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Background and Hypothesis: The metabotropic glutamate
5 (mGlu5) receptor is a potential therapeutic target
for psychiatric disorders, including schizophrenia and
substance use disorders. Indeed, mGluS is expressed in
forebrain regions (eg, striatum, prefrontal cortex), and
mGlu5 modulates N-methyl-D-aspartate receptor function
and second messenger signaling. Also, male mice lacking
mGlu5 display schizophrenia-like and substance use-
relevant behaviors. However, there are limited investigations
of sex differences or gene-dose effects in this model.

Study Designs: We evaluated schizophrenia-relevant and
cocaine reward-relevant behaviors in adult male and female
mice with heterozygous (mGluS HET) and homozygous
(mGluS HOMO) mGlu5 deletion and their wildtype-like
(WT) littermates. We assessed locomotion and exploration,
anxiety, sensorimotor gating, novel object recognition, fear
conditioning, social interaction, cocaine sensitization, and
cocaine-conditioned place preference. We also examined
fear memory generalization.

Study Results: mGluS HOMO mice of both sexes showed
hyperlocomotion and anxiolytic-like behavior in the open
field, as well as enhanced cocaine sensitization and persis-
tent cocaine place preference. When tested for memory gen-
eralization, mGlu5S HOMO mice exhibited greater ficezing
to a novel context, suggesting overgeneralization of fear in
these mice. mGlu5 HOMO females showed reduced senso-
rimotor gating. mGluS HET mice of both sexes showed a
largely similar phenotype to sex-matched WT controls.
Conclusions: Our data demonstrate schizophrenia- and
drug use-relevant phenotypes in mGluS HOMO mice,
some of which are sex-dependent. These phenotypes do
not occur in mGluS HET males and females. We also show
for the first time an overgeneralization phenotype in mGlu5
HOMO mice, which may be related to poor contextual
discrimination.

Key words: open field; cocaine; fear memory; generaliza-
tion; prepulse inhibition; social interaction.

Introduction

The metabotropic glutamate 5 (mGlu5) receptor is a G-
protein coupled receptor, which is a treatment target for
several psychiatric disorders, including schizophrenia'-
and substance use disorder’ because of its expression
profile and function. mGlu5 is highly expressed in fore-
brain regions, including cortical, hippocampal, and stri-
atal neurons,®’ and is involved in various cellular pro-
cesses, including long-term depression (LTD) and long-
term potentiation (LTP). It is also involved in the pro-
duction of molecules implicated in the pathophysiology
of psychiatric disorders.®* ' Indeed, changes to mGlu5
protein levels are observed in substance use disorder,
with reductions evident in nicotine and cocaine use disor-
der'>" and increased mGlu5 expression found in alcohol
use disorder." There are no global changes to GRMS5
gene or mGluS protein levels in the prefrontal cortex,
striatum, or anterior cingulate in postmortem schizophre-
nia samples''¢ (review: Matosin et al.'?), but considering
that mGluS5 can be differentially expressed across various
cell types (eg, neurons, interneurons, astrocytes), it is
possible that cell-type specific changes to mGlu5 have
not been detected.!” Furthermore, antipsychotic medica-
tion can also increase mGlu5 receptor availability in the
orbitofrontal cortex in individuals with schizophrenia,
complicating causal interpretations.'®

Genetic mouse models have highlighted a critical
role for mGlu5 receptors in behavioral phenotypes
relevant to schizophrenia and substance use disorder.
Homozygous deletion of mGlu5 in adult mice causes
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schizophrenia-relevant behaviors, including hyperloco-
motion and sensorimotor gating impairment,"”2? as well
as cognitive deficits, including a perseverative phenotype
and impaired extinction learning in male mice.”*
Furthermore, mGlu5 homozygous deletion in male mice
elevates motivation for cocaine, impairs extinction of
methamphetamine seeking, and increases sensitivity to
alcohol.”-?" Both an increase® and decrease in anxiety-
like behaviors* has been detected in male mice lacking
mGlu5 receptors (see also Inta et al.?®). Complex effects
of mGlu5 deletion in male mice have also been reported
for social behaviors, with mGlu5 homozygous deletion
improving recognition of a novel mouse compared to
a familiar mouse,” which is a well-established index
of social recognition memory, but also decreasing
preference for a mouse compared to an empty chamber.?

Importantly, the preclinical mouse model research to
date has largely been conducted in male mice!??*23:25-28
or studies have not considered sex as a biological
variable 2’23132 Despite sex differences in the expres-
sion of schizophrenia-relevant glutamatergic and vy-
aminobutyric acid (GABA )ergic genes in mGlu5 homozy-
gous (mGlu5 HOMO) mice compared to wildtype-
like (WT) controls,*® the impact of sex on behavior in
mGlu5 mutant mice has received very limited attention,
with only 1 paper examining sex effects for locomotion
and sensorimotor gating in mice with cortex-specific
mGlu5 deletion.® This is a significant limitation as sex
differences in schizophrenia symptoms, brain function,
and treatment efficacy, as well as substance use symptoms,
patterns of use, and relapse susceptibility are observed
in individuals with schizophrenia and substance use.*%
Similarly, animal models of schizophrenia and substance
use show sex-dependent behaviors.***7 Also, the impact
of gene-dose on experimental outcomes has received
limited attention (ie, homozygous vs heterozygous mGlu5
deletion), with most studies only examining effects of
homozygous deletion of mGlu5 on behavior,'?-2!:23-28.31.32
Interestingly, 1 study has shown that mGlu5 heterozygous
deletion in male mice increases, but homozygous mGlu5
deletion decreases operant sensation seeking (ie, lever
pressing for a compound audio-visual stimulus in an
operant chamber).’® Despite this, heterozygous deletion
of mGlu5 in male mice does not alter locomotion,
anxiety, or sociability parameters, where homozygous
deletion causes hyperlocomotion, decreased anxiety,
and decreased sociability compared to WT controls.?
These preliminary investigations suggest some behavioral
domains may be differentially altered by heterozygous
or homozygous mGlu5 deletion, which we sought to
clarify here.

