23]. Therefore, administration of MK-801 is
commonly used to model cortical inhibitory deficits and
associated behavioral deficits relevant to schizophrenia. In the
present study, we use an NMDAR antagonist model of cortical
disinhibition in mice to test our central hypothesis that selective
activation of mGlu, will reverse deficits in PL-PFC inhibitory
transmission and social and cognitive deficits. Using this
approach, we evaluated the efficacy of an mGlu; PAM in
reversing social and non-social cognitive deficits associated with
schizophrenia. The findings from this study provide important
insights into the synaptic mechanism by which mGlu; regulates
inhibitory transmission in the PFC and excitatory outputs to
brain regions central to social behavior and cognition.

MATERIALS AND METHODS

Animal use

Adult (>8-week-old) male and female C57BL/6J mice (Cat No. 000664; RRID:
IMSR_JAX:000664) were obtained from Jackson Laboratories (Bar Harbor,
ME, USA). Experiments were performed in group-housed mice (5/cage) on
a 12 h light cycle (lights on at 6:00 a.m.) and given access to food/water ad
libitum in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All experimental protocols were
approved by the Vanderbilt Institutional Animal Care and Use Committee.
Mice were injected either vehicle (0.9% saline) or MK-801 (0.18 mg/kg, i.p)
24 h prior to all electrophysiology or behavioral studies.

Compounds

DHPG ((5)-3,5-dihydroxyphenylglycine) was purchased from Hello-Bio Inc.
(Princeton, NJ, USA). MTEP hydrochloride and MK-801 maleate were
purchased from Tocris Bioscience (Minneapolis, MN, USA). As previously
described, YU6004909 was synthesized in-house [24, 25]. Stock solutions
were prepared in deionized water for DHPG and MTEP, 0.9% saline for MK-
801, and 10% Tween-80 for VU6004909.
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Electrophysiology

Whole-cell recordings were performed as previously described [14, 26].
Briefly, mice were anesthetized with 5% isoflurane and the brain was
rapidly removed and mounted to the cutting stage of a vibratome. Coronal
sections containing the medial PFC (mPFC) were prepared at 300 pm in
ice-cold NMDG-HEPES artificial cerebrospinal fluid (aCSF) containing (in
mM: 92 NMDG, 2.5 KCl, 1.25 NaH,PO,, 30 NaHCOs, 20 HEPES, 25 glucose, 2
thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl»2H,0, and 10
MgS0O,47H,0, pH 7.3-7.4 with HCI). Slices were then transferred to 32°C
NMDG-HEPES solution for 10 min and then were transferred to a holding
chamber containing aCSF (in mM: 126 NaCl, 2.5 KCl, 1.25 Na,PO,, 26
NaHCOs3, 10 glucose, 2 CaCl,, 1 MgSO,, supplemented with 500 uM sodium
ascorbate) at room temperature for a minimum of 1 h prior to acquisition
of recordings. Slices were submerged in the recording chamber (Warner
Instruments, CT, USA) and perfused with aCSF maintained at 31+1°C
using an in-line heater (Warner Instruments, CT, USA) at a rate of 2 mL/min.
Whole-cell patch-clamp recordings were performed in the prelimbic PFC
from visually identified layer V pyramidal neurons. Cells were excluded
from analysis if access resistance changed more than 25% throughout the
recording period. To record spontaneous inhibitory postsynaptic currents
(sIPSCs) and within-cell sIPSCs:sEPSCs ratios, pipets were filled with a
Cesium-based internal solution (in mM: 140 CsMeSOs, 5NaCl, 10 HEPES, 0.2
EGTA, 2 MgATP, 0.2 NaGTP, 5 QX-314). sEPSCs and sIPSCs were recorded at
—70mV and +10mV, respectively (adjusted for the liquid junction
potential). Bath application of 50 uM picrotoxin was used to confirm that
sIPSCs were GABA, mediated while sEPSCs were confirmed by bath
application of 20 uM CNQX and 50 uM D-AP5. To generate within-cell
sIPSC:EPSC ratios, baseline sEPSCs were recorded for 2 min at —70 mV,
then voltage holding was elevated to +10 mV for recording of sIPSCs and
in response to compound application.

Three-chamber test

Social interaction test. The three-chamber test was used to assay
sociability and preference for social novelty as demonstrated previously
[27]. Briefly, the mouse was placed in the middle chamber of the three-
chamber apparatus and allowed to explore freely for 5 min. After 5 min of
habituation, identical small metal wire cups were placed in the left and
right chambers and the dividers were lifted. An unfamiliar adult C57BL/6 J
male (Stranger 1) was placed inside one of the wire cups. Location of the
stranger mouse and the empty wire cage was counterbalanced between
sessions. The test subject was returned to the apparatus and was allowed
to move freely throughout all three chambers of the apparatus for 10 min.
Time spent exploring the empty cup and stranger mouse was analyzed as
described previously using AnyMaze software and the social interaction
index was calculated as (time spent exploring stranger mouse)/[(time
spent exploring empty cup) + (total spent exploring stranger mouse)].

Preference for social novelty test. Immediately following the social
interaction test (phase 2), a 10min testing phase occurred to test
preference for social novelty. The original stranger mouse (stranger 1)
remained in its wire cage on one side of the apparatus. A new unfamiliar
mouse (stranger 2) was placed in the wire cage on the opposite side, which
was previously empty during the sociability test. Interaction times were
calculated as described previously using AnyMaze software and the social
novelty recognition index was calculated as (time spent exploring novel
mouse)/[(time spent exploring familiar mouse) + (total spent exploring
novel mouse)].

