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ARTICLE INFO ABSTRACT

Keywords: Autism is a neurodevelopmental disorder characterized by impaired social interactions and restricted and re-

mGl‘uRS petitive behaviors. Although group 1 metabotropic glutamate receptors (mGluRs), and in particular mGluRS5,

:un,sri‘ have been extensively proposed as potential targets for intervention in autism and other neurodevelopmental
nxiety

disorders, there has not been a comprehensive analysis of the effect of mGluR5 loss on behaviors typically
assessed in autism mouse models thought to be correlates of behavioral symptoms of human disorders. Here we
present a behavioral characterization of mice with complete or partial loss of mGluR5 (homozygous or het-
erozygous null mutations in Grm5 gene). We tested several autism related behaviors including social interaction,
repetitive grooming, digging and locomotor behaviors. We found that digging and marble burying behaviors
were almost completely abolished in mGluR5 ko mice, although self-grooming was not altered. Social interaction
was impaired in ko but not in heterozygote (het) mice. In tests of locomotor activity and anxiety related be-
haviors, mGIluR5 ko mice exhibited hyperactivity and reduced anxiety in the open field test but unexpectedly,
showed hypoactivity in the elevated zero-maze test. There was no impairment in motor learning in the accel-
erating rotarod in both ko and het mutant. Together these results provide support for the importance of mGluR5
in motor and social behaviors that are specifically affected in autism disorders.

Social interaction
Locomotor activity

1. Introduction

Metabotropic glutamate receptor 5 (mGluR5) is a member of the
group I family of Gyq11 coupled glutamate receptors. These receptors
have widespread expression in the brain. At the subcellular level they
are primarily localized in, or close to, the postsynaptic density of
excitatory synapses where they regulate synaptic function, plasticity and
neuronal excitability [1]. mGIuR5 can link to a diverse set of intracel-
lular signaling cascades and interacting proteins at synapses, leading to
difficulty in defining their cellular functions. For instance they have
been demonstrated to play roles in both the potentiation [2,3] and
depression [4,5] of excitatory synapses as well as modulating inhibitory
neurotransmitter release [6,7]. They also regulate N-Methyl-p-aspartic
acid (NMDA) currents, cellular excitability, protein synthesis, synapse
formation and neuronal development [8-11]. Together the diverse
cellular functions of mGluR5 during both development and in the adult
central nervous system (CNS) have implicated mGluR5 in numerous

cognitive processes including learning and memory [2,12-14], motor
control [15,16], behavioural flexibility [17,18] and the regulation of
emotional valence [19,20].

Importantly, these central signaling roles of mGluR5 at excitatory
synapses have linked them to several neuropsychiatric and neuro-
developmental disorders. Strikingly, many different animal models of
neurodevelopmental disorders showed alterations in mGIuR5 signaling.
For instance, excessive mGluR5-mediated responses was found in mouse
model of Fragile X [21], Rett syndrome (Mecp2 KO) [22] and
Phelan-McDermid (Shank3 Ae4-22—/—) syndrome [23]. While in a
mouse model of Tuberous Sclerosis (Tsc2+/—) [24] and in another
model of Phelan-McDermid (Shank3 A11-/-) [25], mGluR5 signaling
was reduced. Consequently, mGluR5 has been proposed as a therapeutic
target for several diseases [1,26,27]. In support of these notions, genetic
ablation or pharmacological inhibition of mGIluR5 rescued cellular,
synaptic and behavioral alterations in animal models with excess
mGIluR5 signaling [22,23,28,29]. On the other hand, pharmacological
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enhancement of mGluR5 was able to correct synaptic disfunction and
behavioral impairments in mice that have insufficient mGluR5 signaling
[24,25].