Considering the lack of comprehensive investigation
into whether sex and gene-dose modulate mGlu5-based
behavioral phenotypes, here we evaluated sex differ-
ences and gene-dose effects on schizophrenia- and sub-
stance use-relevant behaviors in mGlu5 transgenic mice,

including locomotion and exploration, short-term
2

recognition memory, associative learning, and general-
ization of learning, social behavior, sensorimotor gating,
and cocaine reward.

Materials and Methods

Animals

Male and female mGlu5 heterozygous mice were pro-
vided by Prof Anthony Hannan (Florey Institute of
Neuroscience and Mental Health, VIC),>* having
been bred for >10 generations on a C57BL/6J genetic
background. Experimental animals were bred using
heterozygous breeding pairs at Australian BioResources
(Moss Vale, Australia) on a C57BL/6J background.
Homozygous mGlu5 -/- (mGlu5S HOMO), heterozygous
mGlu5 +/- (mGluS HET), and wildtype-like control +/+
(WT) littermates were transported to the animal facility
at Western Sydney University (School of Medicine,
Campbelltown, Australia) at least 2 weeks before testing.
Standard social interaction (SI) opponents were adult,
sex-matched A/JArc mice. A/JArc mice were used because
they are docile and submissive, and they initiate much
less social behavior compared to C57BL/6]J mice.®
Importantly, there appears to be no influence of the strain
of the opponent on social behaviour.*

Test animals were group housed (2-3 littermates/cage)
in filter-top cages (Type 1284B; Tecniplast, Rydalmere,
Australia) with a wire lid, which provided climbing
opportunities. Home cages contained corn-cob bedding,
crinkle-cut bedding (Crink-1"Nest, Kraft), and tissues for
nesting. Mice were kept under a 12:12 h white light:red
light schedule (white lights on 9 AM-9 PM/red lights on
from 9 PM-9 AM), food and water ad libitum, with a
temperature between 22 and 24 °C and humidity between
40% and 70% RH. Mice were between 5 and 6 months
old at the start of experiments.

Research and animal care procedures were approved by
the Western Sydney University Animal Care and Ethics
Committee in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific
Purposes (approval number: #A12850).

Behavioral Phenotyping

Animals were transported to test rooms 30 min prior to
behavioral testing to allow animals to habituate. Exper-
iments were performed within the first 6 h of the light
phase with an inter-test interval of at least 48 h. Test
equipment was cleaned after each animal with 80% v/v
ethanol.

Two experimental cohorts were tested. The first cohort
(baseline testing) was tested in the following tests, in
this order: open field (OF), novel object recognition,
SI, prepulse inhibition, fear conditioning (FC), and
cocaine-conditioned place preference. A second cohort
assessed generalization of FC. The sample sizes for each
cohort were: Baseline testing: Female n = 14 WT, 8 mGlu5
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HET, 12 mGlu5 HOMO; Male n=13 WT, 10 mGlu5
HET, 10 mGlu5 HOMO. Generalization of FC: Female
n=24 WT, 28 mGlu5 HOMO; Male n =29 WT, 13 mGlu5
HOMO. For generalization of FC, mice were allocated to
1 of 2 groups within each sex/genotype, reflecting the
order in which they were exposed to different contexts (ie,
context A then B [A-B] or context B then A [B-A]) but
as these groups were not statistically different, the data
were pooled across the groups, giving a higher N for this
experiment.

Open Field Locomotor activity, exploration, and
anxiety-like behaviors were measured in the OF (meth-
ods*!*?). Mice were placed into the right corner of the OF
chamber (43 x 43 cm, ENV-5158S; Activity Monitor, Med
Associates, Fairfax, VT, USA) and allowed to explore
the arena freely for 30 min. The arena was divided into
a central and peripheral zones (software coordinates
3/3, 3/13, 13/3/, 13/13%; software settings*) with the
central zone being a more aversive, anxiety-inducing area.
Time, horizontal activity (distance traveled), and vertical
activity (rearing, ie, exploration) in central and peripheral
zones were measured by the chambers’ infrared photo
beams. The percentage of central to total distance traveled
(percentage of centre distance) and time spent in the cen-
tral area of the OF were taken as measures of anxiety.*!*

Novel Object Recognition Test (NORT). The distinc-
tion between familiar and unfamiliar objects is an index
of recognition memory.* The NORT can assess short-
term memory in rodents.* This is analogous to human
declarative memory, which is impaired in individuals with
schizophrenia.*

The protocol was adapted from our previous methods
and ran over consecutive 2 days in a gray Perspex arena
(35 x 35 x 30 cm).* On the first day, mice were allowed
to explore the arena for 10 min, twice, with an intertrial
interval of 2 h. On the second day, mice were placed in
the arena with 2 identical objects (2 LEGO® elephants or
2 rectangular blocks of LEGO®) and allowed to explore
the objects for 10 min. After a 15-min intertrial interval,
mice were replaced in the arena with 1 familiar object
and 1 novel object (LEGO® elephant + block of LEGO®)
for 5 min. Object exploration was measured via nosing
toward the objects (ie, when the mouse directed its nose
to an object at a distance of 1-2 cm). We calculated the
percentage of time spent nosing the novel object, com-
pared to the time spent nosing novel + familiar objects.
Nosing behavior was manually scored using ANY-maze™
(Stoelting, IL, USA).

Social Interaction. Social withdrawal is observed in
schizophrenia patients**" (review: Green et al. 2015%).
To assess social behaviors in mice, test mice and adult,
sex-matched A/JArc standard opponent mice were placed
in opposite corners of an OF gray Perspex arena (35 x 35
x 30 cm) and allowed to explore the space and each other
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freely for 10 min (methods*). Frequency and duration of
the active social behaviors were recorded manually using
ANY-maze™ (Stoelting, IL, USA), including nosing,
anogenital sniffing, rearing, following, and crawling over.