Novel object recognition

Short-term recognition memory was measured using the novel object
recognition assay (NOR) as reported previously [28]. Briefly, mice were
habituated in an empty arena consisting of a dark-colored Plexiglas box
(32%32x40cm) for 10 min. Approximately 24 h later, the mice were
injected with vehicle (10% Tween-80) or VU6004909 (i.p.; 60 mg/kg) and
placed back into their home cage for 30 min. Mice were then placed back
into the NOR arena containing 2 identical objects for 10 min. Following the
exposure period, mice were placed back into their home cages for 1 h. The
mice were then returned to the arena in which one of the previously
exposed (familiar) objects was replaced by a novel object. The mice were
video recorded for 10 min while they explored the objects. Time spent
exploring each object was analyzed using AnyMaze software and the
novelty recognition index was calculated as (time spent exploring novel
object)/[(time spent exploring familiar object) + (total spent exploring
novel object)].
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Data analysis

Data are presented as mean * standard error (SEM). The sample size of
mice in each experiment is denoted by “N” and cells/slices by “n".
Statistical analyses were performed using GraphPad Prism (CA). A paired/
unpaired two-tailed Student’s t-test, one/two-way ANOVA, or repeated
measures two-way ANOVA with Bonferroni's post-test were used where
appropriate. Results of statistical analyses are presented in the “Results”
section.

RESULTS

mGlu, activation reverses MK-801-induced deficits in
spontaneous inhibitory transmission onto PL-PFC

pyramidal cells

To determine the role of mGlu, in regulating cortical inhibitory
signaling, we leveraged an NMDAR hypofunction model to elicit
physiological and behavioral deficits associated with schizophre-
nia. Antagonizing NMDARs with pharmacological agents such as
MK-801 precipitates symptoms in individuals with schizophrenia
and induces schizophrenia-like symptoms including cognitive
deficits in healthy individuals [29]. Furthermore, administration of
the NMDAR antagonist MK-801 in rodents increases mPFC
pyramidal neuron firing while decreasing the activity of PV- and
SST-INs [23] and increases PFC brain activity as measured by fMRI
studies [14]. Therefore, we used MK-801 as a pharmacological tool
to model schizophrenia-like functional deficits in inhibitory
transmission and directly test the hypothesis that selective
activation of mGlu; reverses deficits in inhibitory transmission
onto prelimbic (PL)-PFC pyramidal cells.

First, mice were injected with MK-801 (0.18 mg/kg, i.p.) or saline,
and then, whole-cell patch-clamp electrophysiology experiments
in acute brain slices were performed 24h later to measure
spontaneous inhibitory and excitatory postsynaptic currents
(sIPSC/sEPSCs) onto layer V pyramidal cells (Fig. 1A). We found
that acute MK-801 treatment significantly reduced sIPSC fre-
quency onto layer V pyramidal cells (6.46 + 0.41 Hz) compared to
saline-treated mice (11.13+0.69Hz) (Fig. 1A, B, p<0.0001,
Student’s t-test). The amplitude of sIPSCs onto layer V pyramidal
cells in mice treated with MK-801 (39.51+3.14 pA) was not
significantly different compared to saline-treated mice (40.27 +
3.21 pA) (Fig. 1C, p =0.87, Student’s t-test). Additionally, the rise
and decay time of sIPSCs did not differ between saline- and MK-
801-treated mice (Supplementary Fig. 1). Next, we evaluated the
frequency and amplitude of sEPSCs onto layer V pyramidal cells in
mice pretreated with saline or MK-801 (Fig. 1D, E). We found that
the sEPSC frequency of mice treated with MK-801 (16.83 + 1.62 Hz)
was not significantly different compared to saline-treated mice
(15.96 = 1.36 Hz) (Fig. 1D, p = 0.69, Student’s t-test). The amplitude
of sEPSCs onto layer V pyramidal cells did not differ between
saline (—20.78 £2.24 pA) and MK-801-treated mice (—21.24+
2.34 pA) (Fig. 1E, p=10.89, Student's t-test). Lastly, we compared
the ratio of sIPSC to sEPSC frequency within the same pyramidal
neurons. MK-801 treatment significantly decreased the inhibitory/
excitatory (I/E) ratio (0.53 +0.09) compared to saline-treated mice
(1.20 £ 0.14) (Fig. 1F, p =0.0005, Student’s t-test), suggesting that
acute MK-801 administration induces deficits in inhibitory signal-
ing in the PL-PFC relevant to those associated with schizophrenia.