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
with broad genetic and clinical heterogeneity. Only a small fraction of
ASD patients have a diagnosable genetic syndrome, such as Fragile X,
Rett syndromes, Phelan-McDermid syndrome and TSC syndrome.
However majority of ASD cases are genetically undefined and therefore
their pathologies are even less understood. Evidence from human
studies has implicated mGluR5 in ASD. High throughput sequencing has
identified de novo GRM5 mutations [30] and enrichment of rare variants
of genes encoding components of mGluR signaling pathways [31]. DNA
sequence analysis has also revealed a striking increase in the prevalence
of ASD in children with mGluR5 copy number variants [32]. In addition,
mGIluR5 expression at both the mRNA and protein level was found to be
reduced in individuals with ASD [33], further highlighting a possible
link between mGluRS5 signaling and ASDs. Animal studies have provided
further insight into mGluR5's role in ASD. Aside from the animal models
described above, other ASD models such as the Eif4ebp2(-/-) mice and
the Gprasp2 (-/-) mice also showed abnormal mGluR5-mediated re-
sponses [34,35]. Moreover, mGluR5 antagonists can reverse stereotypic
behaviors in the BTBR mouse models of autism [36,37] and the valproic
acid (VPA) model of autism [38], further highlighting therapeutic po-
tential of mGIuR5 targeting in ASD.

The core symptoms of ASD are impairments in social interaction and
the presence of restricted and repetitive behaviors [39]. Although
modeling ASD in rodents is challenging, some behaviors in mice and rats
can be related to these core symptoms [40]. The importance of mGIluR5
signaling both in both the developing and the adult CNS has prompted
the generation and analysis of mice with targeted ablation of Grmb5, the
gene encoding the mGluR5 protein. However, to date there has not been
a detailed behavioral analysis of these mice particularly for behaviors
relevant to ASD such as stereotypy. To address this gap, here we assessed
mGluR5 homozygous (ko) and heterozygous (het) mutants and control
littermates for repetitive behaviors, social interaction, anxiety and
general locomotor behaviors. We found that complete disruption of the
Grmb5 gene caused significant effects on behavior including abolishment
of digging behaviors, impairment in social interactions and dysregula-
tion of locomotor activity. Interestingly, these behaviors were largely
unaltered in het mice bearing only partial mGIluR5 gene disruption.
Together our data support significant roles for mGluR5 in motor ste-
reotyped activity.

2. Methods
2.1. Animals

The mGluR5 knockout mouse strain in C57BL/6 J background used
in this study was previously generated [41]. All mice used in this study
were produced by het x het breeding. Male mice at ages of 2-5 months
were used for experiments. In total 47 animals (17 wt, 18 het and 12 ko)
were used in a battery of behavioral tests in the order of self-grooming,
marble burying (MB), open field (OF), elevated zero-maze (EZM), social
interaction test and the rotarod. Animals were group housed in a room
with 14-hr light /10-hr dark Light/Dark cycle. Food and water were
provided ad libitum. All experiments were approved by the Institutional
Animal Care and Use Committee of Northwestern University. All ex-
periments comply with ARRIVE guidelines and were conducted in
accordance with National Institutes of Health guide for the care and use
of Laboratory animals.

2.2. Self-grooming
Animals were brought to the testing room at least 30 min before the

test. Each mouse was videotaped for 10 min undisturbed after a 20 min
habituation time in a standard mouse cage (46 cm length x 23.5 cm
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wide x 20 cm high) provided with a thin (0.5 cm) layer of bedding to
reduced neophobia. Cumulative time spent grooming over the 10 min of
video recording was scored manually with a stopwatch.

2.3. Marble-burying test (MBT)

MBT was performed as described [42]. Animals were brought to the
testing room for at least 30 min prior to the test. Twenty-four dark
marbles were placed on top of wood chip bedding (3—5 cm deep) in six
rows of four in a cage measuring 36 cm x 31 cm x 19 cm placed in an
open area. Animals were introduced to this new cage and remained
inside for 15 min. At the end of the test period, quantification was made
of the number of marbles that were buried by more than two-thirds of
their diameter. Experiments were also video-recorded and animal’s
cumulative time spent digging was manually scored post hoc with a
stopwatch. Due to insufficient quality of some videos, 13 animals (5 wt,
4 het and 4 ko) were removed from digging time analysis, although this
did not affect results of marble burying (MB).

2.4. Open field test (OFT)

The dimension of the open field (OF) chamber was 60cm x 60cm x
30 cm. Animals were placed in the middle of the arena at the start of the
test. They remained in the arena for 30 min and their positions were
tracked using LimeLight software (Actimetrics). The center region was
defined as an area that covered 44.4 % of total arena (artificial dimen-
sion: 4 x 4 inside vs. 6 x 6 total arena). Data of two het mice were
excluded because of video tracking problems.