Prepulse Inhibition (PPI). Prepulse inhibition (PPI), an
operational measure of sensorimotor gating, is the atten-
uation of the startle response by a non-startling stimulus
(prepulse) presented 30-500 ms before a startle pulse.®
PPIis impaired in schizophrenia patients.*~>' Startle reac-
tivity was measured using SR-LAB startle chambers (San
Diego Instruments, San Diego, USA), where the startle
response intensity of rodents (whole body flinch ampli-
tude) was measured using a piezoelectric accelerometer.
Methods have been published previously.*

Animals were habituated to the startle chambers and
test enclosures twice a day for 10 min on 2 consecutive
days with a 2-h intertrial interval. On the third day, the
PPI test was conducted and consisted of a 5 min acclima-
tization period to a 70 dB background noise, followed by
97 trials presented in a pseudorandom order: 5 x 70 dB
trials (background noise); 5 x 100 dB trials; 15 x 120 dB
trials (for acoustic startle response, ASR) and 72 PPI trials
comprising 6 sets of a prepulse of either 74, 82, or 86 dB
presented 32, 64, 128, or 256 ms (variable interstimulus
interval; ISI) prior to a startle pulse of 120 dB. The
intertrial interval varied randomly between 10 and 20 s.

Responses to each trial were calculated as the aver-
age mean amplitude detected by the accelerometer. The
startle response was calculated as the mean amplitude
across all 15 startle trials, and percentage PPI (%PPI)
was calculated as [(mean startle response (120 dB) — PPI
response)/mean startle response (120 dB)] x 100.

Fear-Conditioning. Fear conditioning (FC) is a form of
associative learning that is impaired in individuals with
schizophrenia.>® ** FC measures the association of a pre-
viously neutral stimulus with an aversive stimulus (eg, an
electric foot shock) by the expression of freezing behavior,
which is the absence of all movement except breathing.
Methods were identical to our previous work.*

On the first day (ie, Conditioning), mice were placed
in a test chamber (Med Associates; MED-VFC-SCT-M)
with a vanilla scent cue and house lights on for 120 s.
After this, an 80 dB conditioned stimulus (CS) was pre-
sented for 30 s, which co-terminated with a 0.4 mA 2 s
foot shock (unconditioned stimulus, US). After an inter-
stimulus interval of 120 s, the CS-US presentation was
repeated, and the test concluded 120 s later. On the second
day (Context test), mice were returned to the apparatus
for 7 min with the vanilla scent cue and house lights on,
and freezing was measured. On the third day (Cue test),
mice were placed in an altered environment (ie, a black
Perspex triangular insert added to the chamber, house
lights on but no scent cue) for 9 min. After 120 s, the
CS was continuously presented for 5 min, and the test
concluded 120 s later.
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Generalization of FC. In FC, we observed elevated freez-
ing to a novel context in the absence of a fear-associated
stimulus in mGlu5 HOMO mice. Thus, we performed
another experiment in a different cohort of WT and
mGlu5 HOMO mice of both sexes to assess generaliza-
tion of hippocampal-dependent fear memory. Methods
were based on published work,*> and a schematic is
provided in Figure 4A. For this experiment, we used 2
contexts in the FC chambers: Context A, which had a
vanilla scent cue, house lights on, a rod floor, and stainless
steel walls, and Context B, which had no scent cue, no
house light, black Perspex triangular insert added to the
chamber, and a gray PVC insert covering the rod floor.

On day 1, animals were placed into Context A for 3 min,
after which a 2 s 0.4 mA shock occurred twice with an
intertrial interval of 120 s. There was no auditory cue
preceding the shock, unlike methods for FC. Mice were
returned to the home cage 120 s later.

Mice were then randomly split into 2 groups: A-B and
B-A, referring to the order which they were tested over the
next 2 days, that is, Context A then B (A-B), or Context
B then A (B-A). There were equal numbers of each sex
and genotype in each group. Over the next 2 days, mice
were either returned to context A then B, or B then A,
and freezing measured for 7 min each day.

Group A-B allowed us to assess fear memory expres-
sion in the original context, followed by generalization
to a novel context (replicating our findings from the Cue
test), and B-A allowed us to assess generalization to a
novel context without interference from expression of fear
memory in the original context. However, as we did not
detect differences in freezing between groups A-B and B-
A, data from each group were pooled to assess freezing
responses to each context.

Cocaine-Induced Conditioned Place Preference (CPP).
Conditioned place preference measures the rewarding
properties of a drug and the persistence of a drug-
associated contextual memory.”® The CPP apparatus was
a modified OF arena (43.2 x 43.2 cm, Med Associates),
with a black Perspex divider separating 2 equally sized
compartments. A small gate (11 x 9 cm) allowed access
to both compartments. Wall patterns distinguished the
2 compartments: white walls in the left compartment
and black spots on a white background in the right
compartment. The time spent in each compartment and
general locomotor activity was recorded via horizontal
infrared beams. CPP methods were similar to our
laboratory’s published work.>-

Cocaine hydrochloride (National Measurements Insti-
tute, ACT, Australia) was dissolved in 0.9% saline. Vehicle
injections were 0.9% saline. Injections were administered
intraperitoneally (i.p.) at 10 mL/kg.®¢

On day 1 (habituation), mice were placed randomly
in either compartment and allowed free access to the
entire apparatus for 30 min. The time spent in each
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compartment during habituation was used to allocate
drug pairings.’>*-%" On days 2-4 (conditioning), mice
received 1.p. injections of saline or cocaine and immedi-
ately confined into 1 of the 2 conditioning compartments
for 30 min. Saline conditioning was conducted in the
morning (30 min after light phase onset), and cocaine
conditioning was conducted in the afternoon, with 5 h
separating the start of vehicle and cocaine conditioning
sessions. The cocaine dose used was 20 mg/kg?. Loco-
motor data was collected to assess the development of
locomotor sensitization for cocaine, which we measured
as an increase in cocaine-induced locomotion compared
to day 1 of cocaine administration, within sex and
genotype.

At each CPP test, mice were placed in the vehicle-
paired compartment and given free access to the entire
CPP apparatus for 30 min. A preference score was
calculated for habituation and test (time in drug zone —
time in vehicle zone); a positive preference score indicated
a preference for the drug-paired compartment.’> ¢!
Drug-free tests were conducted 1, 7, and 21 days
postconditioning to assess persistent of place preference,
similar to published data.”’