Based on evidence that selective activation of mGlu, receptors
increases output from SST-INs onto layer V pyramidal cells of the
PFC [14], we further hypothesized that activation of mGlu; would
reverse deficits in sIPSC frequency and restore I/E balance in the
PL-PFC of mice treated with MK-801. To this end, we bath applied
the group | mGlu receptor agonist DHPG (30 pM) in the constant
presence of the mGlus negative allosteric modulator (NAM) MTEP
(3 uM) while recording sIPSCs onto PL-PFC layer V pyramidal cells
from mice treated with MK-801 or saline (Fig. 1G). A two-way
ANOVA revealed significant main effects of group, (F(1,97) = 4.71,
p=0.03; drug application, F(2,97) = 135.70, p<0.0001) and
interaction (F(2,97) = 5.89, p=0.004) (Fig. 1G). Bonferroni post
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hoc analysis showed that DHPG and MTEP application significantly
increased sIPSC frequency in both saline- (20.02 + 1.26 Hz) and
MK-801-treated mice (19.90+0.72 Hz) compared to respective
sIPSC frequencies in the presence of aCSF alone (saline: 11.13 +
0.69; MK-801: 6.46 + 0.41 Hz) (Fig. 1G, p < 0.0001, two-way ANOVA,
Bonferroni’s post-test). Importantly, bath application of DHPG and
MTEP in the presence of mGlu; NAM VU0469650 (3 uM) blocked
the effect of DHPG/MTEP application resulting in sIPSC frequen-
cies in saline (8.51+0.96 Hz) and MK-801 treated mice (8.09 +
0.94Hz) comparable to those observed in the presence of aCSF
alone (Fig. 1G, p > 0.05, two-way ANOVA, Bonferroni's post-test).
Furthermore, bath application of the mGlu1 PAM VU6004909 (10
pM) in the presence of a sub-effective concentration of DHPG (3
pM) and MTEP (3 uM) potentiates sIPSC frequency onto Layer V
pyramidal cells in both saline and MK-801-treated mice (Supple-
mentary Fig. 2). Importantly, VU6004909 application mitigates MK-
801-induced deficits in sIPSC frequency compared to saline-
treated mice. Together, these findings support the hypothesis that
selective mGlu, activation reverses deficits induced by MK-801
treatment on inhibitory signaling and restores I/E balance in the
PL-PFC.

Acute MK-801 treatment induces inhibitory deficits onto
PFC-BLA, but not PFC-NAc, projecting layer V pyramidal
cells that are reversed by mGlu1 activation
PL-PFC pyramidal cells project to numerous brain regions, such as
the nucleus accumbens (NAc) and basolateral amygdala (BLA), and
their excitatory drive contributes to many complex behavioral
outputs, including social interaction and cognition [30-32].
We were interested in understanding whether the effects of MK-
801 on inhibitory signaling onto layer V pyramidal cells were
expressed differentially across distinct projection populations.
To address this question, we infused a retrograde AAV vector
encoding a GFP tag into the NAc or BLA of mice and performed
whole-cell recordings measuring sEPSCs and sIPSCs onto each of
these subpopulations of layer V pyramidal cells 24 h following
treatment with MK-801 or saline (Fig. 2). A two-way ANOVA
revealed a significant main effect of group (F(1,56) = 8.10, p=
0.006) and interaction (F(1,56) = 35.59, p<0.0001) (Fig. 2B).
Bonferroni post hoc analysis showed that acute MK-801 treatment
significantly reduced sIPSC frequency onto layer V pyramidal cells
projecting to the BLA (6.08 + 0.87 Hz) compared to saline-treated
mice (1443 +1.14Hz) (Fig. 2B, p<0.0001, two-way ANOVA,
Bonferroni’s post-test). However, MK-801 treatment did not alter
sIPSC frequency onto pyramidal cells projecting to the NAc
(1236 £0.92 Hz) compared to saline treatment (9.41+0.76 Hz)
(Fig. 2B, p=0.18). Further, a two-way ANOVA revealed a
significant main effect of projection (F(1,56) = 5.02, p=0.03,
and interaction, F(1,56) = 6.45, p = 0.01) (Fig. 2C). Bonferroni post
hoc analysis showed that acute MK-801 treatment significantly
reduced the amplitude of sIPSCs onto layer V pyramidal cells
projecting to the BLA (13.53 + 1.47 pA) compared to saline-treated
mice (21.05%+1.64 pA) (Fig. 2C, p=0.03). However, MK-801
treatment did not alter the amplitude of sIPSCs onto pyramidal
cells projecting to the NAc (21.89 + 2.44 pA) compared to saline-
treated mice (20.52 +1.34 pA) (Fig. 2C, p>0.99). The frequency
and amplitude of sEPSCs onto BLA- or NAc-projecting pyramidal
cells was not significantly different compared to saline-treated
mice (Fig. 2D, E, p > 0.99, two-way ANOVA, Bonferroni post-test).
We next determined if MK-801 treatment differentially affected
I/E ratios of PFC-NAc or PFC-BLA-projecting cells (Fig. 2F). A two-
way ANOVA revealed significant main effects of group (F(1,44) =
1457, p=0.0004; projection, F(1,44) = 6.80, p=20.01), and
interaction (F(1,44) = 6.60, p=0.01) (Fig. 2F). Bonferroni post
hoc analysis revealed that MK-801 treatment significantly
decreased the I/E ratio of BLA-projecting cells (0.45 + 0.06)
compared to saline-treated mice (1.13+0.08) (Fig. 2F, p=
0.0001), but the I/E ratio of NAc-projecting cells was not altered
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Fig. 1