2.5. Elevated zero-maze (EZM) test

The EZM consisted of a gray annular runway (5.5 cm width, 56 cm
outer diameter, and 33 cm above ground level) inside a soundproof
testing chamber. Two opposing 90° quadrants of the track were sur-
rounded by inner and outer walls of gray polyvinyl-chloride (14 cm
high). At the start of the test animals were placed at one end of the closed
runway. Animals were allowed to stay in the maze for 20 min and their
positions were tracked using LimeLight software.

2.6. Social interaction test

This test comprises three phases. In the first phase, a test animal was
introduced to the middle compartment of the three chambered appa-
ratus and was allowed 6 min to freely explore left and right chambers
each containing an empty wire cup. In the second phase, a wild type
mouse (‘Stranger 1°) was placed under the wire cup in the left
compartment. In the third phase, a novel

wild type mouse (‘Stranger 2’) was placed in the wire cup in the right
chamber (see Fig. 3A). From a total of 17 wt animals used in this study,
we chose two as “stranger mice”. Another wt and one het housed in the
same cage with these two “stranger mice” were excluded from the social
interaction test. Positions of mice were tracked by LimeLight software to
determine the time spent in each chamber by the test mouse.

2.7. Rotarod test

Motor coordination and balance were tested on an accelerating
rotarod as described [42]. Mice were placed on the rotarod and the
initial revolution speed set to 4 rpm for 120 s. The rotarod then accel-
erated at a rate of 0.12 rpm s~ ! for the next 300 s. Mice were subjected to
three trials per day for 4 consecutive days with a ~ 30 min inter-trial
interval. Rotarod test data from 17 wt, 14 het and 12 ko mice were re-
ported. Data from 4 het mice were excluded due to unexpected software
error.
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2.8. Biochemistry

Behaviorally naive animals were used in biochemistry experiments.
Synaptoneurosomes were prepared according to previously described
methods [43,44]. In brief, the mouse striatum were dissected from the
brain and homogenized with a glass pestle into 2 mL of an ice cold
HEPES-buffer containing (in mM): 150 NaCl, 50 NaF, 10 HEPES, 10
NaH2PO7, 1 EDTA, 2 EGTA, 0.5 dithiothreitol; this buffer was supple-
mented with a protease inhibitor cocktail (1 tablet/10 mls, Roche).
Homogenate was passed through a 100 pm filter followed by a 5 pm
filter (Millipore), and the final homogenate was centrifuged at 1000 x g
for 10 min at 4 °C. The supernatant was discarded and the remaining
pellet containing the synaptoneurosome fraction was resuspended into
100 pl buffer. The protein content was determined using the BCA
(Bicinchoninic Acid) protein assay kit (Pierce). Equivalent protein con-
tent from each sample (~20 pg) was resolved using SDS-PAGE with
7.5-12 % TRIS-HCl acrylamide gels and transferred onto polyvinylidene
fluoride membranes in a methanol/TRIS-glycine buffer. The following
primary antibodies were used: PSD-95 (1:2,000; Affinity BioReagants,
Cat. MA1-046), Pan-Shank (1:500; Millipore, Cat. MabN24), #-tubulin
(1:10,000; Sigma-Aldrich, Cat. T2200), Cask (1:1000; Neuromab, Cat.
K56/50). p-tubulin was used as loading control. Expression of each
protein of interest in the mutant mice was normalized to the mean of the
wt control.

2.9. Statistical analysis

Statistical analyses were conducted with GraphPad Prism. One-way
ANOVA was used to assess genotype effects, followed by Tukey’s post-
hoc test. The Kruskal-Wallis test was used to perform multiple com-
parisons of nonparametric samples. For experiments with multiple trials
(rotarod) and time series data (open field, elevated zero-maze), two-way
repeated-measures ANOVA were conducted to assess the effects of both
genotypes and time/trials. The paired t test was used for comparisons of
two related groups. Data are presented as mean -+ SEM. Differences were
considered significant when p < 0.05.