Statistical Analysis

Data were analyzed using SPSS Statistics 29 (IBM, NY,
USA). Four-, three-, and two-way repeated measures
(RM) analysis of variance (ANOVA) were conducted,
with between-subjects factors “sex” (male/female) and
“genotype” (WT/mGluS HET/mGlu5 HOMO). As we
detected sex main effects or interactions for most param-
eters, all data were split by sex, in line with previously
published work in HOMO mice,* and Bonferroni post-
hoc tests were used to identify genotype or day differences.
Data is presented as mean =+ standard error of the mean
(SEM) and effect sizes (partial eta-squared, n?), and
differences were regarded as statistically significant if
P < .05. For the conditioned place preference data, we
compared effect sizes using 90% confidence intervals
to ascertain if cocaine memory was stronger in mGlu5
HOMO or mGlu5 HET than WT, as all genotypes
showed highly significant P-values (all P’s <.001) and
large effect sizes (all n? > .14).%

Exclusions: 1 WT male was excluded from the OF as
the equipment stopped working 20 min into the test. 2
mice were excluded from the NORT analysis because they
spent <10 s total time nosing both objects (1x WT male,
Ix mGlu5 HOMO male). 1 mGluS HOMO male was
excluded as an outlier from PPI because the acoustic star-
tle response was >2 standard deviations from the mean.

Results

Locomotion, Exploration, and Anxiety

mGlu5 HOMO mice exhibited elevated locomotion
[three-way RM ANOVA genotype main effect,

GZ0Z Jequianop tZ Uo Jesn auinoq|s| Jo AjisiaAiun Aq 61928/1911BgS/INAYos/S601 "0 /10p/8|oIe-souBApE/Ule|INgeIuaIydoziyos/woo dno-olwapese//:sdiy wolj papeojumoq



F(2,60)=21.65, P < .001, n?>=.42], which did not
habituate across the test, unlike WT and mGlu5 HET
mice [time x genotype, F(10,300)=14.37, P < .001,
n? =.32]. Female mice traveled further than males [sex,
F(1,30)=54, P = .02, n*=.08; no sex interactions].
Split by sex, we confirmed genotype effects in both
sexes [males: F(2,29)=7.40, P = .003, n?=.34; females:
F(2,31)=17.24, P < .001, n?>=.53], as well as time x
genotype interactions [males: F(10,145)=6.01, P < .001,
n?=.29; females: F(10,155)=8.97, P < .001, n*=.37].
Post-hoc tests confirmed elevated locomotion in the latter
half of the test in male and female mGlu5 HOMO mice
compared to WT littermate controls (Figure 1A, 1B).

Rearing was reduced in mGlu5 HET and mGlu5
HOMO mice compared to WT mice [genotype, F(2,60)
=12.86, P < .001, n*=.30], and this was most pro-
nounced in the first half of the test [time X genotype,
F(10,300)=4.01, P < .001, n*=.12]. Females reared less
than males [sex, F(1,60)=18.81, P < .001, n?>=.24],
and the increase in rearing across the test was less
prominent in females compared to male mice [time x
sex, F(5,300)=3.39, P = .005, n*=.05] (Figure 1C, 1D).
Split by sex, we confirmed genotype effects in both
sexes [males: F(2,29)=7.31, P = .003, n?=.34; females:
F(2,31)=6.50, P = .004, n*=.30], as well as time x
genotype interactions [males: F(10,145)=2.02, P = .04,
n?=.12; females: F(10,155)=2.78, P = .003, n*=.15].
Post-hoc tests demonstrated reduced rearing in male
and female mGlu5 HOMO and mGlu5 HET mice
compared to WT mice, largely in the first half of the
test (Figure 1C, 1D).

When measuring anxiety-like behavior, we found that
both mGlu5 HET and mGlu5 HOMO mice had a
greater center distance percentage than WT littermates
[genotype, F(2,60)=9.36, P < .001, n*>=.24]. Males also
had a higher center distance percentage than females [sex,
F(1,60)=4.73, P=.033,n*=.07] (Figure 1E, 1F). Split by
sex, we detected genotype effects in males [F(2,29) = 3.81,
P = .034, n?=.21] and females [F(2,31)=6.499, P =
.004, 1?>=.30]. Post-hoc tests showed greater center
distance percentage in mGlu5 HOMO males at the
beginning of the test, and greater percentage of center
distance in female mGluS HET and mGlu5 HOMO
mice toward the end of the test compared to female
WT controls (Figure 1E, 1F). Time in the center of
the OF confirmed center distance percentage findings
(Supplementary Table S1). Totals for each parameter
above are presented in Supplementary Table S1.

Novel Object Recognition Memory

Using two-way ANOVA, there were no genotype or
sex differences in object recognition memory [genotype,
F(2,61)=1.42, P = .25, w*=.05; sex, F(1,61)=1.71, P =
.20, n?=.03; Supplementary Table S1]. Split by sex, we
did not detect any genotype effects (Supplementary Fig-
ure S1A-1B).
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Social Behaviors

Total active SI time was unaffected by genotype or
sex [two-way ANOVA, sex: F(1,61)=1.46, P = .23,
n?=.02; genotype: F(2,61)=1.02, P = .37, n*=.03]
(Supplementary Figure S2A-2B). However, analyzing the
time spent in individual behaviors, we found a genotype
main effect for time spent crawling over [F(2,61)=5.02,
P = .01, n*=.14] and rearing [F(2,61)=3.57, P = .03,
n?=.11]. Male mice reared for longer than female
mice [sex main effect, F(1,61)=6.80, P = .01, n*=.10;
no interactions]. Split by sex, there was a genotype
effect for rearing in male mice [F(2,30)=4.84, P =
016, n?=.24] and for crawling over in female mice
[F(2,31)=6.30, P = .005, n*>=.29]. Post hoc tests showed
reduced time spent crawling over in mGlu5 HET and
mGlu5 HOMO female mice compared to WT mice
(Supplementary Figure S2A-2B), and reduced time
spent rearing in male mGlu5 HOMO vs mGlu5 HET
(Supplementary Figure S2A-2B).