Acute MK-801-induced deficits in spontaneous inhibitory transmission onto PL-PFC pyramidal cells can be reversed by mGlu,

activation. A Representative trace of voltage-clamp recording of layer V pyramidal cell 24 h following a single injection of MK-801 (0.18 mg/kg,
i.p.) (middle) or saline (top) and following bath application of DHPG (30 pM) and MTEP (3 pM). Scale bar, 2.5s. B MK-801 decreases sIPSC
frequency compared to mice treated with saline (n/N =4 to 6/5 cells/mice per group, ***p < 0.0001 versus saline, Student’s t-test). C MK-801
does not alter sIPSC amplitude compared to saline-treated mice (n/N=4-6/5 cells/mice per group, p =0.87, Student’s t-test). D, E sEPSC
frequency nor amplitude are significantly different in MK-801 treated mice compared to saline-treated mice (3 to 4/4 cells/mice per group, p >
0.05 versus saline, Student’s t-test). F I/E ratio is significantly reduced in MK-801 treated mice compared to saline-treated mice (n/N =3 to 4/4
cells/mice per group, p = 0.0005 versus saline, Student’s t-test). G Bath application of DHPG (30 pM) and MTEP (3 pM) significantly increases
sIPSC frequency in both saline and MK-801 treated mice (n/N = 4-6/4 cells/mice per group, p < 0.0001 versus aCSF vehicle, two-way ANOVA,
Bonferroni’s post-test). Bath application of the mGlu; NAM, VU0469650 (3 pM), reverses the effects of DHPG and MTEP on sIPSC frequency in
saline- and MK-801-treated mice (n/N =2 to 3/3 cells/mice per group, p > 0.05 versus aCSF vehicle, two-way ANOVA, Bonferroni’s post-test).

Open circle; female subjects. Filled circle; male subjects.

by MK-801 treatment compared to saline-treated mice (1.00 +0.12
vs. 1.13 £ 0.17, respectively) (Fig. 2F, p > 0.99).

To determine if selective mGlu,; activation reversed deficits in
inhibitory signaling onto PL-PFC pyramidal cells projecting to the
BLA, we bath applied DHPG (30 pM) in the constant presence of
MTEP (3 uM) onto slices from mice treated with MK-801 or saline
(Fig. 2G). For PFC-BLA projections, a two-way ANOVA revealed
significant main effects of group (F(1,40) = 95.55, p < 0.0001) and
drug application (F(1,40) = 20.19, p <0.0001) (Fig. 2G). Bonferroni
post hoc analysis showed that DHPG and MTEP application
significantly increased sIPSC frequency onto PFC-BLA pyramidal
cells in both saline- (27.46+1.24Hz) and MK-801-treated mice
(22.34 £ 2,63 Hz) compared to respective sIPSC frequencies in the
presence of aCSF alone (saline: 14.42 + 1.14; MK-801: 6.08 + 0.87 Hz)
(Fig. 2G, p < 0.05, two-way ANOVA, Bonferroni’s post-test). Together,
these results suggest that acute MK-801 administration may induce
selective deficits in inhibitory signaling onto layer V pyramidal cells
projecting from the PL-PFC to the BLA, but not the NAc, that are
reversible by selective activation of mGlu,.

MK-801 induced impairments in sociability and social novelty
preference are rescued by mGlu1 PAM VU6004909

A multitude of studies have demonstrated the ability of acute MK-
801 administration to induce deficits in social behaviors, including
social approach, recognition, and novelty preference [22, 33-35].
Additionally, PFC I/E balance has been shown to be a critical
determinant of social behavior [5, 7], leading us to hypothesize
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that activation of mGlu; receptors would restore deficits in social
behavior induced by MK-801. Thus, we evaluated the behavioral
efficacy of the mGlu; PAM VU6004909 on sociability and social
novelty preference following acute administration of MK-801
(0.18 mg/kg; i.p.) or saline (Fig. 3) using the three-chambered
social approach task [36]. Twenty-four hours following MK-801
(0.18 mg/kg; i.p.) or saline injection, mice were administered
VU6004909 (40 mg/kg; i.p.) or vehicle and then were tested in the
three-chamber assay 30 min later. Interaction times (Fig. 3C, F)
were calculated, and social interaction and novelty indexes were
reported (Fig. 3B, E). In the first phase of the three-chambered
social approach task, sociability is measured as interaction of the
subject mouse in the chamber containing the novel target mouse
as opposed to the chamber containing the empty cup (Fig. 3A).
A two-way ANOVA revealed a significant main effect of group
(F(1,90) = 5.29, p = 0.02) and interaction (F(1,90) = 6.05, p = 0.02)
(Fig. 3B). Bonferroni post hoc analysis showed that MK-801
pretreated mice displayed a significantly lower social interaction
index (0.52+0.05) compared to control saline-treated mice
(0.71 £0.02), indicating a deficit in sociability (Fig. 3B, p=0.001,
two-way ANOVA, Bonferroni’s post-test). Pretreatment of MK-801-
treated mice with VU6004909 significantly increased social
interaction index values compared to MK-801/vehicle-treated
mice (0.67 £.04 vs. 0.52 +0.05, respectively) (p = 0.04). Pretreat-
ment of saline-treated mice with VU6004909 did not significantly
alter the level of social interaction compared to saline/vehicle-
treated control mice (0.67 = 0.04 vs. 0.71 £ 0.02) (p > 0.99).
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Fig. 2 Acute MK-801 treatment induces inhibitory deficits onto PFC-BLA, but not PFC-NAc, projecting layer V pyramidal cells that are
reversed by mGlu, activation. A Schematic depicting the approach for viral-mediated expression of GFP in NAc or BLA-projecting layer V
pyramidal cells of the PL-PFC. A retrograde virus promoting the expression of a GFP tag was delivered to the NAc (bottom left) or BLA (bottom
right) of male and female mice. Electrophysiology recordings were gathered from GFP-expressing layer V pyramidal cells of the PL-PFC (right).
PL, prelimbic; IL, infralimbic. Scale bars, 1 pm. B MK-801 did not alter sIPSC frequency onto pyramidal cells projecting to the NAc (green bars)
compared to saline-treated mice (n/N =4 to 5/4 cells/mice per group, p =0.18, two-way ANOVA, Bonferroni’s post-test). MK-801 treatment
significantly reduced sIPSC frequency onto layer V pyramidal cells projecting to the BLA (purple bars) compared to saline-treated mice (n/N =
3-4/4 cells/mice per group, p < 0.0001 versus saline, two-way ANOVA, Bonferroni’s post-test). C MK-801 treatment decreased the amplitude of
sIPSCs onto layer V pyramidal cells projecting to the BLA compared to saline-treated mice (n/N = 3-4/4 cells/mice per group, p = 0.03) but was
not altered by MK-801 in NAc-projecting cells (n/N = 4-5/4 cells/mice per group, p > 0.99). D, E MK-801 treatment did not alter the frequency
and amplitude of SEPSCs onto BLA- or NAc-projecting pyramidal cells compared to saline-treated mice (n/N = 3-5/3 cells/mice per group, p >
0.99, two-way ANOVA, Bonferroni post-test). F The I/E ratio of BLA-projecting cells was significantly reduced in MK-801 treated mice compared
to saline-treated mice (n/N = 3-5/4 cells/mice per group, p = 0.0001). However, the I/E ratio of NAc-projecting cells was not altered by MK-801
treatment compared to saline-treated mice (n/N = 3-4/3 cells/mice per group, p > 0.99). G Bath application of DHPG in the presence of MTEP
increased sIPSC frequency onto PFC-BLA (n/N = 2-4/4 cells/mice per group, p < 0.05, two-way ANOVA, Bonferroni’s post-test). Open circle;