Acoustic Startle Response and Prepulse Inhibition

The acoustic startle response increased with increasing
startle pulse intensities in all groups [three-way RM
ANOVA, startle intensity, F(2,120)=135.73, P < .001,
1? =.69; Figure 2A-2B]. Acoustic startle was also affected
by genotype [F(2,60)=3.76, P = .03, n?>=.11], and this
was most evident at higher startle pulse intensities (ie,
120 dB) [startle intensity x genotype, F(4,120)=4.18,
P = .003, n?=.12]. The startle response was lower in
females compared to males, particularly at higher startle
intensities [sex, F(1,60)=8.63, P = .005, > =.13; startle
intensity x sex, F(2,120)=6.49, P = .002, n*=.10]. Split
by sex, there was a main effect of genotype in female
mice [F(2,31)=3.39, P = .046, n? =.18; no interactions]
and a startle intensity x genotype interaction in males
[F(4,58)=3.02, P = .03, n*=.17; no genotype main
effect]. While post-hoc tests failed to detect specific
significant genotype differences at individual startle pulse
intensities, examination of Figure 2A-B suggests overall
reduced startle in male mGlu5 HOMO mice (vs WT) at
120 dB, and reduced startle in female mGlu5 HET and
mGlu5 HOMO (vs WT) at 100 and 120 dB.

%PPI increased with increasing prepulse intensities
[F(2,120)=478.45, P < .001, n?>=.89], and there was
also a main effect of genotype [F(2,60)=5.25 P =
.008, n?=.15]. A sex x genotype interaction suggested
that genotype differences in %PPI were sex-dependent
[F(2,60)=3.92, P = .025, n*=.12] (Figure 2C-2D).
Split by sex, we confirmed that genotype differences
in %PPI were only evident in female mice [females:
F(2,31)=11.69, P < .001, n?=.43; males: F(2,29)=.26,
P = 77, W*=.02] and a prepulse intensity x geno-
type interaction in females suggested genotype differ-
ences were only apparent at higher prepulse intensities
[F(4,62)=3.20, P = .02, n?>=.17]. Post-hoc tests con-
firmed female mGluS HOMO mice had lower %PPI

5
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Figure 1. Open-Field Locomotion, Exploratory and Anxiolytic-Like Behaviors. Open-field behaviors in male (left) and female (right) WT,
mGlu5 HET, and mGlu5 HOMO mice. (A-B) distance traveled [cm], (C-D) rearing frequency [n], and (E-F) centre distance percentage
[%)]. Data were analyzed using three-way RM ANOVA, then split by sex, followed by Bonferroni post-hoc tests. Sex effects were detected
for distance traveled, percentage of centre distance, and rearing; a sex x time interaction was detected for rearing. Data presented as
mean £+ SEM. Bonferroni genotype effects compared to WT mice are indicated by “*” in mGluS HET mice (*P < .05, **P < .01) and by
asterisks in mGlu5 HOMO mice (*P < .05, **P < .01, **P < .001). Abbreviations: mGlu5 HET: heterozygous deletion; mGlu5S HOMO:
homozygous deletion; mGluS: metabotropic glutamate 5 receptor; WT: wildtype-like.

than female WT mice at 82 and 86 dB prepulses
(Figure 2C-2D).

Fear-Associated Memory

Mice of both genotypes and sexes learnt the associa-
tion between tone and shock, evidenced by increased
freezing during conditioning [three-way RM ANOVA,
time, F(6,366)=77.26, P < .001, n*=.56] although
this was influenced by sex [time x sex, F(6,366)=3.04,
P = .007, n*=.05] and genotype [time X genotype,
F(12,366)=5.88, P < .001, n?=.16]. Split by sex, time
X genotype interactions were detected in both sexes
[males: F(12,180)=3.68, P < .001, n?>=.20; females:
F(12,186)=3.10, P < .001, n?>=.17]. Post-hoc tests
showed increased freezing in male and female mGlu5
6

HOMO mice vs WT in minute 3 of the test, immedi-
ately after the first shock presentation (Figure 3A-3B).
Totals for conditioning are presented in Supplementary
Table S1.

In the context test, all groups increased their freezing
across the test [time, F(6,366)=5.18, P < .001, n*> =.08],
but there was no influence of genotype or sex on freezing
(Figure 3C-3D). Splitting by sex did not reveal any geno-
type effects or interactions. Totals for the context test are
presented in Supplementary Table S1.

During the cue test, all groups increased their freezing
across the test [time, F(8,488)=75.02, P < .001, n? =.55;
totals in Supplementary Table S1], but this was moderated
by sex [time x sex, F(8,488)=2.16, P = .03, n* =.03]
and genotype [time x genotype, F(16,488)=2.24, P =
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Figure 2. Acoustic Startle and Prepulse Inhibition. Acoustic startle and prepulse inhibition in male (left) and female (right) WT, mGlu5
HET, and mGlu5 HOMO mice. (A-B) acoustic startle response [arbitrary units] at 70, 100, and 120 dB, (C-D) prepulse inhibition [%)] at
74, 82, and 86 dB. Data analyzed using three-way RM ANOVA and then split by sex, followed by Bonferroni post-hoc tests. Sex effects
and a startle intensity x sex interaction were detected for acoustic startle response. A sex x genotype interaction was detected for prepulse
inhibition. Data presented as mean & SEM. Genotype effects within sex (vs WT) are indicated with asterisks (*** P < .001). Abbreviations:
mGlu5 HET: heterozygous deletion; mGlu5 HOMO: homozygous deletion; mGlu5: metabotropic glutamate 5 receptor; PPI: prepulse

inhibition; WT: wildtype-like.

.004, n?* =.07] (Figure 3E-3F). Split by sex, we did not
detect any further time x genotype interactions. However,
visual examination of Figure 3E-3F suggested increased
freezing in male and female mGlu5 HOMO mice before
and after the cue presentation. We hypothesized this could
be due to increased generalization of fear memory to
a novel context in mGlu5 HOMO mice. Thus, we con-
ducted another experiment to examine fear generalization
in a second cohort of male and female WT and mGlu5
HOMO mice.