female subjects. Filled circle; male subjects.

In the second phase of the three-chambered social approach
task, social novelty preference is measured as interaction of the
subject mouse in the chamber containing the novel target mouse
as opposed to the chamber containing a familiar mouse (Fig. 3D).
A two-way ANOVA revealed a significant main effect of treatment
(F(1,89) = 4.33, p =0.04) and interaction (F(1,89) = 4.39, p = 0.04)
(Fig. 3E). Bonferroni post hoc analysis showed that MK-801
pretreated mice displayed a significantly lower novelty preference
index (047 +0.02) compared to control saline-treated mice
(0.58 £0.02), indicating a deficit in social novelty preference
(Fig. 3E, p=0.01, two-way ANOVA, Bonferroni's post-test).
Pretreatment of MK-801-treated mice with VU6004909 signifi-
cantly increased social novelty preference levels compared to MK-
801/vehicle-treated mice (0.59 +0.04 vs. 0.58 +0.02, respectively)
(p =0.02). Pretreatment of saline-treated mice with VU6004909
did not significantly alter the level of social novelty preference
compared to saline/vehicle-treated control mice (0.58 +0.04 vs.
0.58+0.02) (p>0.99). Together, these findings suggest that the
mGlu; PAM VU6004909 effectively reverses MK-801 induced
deficits in sociability and social novelty preference.

mGlu1 PAM VU6004909 improves novel object recognition
following MK-801 treatment

It has previously been shown that NMDAR antagonism induces a
wide array of cognitive deficits in mice, including novel object
recognition (NOR) [21, 33, 37]. Thus, we sought to determine the
efficacy of the mGlu; PAM VU6004909 on NOR following
administration of MK-801 (0.18 mg/kg; i.p.) or saline (Fig. 4A).
Twenty-four hours following MK-801 or saline pretreatment, mice
were administered VU6004909 (40 mg/kg; i.p.) or vehicle 30 min

SPRINGER NATURE

prior to NOR testing. A novelty recognition index (Fig. 4B) was
calculated from interaction times with familiar and novel objects
(Fig. 4Q). A two-way ANOVA revealed a significant main effect of
group (F(1,65) = 16.73, p = 0.0001) and interaction (F(1,65) = 5.58,
p = 0.02) (Fig. 4B). Bonferroni post hoc analysis showed that mice
treated with MK-801 displayed a significantly lower recognition
index (—0.02+0.12) compared to control saline-treated mice
(0.62 £0.08), indicating a deficit in recognition memory (Fig. 4B,
p =0.0002, two-way ANOVA, Bonferroni's post-test). Recognition
index levels were improved by pretreatment with the mGlu; PAM
VU6004909 in MK-801-treated mice (0.34 + 0.11) to levels compar-
able to recognition index levels observed with vehicle pretreat-
ment in saline mice (0.62 + 0.08) (p > 0.99). Pretreatment of saline-
treated mice with YU6004909 did not significantly alter the level
of recognition memory compared to vehicle administration in
saline-treated mice (VU'4909: 0.51 £+ 0.08 vs. Veh: 0.62 + 0.08) (p >
0.99). Additionally, recognition index values were not significantly
different between saline (0.51 + 0.08) or MK-801 (0.34 +0.11) mice
following VU6004909 treatment (p > 0.99). Total distance traveled
during the NOR task did not differ between any groups
(Supplementary Fig. 3). Together, these findings suggest that
MK-801 induces deficits in NOR which can be reversed by mGlu,
PAM VU6004909 treatment.

DISCUSSION

In this study, we show for the first time that selective activation of
mGlu; reverses cortical disinhibition and behavioral deficits
induced by NMDAR antagonism. Specifically, mGlu, activation
restored inhibitory signaling onto pyramidal cells of the PL-PFC,

Neuropsychopharmacology (2022) 47:1826 - 1835
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Fig. 3 MK-801 induced impairments in sociability and social novelty preference are rescued by mGlu, PAM VU6004909. A Schematic of
the 3-chamber apparatus used to assess social interaction. Twenty-four hours following MK-801 (0.18 mg/kg; i.p.) or saline injection, mice were
administered VU6004909 (40 mg/kg; i.p.) or vehicle and then were tested in the three-chamber assay 30 min later. Sociability is measured as
interaction of the subject mouse in the chamber containing the novel target mouse as opposed to the chamber containing the empty cup.
B Social interaction indexes for mice treated with MK-801 or saline followed by administration of VU6004909 (40 mg/kg; i.p.) or vehicle (10%
Tween-80). Mice treated with MK-801 displayed a significantly lower social interaction index compared to control saline-treated mice.
VU6004909 administration in saline-treated mice did not significantly alter the level of social interaction compared to saline/vehicle-treated
control mice (p > 0.99, two-way ANOVA, Bonferroni’s post-test). Pretreatment of MK-801 treated mice with VU6004909 resulted in levels of
social interaction comparable to saline-treated mice (N = 18-32 mice/group, p = 0.001). C Raw interaction times with the empty cup and social
stimulus. MK-801 treatment reduced interaction time with the social stimulus compared to saline-treated mice. Mice treated with MK-801
interacted with the empty cup and social stimulus for comparable amounts of time, demonstrating impaired social interaction. This deficit
was mitigated by pretreatment with VU6004909 (N = 18-32 mice/group, p < 0.0001, two-way ANOVA, Bonferroni’s post-test). D Schematic of
social novelty preference test phase which was measured as interaction of the subject mouse in the chamber containing the novel target
mouse as opposed to the chamber containing a familiar mouse. E Novelty preference indexes were lower in MK-801 treated mice compared
to saline-treated mice (N = 18-32 mice/group, p = 0.01, two-way ANOVA, Bonferroni’s post-test). VU6004909 administration in saline-treated
mice did not significantly alter the level of social novelty preference compared to saline/vehicle-treated control mice (p > 0.99). Pretreatment
of MK-801 treated mice with VU6004909 resulted in social novelty preference levels comparable to control saline-treated mice (p > 0.99).
F Raw interaction times with the familiar and novel social stimuli. Saline-treated mice showed increased interaction with the novel social
stimulus compared to the familiar social stimulus; however, MK-801 treated mice interacted with each social stimulus for a comparable
amount of time. Saline and MK-801 treated mice showed increased interaction time with the novel social stimulus following VU6004909
administration (N = 18-32 mice/group, p > 0.99, two-way ANOVA, Bonferroni's post-test). Open circle; female subjects. Filled circle; male
subjects.

including BLA-projecting cells which displayed notable disinhibi- short-term effects of MK-801 administration (0-2 h post-adminis-
tion following NMDAR antagonism. In line with these findings, we tration), there is evidence that a single dose of MK-801 is able to
found that mGlu,; PAMs elicit potent prosocial and procognitive produce behavioral deficits persisting as long as 24 h. For instance,
effects, mitigating NMDAR antagonist-induced behavioral impair- administration of MK-801 (0.03-0.6 mg/kg) produced significant
ments. The present findings not only highlight the potential utility deficits in memory retention that persisted 24 h later in spatial or
of mGlu; PAMs in improving cognition and social impairment for cued water maze as well as passive avoidance tasks in mice
the treatment of schizophrenia but also provide important [40, 41]. These findings suggest that MK-801 may elicit cognitive
insights into mGlu; receptor-mediated mechanisms underlying and behavioral deficits for an extended period following admin-
physiological and behavioral processes relevant to schizophrenia. istration; however, the persistent physiological consequences of

The balance between inhibitory and excitatory signaling in the 24h following MK-801 administration that may drive these
PFC is known to be a critical determinant of many complex behavioral and cognitive deficits are currently unknown. Based

behavioral outputs, including social behavior and cognition. on these observations, we hypothesized that MK-801 administra-
Notably, I/E imbalance is a hallmark of numerous neuropsychiatric tion may induce persistent deficits in cortical I/E balance after 24 h.
diseases, including schizophrenia. NMDA antagonist models have In the present study, we show that acute treatment with MK-801
been widely used in rodents to recapitulate physiological and reduces inhibitory transmission onto layer V pyramidal cells within
behavioral impairments associated with schizophrenia [19], the PL-PFC. Importantly, these deficits are effectively reversed