Fear Memory Generalization

A schematic of fear memory generalization procedures
is provided in Figure 4A. During conditioning, freezing
increased across the test [three-way RM ANOVA, time,
F(6,432)=53.92, P < .001, n? =.43], and was different
in mGluS HOMO mice compared to WTs [time X geno-
type, F(6,432)=21.32, P < .001, n? =.23]. There were
no sex effects or interactions, and when data were split
by sex, we confirmed time x genotype interactions in
male [F(6,216)=10.75, P < .001, n?> =.23] and female
mice [F(6,216) =11.35, P < .001, n* =.24]. Post hoc tests
showed increased freezing in male and female mGlu5
HOMO mice vs WTs immediately after shock presenta-
tion, but reduced freezing in the final minute of the test
(Figure 4B-4C).

In context A, which was the context that mice
were conditioned in, freezing increased across the test
[F(6,432)=2.83, P = .01, n? =.04] (Figure 4D-4E), but

was not different between genotypes or sexes, similar to
our findings in the Context test in the baseline cohort (no
main effects of genotype or sex, no interactions). Split by
sex, there were no genotype main effects or interactions.
In context B, which was a novel context to assess
fear generalization, freezing was elevated in mGluS
HOMO mice of both sexes [genotype, F(1,72)=13.79,
P < 001, n*=.16], and genotype differences were
most prominent at the beginning of the test [time X
genotype, F(6,432)=5.24, P < .001, n*=.07]. There
was no effect of sex [F(1,72)=2.59, P = .1, n*=.04]
or time x sex interaction [F(6,432)=1.83, P = .09,
n?=.03]. Split by sex, we confirmed genotype effects
in males [F(1,36)=4.56, P = .04, n*>=.11] and females
[F(1,36)=9.63, P =.004, n*>=.21], and a time x genotype
interaction in male mice only [F(6,216) =5.48, P < .001,
n?=.13; females: F(6,216)=1.68, P = .12, n? =.05]. Post
hoc tests showed greater freezing in mGluS HOMO male
mice, which was most prominent in the first half of the
test, whereas the genotype main effect in females suggests
elevated freezing in female mGlu5 HOMO mice compared
to WTs throughout the test (Figure 4F-G). Confirming
this, a four-way RM ANOVA comparing freezing across
the test in context A and B in male and female WT
and mGlu5 HOMO mice showed a genotype x minutes
X context x sex interaction [F(6,432)=3.28, P = .004,
n? =.04], and post hoc tests (not shown) demonstrated
differences between context A and B in female mGlu5
HOMO from minutes 4-7 of the test, in female WT
in minutes 1, 3, and 4, and in male WT in minutes
7
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Figure 3. Fear Conditioning. Freezing [s] in male (left) and female (right) WT, mGlu5 HET, and mGlu5 HOMO mice during (A-B)
conditioning, (C-D) context test, and (E-F) cue test. Data analyzed using three-way RM ANOVA, then split by sex, followed by Bonferroni
post-hoc tests. A time x sex interaction was detected for conditioning and the cue test. Data presented as mean + SEM. Post-hoc genotype
effects indicated by asterisks (vs WT; HOMO: *P < .05, **P < .01). Abbreviations: FC: fear conditioning; mGluS HET: heterozygous
deletion; mGlu5 HOMO: homozygous deletion; mGlu5: metabotropic glutamate 5 receptor; WT: wildtype-like.

1-3. This suggests that WT mice freeze less in context
B at the beginning of the test, indicating that the novel
context initially did not bring up the memory of the
shocked context and confirming our novel test conditions
worked, but that female mGluS HOMO mice were more
susceptible to fear generalization in the latter part of
the test.

Total freezing during generalization is presented in
Supplementary Table S1.

Locomotor Sensitization

All mice sensitized to repeated cocaine across condition-
ing [days, F(3,174)=57.16, P < .001, n?=.50]; this was
influenced by genotype [days x genotype, F(6,174) =3.91,
P = .001, n?=.12]. Sex did not affect cocaine sensitiza-
tion (no main effects of sex or interactions). Data were
split by sex to confirm sensitization in all genotypes and
sexes. Both males and female mice showed a significant
increase in cocaine-locomotion across days [days x drug
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Figure 4. Fear Generalization. (A) Schematic of the fear generalization design: Mice were conditioned in context A, and then half of the
mice were tested in the absence of shock first in context A (same context as conditioning) and then in the novel context B, and the other half
were tested first in context B, and then in context A. Data for context A and B were pooled, irrespective of test order. Freezing [s] in male
(left) and female (right) WT and mGlu5 HOMO mice during (B-C) conditioning (context A), (D-E) context A and (F-G) context B. Data
analyzed using three-way RM ANOVA, then split by sex, followed by Bonferroni post-hoc tests. Data presented as mean + SEM. Post-hoc
genotype effects indicated by asterisks (vs WT: *P < .05; **P < .01, ** P < .001); in (G) a genotype main effect is indicated by asterisks (vs
WT: **P < .01). Abbreviations: FC: fear conditioning; mGlu5 HET: heterozygous deletion; mGlu5 HOMO: homozygous deletion; mGlu5:
metabotropic glutamate 5 receptor; WT: wildtype-like.
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Figure 5. Development of Cocaine Locomotor Sensitization and Expression of Cocaine Conditioned Place Preference. (A-B) distance
traveled [cm] under saline or 20 mg/kg cocaine in WT, mGlu5 HET, and mGlu5 KO mice during the 4 days of cocaine conditioning. (C-D)
preference for the cocaine-paired environment expressed as a preference score [s] at habituation, day 1, day 7, and day 21 after conditioning
in WT, mGlu5 HET, and mGlu5 HOMO mice. Males are shown on the left (A, C), females on the right (B, D). Data analyzed using
three-way RM ANOVA and presented as mean + SEM. Significant effects of day vs day 1 within drug treatment group for A and B, or vs
habituation for C and D, are indicated by hash symbols (*P < .05, ##P < .01, ## P < .001). Abbreviations: mGlu5 HET: heterozygous
deletion; mGlu5 HOMO: homozygous deletion; mGlu5: metabotropic glutamate 5 receptor; WT: wildtype-like.

in males: F(3,87)=15.67, P < .001, n?=.35, females:
F(3,87)=5.28, P = .002, n*>=.15], but genotype affected
locomotor sensitization in female mice only [days x drug
X genotype in females, F(6,87)=3.92, P = .002, n*=.21;
males: F(3,87)=1.29, P = .27, n*=.08]. Post hoc tests
demonstrated that male mGlu5 HET and mGlu5 HOMO
mice sensitized to cocaine, showing increased locomotion
under cocaine compared to day 1 (Figure 5A), and female
WT and mGlu5 HOMO mice also showed sensitization
(Figure 5B). All genotypes increased their saline-induced
locomotion across conditioning (Figure 5A-5B).

Cocaine Place Preference

All mice increased their preference for the cocaine-
paired environment compared to habituation [days,
F(3,174)=79.18, P < .001, n?*=.58], and this was
influenced by genotype [days x genotype, F(6,174) = 5.80,
P < .001, n?>=.17; Figure 5C; no effect of sex or
interactions]. Split by sex, we confirmed the preference
score was different among genotypes in both sexes [days
x genotype in males: F(6,87)=2.60, P = .02, n*=.15;
females: F(6,87)=3.48, P = .004, n*=.19]. Post-hoc
tests comparing habituation to each test show that the
preference score increased compared to habituation for all
genotypes and sexes, except for male WT mice at day 21.
Examination of Figure 5C-5D shows that the magnitude
of change in the preference score between habituation
to day 21 was greater in male mGlu5 HOMO mice than
in male WT mice. We confirmed this using effect sizes:

10

while there was a main effect of “day” in each group (all
P’s <.001), we found a greater effect size in male mGlu5
HOMO than WT mice, with no overlapping confidence
interval (mGlu5 HOMO: n?=0.76, 90% CI, 0.58, 0.82;
mGlu5 HET: n? =0.50, 90% CI, 0.21, 0.61; WT: n*=0.40,
90% CI, 0.14, 0.52). However, while effect sizes were
greater in female mGluS HOMO and mGlu5 HET than
female WT mice, the overlapping confidence intervals
suggest the effect of day was not different between the
female genotypes (mGlu5 HOMO: n*=0.62, 90% CI,
0.37, 0.71; mGlu5 HET: n?=0.65, 90% CI, 0.36, 0.74;
WT: n*=0.57, 90% CI, 0.35, 0.66).

Discussion

We examined sex and gene-dose effects of mGlu5
deletion on schizophrenia-relevant and cocaine-induced
behaviors. Some mGlu5 HOMO phenotypes were evident
in both sexes, for example, hyperlocomotion and reduced
rearing in the OF, decreased anxiety-like behavior, and
overgeneralization of fear memory. However, cocaine-
induced behaviors were more prominent in male mice,
while sensorimotor gating deficits were evident only in
female mGlu5 HOMO mice. Often, gene-dose effects
were evident, as mGlu5 HET mice largely showed similar
phenotypes to WT controls. Our data supports using
both male and female mGluS HOMO mice as models
of schizophrenia-induced behaviors, but perhaps only
male mice for cocaine-induced behaviors, and highlights
a novel fear generalization phenotype with potential
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translational value for disorders characterized by per-
vasive fear memory across contexts.

The current study explored behavioral phenotypes pre-
viously reported for only male mGlu5S HOMO mice in
female mGlu5 HOMO mice. We detected OF hyperloco-
motion and reduced rearing in both sexes, extending simi-
lar to reports of hyperlocomotion in male mGlu5 HOMO
mice,® and also when both sexes were collapsed.?-?!:32
While 1 study found no change to baseline locomotion in
mGlu5 HOMO males, this may be due to those test mice
being single-housed for 2 weeks prior to testing,” and
mGlu5 HOMO mice are susceptible to changes in their
environment.?' It is likely the hyperlocomotive phenotype
is driven by deletion of mGlu5 on GABAergic forebrain
neurons, as in male and female mice, this produces a
similar pattern of initial hypolocomotion in the OF, fol-
lowed by increased locomotion as the test progresses.®* We
also detected reduced anxiety-like behavior in the OF in
both sexes, broadening findings using only male mGlu5
HOMO mice.*** Our findings extend current literature
to show that when both sexes are analyzed, some pheno-
types previously detected only in male mice are evident
in both sexes. This is important, as females have often
been excluded from behavioral experiments using mGlu5
HOMUO mice, and our data support the use of both sexes
for the detection of hyperlocomotion and anxiety-like
behaviors.

We also found that mGlu5 HOMO mice of both sexes
showed enhanced fear generalization compared to WT
controls, as we detected elevated freezing to a context not
associated with shock. While WT mice also increased
their freezing across the session in the novel context
(similar to published work®), which potentially indicates
recognition of shared contextual features in the experi-
mental room, freezing was nonetheless greater in mGlu5
HOMO of both sexes than WT controls. Our finding was
specific to a novel context, in contrast to previous reports
showing increased freezing of male mGluS HOMO
mice to a shock-associated context.”** Generalization
of learning between contexts is an adaptive response,
enabling learning from one context to inform a novel
context; however, overgeneralization can be maladaptive,
leading to inaccurate assumptions about the presence of
stimuli/reinforcers in novel environments, and limiting the
expression of appropriate behavioral responses within
those environments.”” We hypothesize that increased
generalization in mGluS HOMO mice is distinct from
previous reports of fear extinction impairments, which
may be linked to perseverative behavior in mGlu5 HOMO
mice.?*-> Rather, generalization of fear learning in mGlu5
HOMO mice may represent a failure to discriminate
between contextual stimuli.”” Supporting this, male
mGlu5S HOMO mice show impaired discrimination learn-
ing in touchscreen tasks.”* Poor contextual discrimination
may be driven by NMDA receptors, as mGlu5 regulates
NMDA receptor signaling,® and NMDA activation
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reduces defensive behaviors, including freezing when
presented with a non-reinforced stimulus.® Considering
mGlu5S HOMO mice show developmental dysregulation
of NMDA subunit signaling in the prefrontal cortex and
hippocampus,” it is possible that this could disrupt the
development of circuits controlling defensive behaviors
in the presence of non-reinforced stimuli. Furthermore,
NMDA NRI1 receptor deletion in hippocampal dentate
gyrus granule cells limits the ability of mice to distinguish
between perceptually similar contexts”' and, considering
mGlu5 facilitates hippocampal serine phosphorylation of
NR1,7 itis possible that a reduction in hippocampal NR 1
signaling limits differentiation between contexts, which
prevents an NMDA-mediated reduction in freezing to
a non-shocked context. Interestingly, overgeneralization
of autobiographical memory can occur in individuals
with schizophrenia,”’ and our data suggests that one
mechanism for overgeneralization may relate to impaired
mGlu5 function. Our findings support the growing
literature implicating mGluS signaling in psychiatric
disorders where overgeneralization is evident, including
schizophrenia and post-traumatic stress disorder.””""
More globally, our data affirm a role for mGlu5 in
psychiatric disorders characterized by cognitive impair-
ment, including deficits in inhibition regulation and
discrimination learning.