including disrupted I/E balance [38, 39]. The majority of these by selective activation of mGlu,. I/E balance within the PFC
studies have focused on the acute effects of a single dose of depends upon the intricate interplay between glutamatergic
NMDA antagonists, such as MK-801 or ketamine subsequently excitatory neurons and a variety of subtypes of GABAergic
following administration. Despite many studies investigating the inhibitory INs, including SST-INs, PV-INs and vasoactive intestinal
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Fig.4 mGlu, PAM VU6004909 improves novel object recognition (NOR) following MK-801 treatment. A The NOR assay was used to assess
short-term recognition memory as measured by the amount of time a mouse spent interacting with one familiar and one novel object.
B Novelty preference index of mice treated with MK-801 or saline followed by administration of VU6004909 (40 mg/kg; i.p.) or vehicle (10%
Tween-80). Mice treated with MK-801 displayed a significantly lower recognition index compared to control saline-treated mice (N=16-19
mice/group, p = 0.0002 versus saline/vehicle, two-way ANOVA, Bonferroni's post-test). Pretreatment with VU6004909 in MK-801 treated mice
resulted in recognition index levels comparable to saline-treated mice following administration with either vehicle or VU6004909 (p > 0.99).
C Raw interaction times with the novel or familiar objects. Saline-treated mice interacted with the novel object for a greater duration of time
compared to the familiar object following pretreatment with vehicle or VU6004909 (N = 16-19 mice/group, p < 0.05 versus familiar object,
two-way ANOVA, Bonferroni's post-test). However, mice treated with MK-801 interacted with the novel and familiar objects for comparable
amounts of time (p > 0.99). MK-801 treated mice displayed a trend toward lower interaction time with the familiar object compared to the
novel object, suggesting that VU6004909 may improve deficits in NOR elicited by MK-801. Open circle; female subjects. Filled circle; male

subjects.

peptide-expressing interneurons (VIP-INs) [42]. Recently, we
reported that mGlu,; activation enhances inhibitory neurotrans-
mission in the PL-PFC largely via actions on SST-INs [14]. Therefore,
we postulate that impaired inhibitory transmission in the PFC
following MK-801 treatment is likely driven by a reduction in SST-
IN output, and activation of mGlu; reverses these deficits by
selectively enhancing SST-IN activity. In support of this notion,
systemic MK-801 administration in rodents increases pyramidal
neuron firing and suppresses SST-IN activity in the PFC [23, 43].
Based on their morphology and firing patterns, SST-INs can be
further categorized into Martinotti and non-Martinotti cells [42].
Although it is possible that a combination of these cell-types could
contribute to our observed effects of MK-801 on pyramidal cell
inhibition, non-Martinotti cells may be a critical population
engaged due to their constitutive activation via NMDARs.
Furthermore, SST-INs have been shown to directly inhibit
excitatory pyramidal cells as well as PV-INs [44]. Therefore, we
cannot rule out the contribution of PV-INs in the effects of mGlu,
activation on cortical disinhibition induced by MK-801. Studies
using mice deficient in NMDAR-subunit GIUN1 in PV-INs have
shown blunted induction of MK-801 behavioral effects [45, 46],
providing evidence that MK-801 may elicit direct effects on PV-INs.
However, previous studies demonstrate that the NMDAR con-
tribution to excitatory transmission onto SST-INs is stronger
compared to PV-INs [47-49]. Together, this suggests that SST-INs
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may be more susceptible to NMDA receptor antagonism and are
the primary cellular mechanism underlying mGlul-mediated
restoration of I/E balance in the PFC. Nonetheless, future studies
will be critical for empirically evaluating the role of PV-INs as well
as vasoactive intestinal peptide-expressing interneurons (VIP-INs)
in NMDAR antagonist models of cortical disinhibition and reversal
of inhibitory deficits by mGlu1 activation.

Ample preclinical and clinical evidence supports a critical role
of the PFC I/E balance in the regulation of social behavior. Here,
we found that an mGlu,; PAM effectively reversed MK-801-
induced deficits in social interaction and preference for social
novelty using the three-chamber assay. Based on recent evidence
that selective activation of mGlu; receptors enhances cortical
inhibitory signaling through actions on PFC SST-INs [14], the
prosocial effects of mGlu; PAMs likely occur through restoration
of cortical inhibition driven by SST-INs. Evidence demonstrating
that heightened PFC pyramidal excitation can reduce social
interaction in mice as measured by the three-chamber test [50]
supports this notion. Recently, it was also reported that
synchronized activation of PFC SST-INs selectively induces social
discrimination [51]. Furthermore, impaired SST-IN excitability has
been directly linked to social interaction and social novelty
preference deficits in mice [52]. SST-INs can influence pyramidal
cell activity directly or inhibit PV-INs, resulting in perisomatic
inhibition of pyramidal neurons [53]. Thus, the ability of mGlu,
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PAMs to promote social behavior could be driven by their direct
effects on SST-INs to increase inhibition of pyramidal neurons but
could also rely on SST-IN mediated inhibition of PV + cell activity.
Future interrogation is necessary to directly determine the cell
type-specific mechanisms driving the prosocial efficacy of
mGlu; PAMs.

Excitatory projections from the PFC to brain regions such as
the BLA and NAc orchestrate distinct aspects of social behavior.
For example, a recent study using optogenetic and chemoge-
netic approaches has demonstrated that activation of BLA-
projecting cells from the PL-PFC impairs social behavior in mice
[54]. Although the BLA contains distinct subsets of neurons
known to encode positive or negative valence [55, 56], there is
substantial evidence that PL-PFC to BLA circuit is particularly
critical to encoding negative valence. For instance, PL-PFC
cells projecting to the BLA are robustly activated following foot
shock [54]. Thus, we propose that disinhibition of this circuit
via NMDA antagonism could produce a negative emotional
state that promotes social avoidance and diminished social
preference that could be reversed via mGlu; receptor-driven
enhancement of inhibitory signaling in the PFC. In line with this
notion, we found that MK-801 produced deficits in inhibitory
signaling onto cells projecting from the PL-PFC to the BLA but
not those projecting to the NAc. Additionally, selective activa-
tion of mGlu; reversed MK-801-induced deficits in inhibitory
signaling onto PFC-BLA pyramidal cells which paralleled
the ability of an mGlu, PAM to effectively reverse deficits in
social behavior induced by MK-801 treatment. Together, these
results provide compelling evidence that mGlu;-mediated
enhancement of PFC inhibitory tone represents a novel
mechanism to balance excitatory signaling in the BLA and
restore social behavior.

In addition to PFC-BLA projections, many studies highlight the
importance of projections from PL-PFC to the NAc in encoding
social information. One study showed that activation of NAc-
projecting PL-PFC neurons significantly reduced preference for a
social target [57]. Similarly, we found that selective activation of
mGlu, increased inhibition onto this subset of cells in both saline-
and MK-801-treated mice (Supplementary Fig. 4). Thus, it is
possible that mGlu;-mediated dampening of excitatory drive into
the NAc, in addition to normalization of hyperexcitable inputs into
the BLA following MK-801 treatment, may also contribute to the
ability of mGlu; PAMs to promote social behavior. Inhibition of
PFC-BLA circuits may reduce negative emotional states that
reduce social interaction, while reducing excitation of PFC-NAc
circuits may promote social learning. Furthermore, corticostriatal
and corticoamygdalar circuits are known to regulate distinct
aspects of social behavior. Based on this evidence, it is possible
that mGlu; PAMs may promote social behavior by normalizing
multiple processes that govern social behavior. However, future
studies are needed to delineate the circuit-specific contributions
of mGlu; receptors in various facets of social behavior, including
social learning, memory, and emotional contributions involved in
sociability, and provide additional insights to the prosocial effects
of mGlu; PAMs.

Because cortical inhibition is critical to many forms of cognition,
including recognition of novel and salient stimuli and short-term
memory [58-60], it is possible that mGlu; receptor-mediated
enhancement of cortical inhibition with mGlu; PAMs may elicit
procognitive effects in assays of non-social cognition. In con-
cordance with a wealth of existing literature [28, 33, 61-64], we
found that NMDAR antagonism produces robust deficits in both
social and non-social forms of recognition memory. Specifically,
administration of an mGlu; PAM partially restored deficits in NOR
elicited by MK-801 treatment. These findings agree with existing
literature highlighting a role of mGlu; receptors in non-social
recognition memory. For example, it has previously been reported
that recognition memory is impaired in mGlu; knockout mice [65].
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However, this effect was only present in measures of long-term,
but not short-term, recognition memory. Here, we primarily
engaged short-term recognition memory as NOR was measured
following a 1h delay period, providing divergent evidence that
activation of mGlu; may also enhance short-term, non-social
recognition memory. Future studies are required to determine if
mGlu; PAMs also enhance long-term recognition memory. In
addition, questions remain regarding the efficacy of mGlu; PAMs
in additional forms of cognition and the distinct mechanisms by
which mGlu; receptor activation selectively reverses social and
non-social deficits.

The current findings provide critical physiological and beha-
vioral evidence in support of the hypothesis that mGlu; PAMs
enhance social and cognitive function by increasing cortical
inhibition. Based on recent compelling evidence that mGlu,
receptors regulate cortical inhibition via actions on SST-INs of the
PL-PFC [14], itis likely that the prosocial and cognitive-enhancing
properties of mGlu; PAMs reported in the present study occur via
actions on SST-INs. Despite this strong evidence, it is also
plausible that the actions of mGlu; PAMs on additional
populations of mGlu, receptors may also contribute to the
cognitive and social enhancing effects of these agents. For
example, studies using mGlu;”~ mice have demonstrated a
critical role of mGlu; in promoting hippocampal LTP which
correlates with deficits in context-specific learning. Moreover,
impaired hippocampal synaptic plasticity has also been impli-
cated as a critical mechanism driving NMDAR antagonist-induced
deficits in NOR as local administration of the competitive NMDAR
antagonist DL-2-amino-5-phosphonovaleric acid (APV), which
impairs recognition of novel objects, selectively blocked LTP into
the dorsal hippocampus of rats [66]. These findings suggest that
the actions of mGlu; PAMs on hippocampal mGlu, receptor
populations may also contribute to their procognitive efficacy.
Additional studies could further determine the respective
contributions of extracortical mGlu, receptor populations in the
procognitive efficacy of mGlu,; PAMs.

The present study provides novel evidence for the prosocial
and cognitive-enhancing profiles of mGlu; PAMs and argues
that mGlu; receptors play a critical role in regulating cortical
inhibition that is essential to various forms of social and non-
social behavioral and cognitive processes. Future studies
investigating the efficacy of mGlu; PAMs in improving other
behavioral and cognitive deficits will provide critical information
about the therapeutic potential of these agents for the
treatment of schizophrenia.
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