We detected some differences between fear condition-
ing and fear generalization cohorts. We found lower freez-
ing in both genotypes in the fear generalization exper-
iment compared to the fear conditioning experiment,
and this may be due to stress resulting from previous
behavioral test history.”® Also, sex did not affect the fear
generalization cohort. This may be due to protocol dif-
ferences. In fear conditioning, we used an auditory tone
and shock combination, whereas in fear generalization,
we used only a shock, that is, no auditory tone, to mimic
published methods.”**” Our team has shown that females
freeze more in response to fear-associated auditory cues
than males,*” which may be because female animals
can discriminate better than males for discrete cues that
are predictive of shock.® However, in the absence of
predictive auditory cues, sex differences in contextual fear
conditioning are absent,’' although sex differences are
dependent on factors such as species, strain, and protocol
in contextual and cued fear conditioning (review: Bauer
et al.®?).

Interestingly, we detected a cocaine-affected phe-
notype in male but not female mGluS HOMO mice.
We replicated previous work showing greater cocaine
environment memory in male mGluS HOMO mice
compared to WT controls,?”-* although we also observed
locomotor sensitization in male mGlu5 HET and
mGlu5 HOMO but not WT mice, in contrast to Bird
et al.”’ Interestingly, place preference and locomotor
sensitization in female mGlu5 HOMO were not different
to WT mice, suggesting that the impact of mGlu5
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signaling on drug-associated cues may be modulated
by sex. Indeed, while the mGlu5 positive allosteric
modulator CDPPB reduces alcohol cue-induced rein-
statement in male rats, female rats are unaffected,®
and parvalbumin-positive interneurons in the prefrontal
cortex are more responsive to mGlu5 stimulation in male
than female mice.3* Also, female rats can be susceptible to
the effect of mGlu5 receptor antagonism on cocaine seek-
ing, based on estrous cycle. Considering AMPA receptor
subunit GluAl surface expression changes across the
course of the estrous cycle, which influences how gluta-
mate targeting drugs reduce cocaine-seeking, it is possi-
ble that mGlu5 deletion has a greater impact on cocaine-
induced behaviors at different stages of the estrous cycle.
Assessment of the estrous cycle in mGluS HOMO mice
in future studies will illuminate whether female mGlu5
HOMO mice can model cocaine susceptibility.

Some behavioral phenotypes were only evident in
female mGluS HOMO mice. We detected PPI deficits
in female, but not male, mGluS HOMO mice. This
contrasts with earlier studies showing reduced PPI but
unaltered startle in male mGlu5 HOMO mice" or when
both sexes were combined.?-¥” However, these protocols
used lower prepulse intensities (69, 73, 77 dB) than
the current study (74, 82, and 86 dB) and employed
a fixed 100 ms interstimulus interval compared to our
variable 32-256 ms interstimulus interval, and these
factors can affect the detection of genotype effects in
transgenic mouse lines.®® Interestingly, in a quinpirole
rat model of psychosis, females are more sensitive to
improvement of PPI by the mGlu5 positive allosteric
modulator CDPPB,¥ which may be linked to greater
cortical and hippocampal mGlu5 receptor expression in
female than male animals,”® suggesting sex-dependent
mGlu$ expression may influence PPI.

We also largely observed no change to social behaviors
or object recognition in mGlu5 HOMO mice. This
was not altogether surprising, as previous research has
shown inconsistent social phenotypes’?® and object
recognition phenotypes’~* in male mGlu5 HOMO mice.
Features such as test modality, duration, objects used,
and test construct can affect the expression of behaviors
in social® and object recognition tests.”> Our data
highlights the importance of assessing social behavior
using different behavioral tests (ie, social interaction,
social preference test) before drawing conclusions about
the social phenotypes of genetic mouse models, and
future research can examine resident intruder and social
dominance tests to further probe the social phenotype
of mGlu5 HOMO mice. Similarly, as hippocampally-
mediated spatial memory deficits have been found in
mGlu5 HOMO mice, 2% examining novel object
location may be relevant for this model.

Finally, we found limited differences between mGluS
HET and WT mice in both sexes. There were transient
reductions to exploratory rearing in male and female
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mGlu5 HET mice compared to WTs, and anxiolytic
behavior in female mGlu5 HET mice, but all other behav-
iors were similar to sex-matched WT controls. The limited
phenotype in mGluS HET mice may be due to several
reasons, including gene expression thresholds, whereby a
critical amount of gene expression is required to affect
behavior, and one functional allele in mGlu5 HET mice is
sufficient for this, or compensatory mechanisms that can
be activated through the one functional allele but cannot
be engaged in when no functional alleles are present. We
conclude that there is limited benefit to assessing mGlu5
HET mice in schizophrenia and drug-reward behavioral
paradigms, as they lack the face validity of the mGlu5
HOMO mouse model.

Overall, our findings correspond with the published
literature on mGluS HET and mGlu5 HOMO mice. How-
ever, we greatly expanded on published reports by evalu-
ating novel behavioral paradigms and assessing sex and
gene-dose effects. Our findings support a more person-
alized, sex-stratified approach to schizophrenia and sub-
stance use disorder treatment, as some treatments show
greater efficacy in women than men, for example, selec-
tive estrogen receptor modulators including raloxifene
improve cognition in women with schizophrenia more
than in men,”®” while others are worse, for example,
disulfiram is less effective in women than men for cocaine
dependence.”® Future investigation of this genetic mouse
model should include the consideration of sex differences,
as this has often been neglected in past studies.
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