3. Results
3.1. Marble burying is abolished in mGIuR5 ko mice

MBT is commonly employed to study repetitive and anxiety-like
behaviors in rodents [45-47]. Some ASD mouse models demonstrated
increased MB and digging [38,48-51]. However, other ASD models
showed a decrease in MB [52-56]. mGluR5 antagonists reduced MB
suggesting they may either reduce anxiety [57] or repetitive behaviors
in models of neurodevelopmental disorders [38]. However, it is not
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known whether mGluR5 mutant mice have any alterations in the MBT.
Thus, we tested mGluR5 heterozygote (het), homozygote (ko) and their
wildtype (wt) littermates in the MBT. During the 15-minute testing
period wt mice buried an average of 5.7 &+ 0.76 marbles (n = 17 mice)
and het mice buried 5.0 & 1.20 marbles (n = 18 mice). In sharp contrast,
ko group buried close to zero marbles (0.17 + 0.11, n = 12 mice) (One
Way ANOVA, Fj 44 = .8.98, p < 0.001) (Fig. 1A). We also quantified the
time spent digging in a subgroup of mice undergoing the MBT (wt, n =
12; het, n = 14; ko, n = 8). (Thirteen mice, 5 wt 4 het and 4 ko, were
removed from digging time analysis due to insufficient video quality for
these animals.) As expected, the time spent digging in ko mice during the
15 min test correlated with the number of marbles buries and was
significantly less than the wt and het groups (ko: 7.75 + 2.18 s, n = 8; wt:
66.50 & 9.00 s, n = 12; het: 50.68 + 12.85, n = 14; One Way ANOVA, Fy,
31 = 6.44, p < 0.01) (Fig. 1B). Significant differences were detected in
the ko to wt comparison and the ko to het comparison by a Tukey’s
post-hoc test. Therefore, mGluR5 ko mice had significantly reduced
digging behaviors and consequently there were a lower number of
marbles buried in the MBT.

3.2. Self-grooming is not altered in mGIluR5 mutants

Self-grooming in rodents involves an innate set of repetitive move-
ments. Studies of rodents self-grooming have provided insight into
neural basis of repetitive behaviors [58]. Excessive self-grooming has
been observed in numerous rodent models of autism [59-61]. Impor-
tantly, antagonists of mGluR5 reversed excessive self-grooming in BTBR
and VPA mice [36-38]. We tested whether genetic manipulation of the
expression of mGIuR5 by itself affects self-grooming behavior in mice.
Following a 20-minute habituation phase in a standard cage, mice were
videotaped undisturbed for 10 min. Grooming time was scored manually
from the video post-hoc with a stopwatch. There was a large
animal-to-animal variation in the measured grooming time (Fig. 2A).
D’Agostino & Pearson omnibus normality tests showed that wt and het
samples were not normally distributed. Averaged grooming time for het
mice was 37.06 + 7.09 s (n = 18), whereas averaged grooming time for
wt and ko mice were 70.94 + 21.62s(n=17) and 87.08 £ 15.40s (n =
12) respectively (Fig. 2A). Overall there was no significant difference
among the three genotypes (Kruskal-Wallis test, multiple comparisons of
non-parametric samples, p > 0.05).

Both MBT and self-grooming tests are commonly used as models of
repetitive behaviors and in some animal models of compulsion and
autism there are parallel increases in both self-grooming and marble
burying [38,62-64]. To further examine if there was an in-animal cor-
relation between self-grooming and marble burying, we examined
marbles buried and grooming time of each individual mouse (data not
shown). For each genotype, we detected no correlations between

Fig. 1. mGluR5 ko mice did not bury marbles and showed very
low digging activities in MBT.

(a) Genotype comparisons of number of marbles buried by
animals.

(b) Time spent digging during the same test.

Bars indicate SEM. ###, One way ANOVA, p < 0.001; ##,
One Way ANOVA, p < 0.01.
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Fig. 2. mGluR5 mutants showed no differences in self-grooming.
Genotype comparisons of self-grooming time.
Bars indicate SEM. ns, not significant.

grooming time and the number of marbles buried (correlation coeffi-
cient, wt: r = 0.26, p > 0.05; het: r = - 0.25, p > 0.05; ko: r=-0.56, p >
0.05). Thus, our data provide evidence for dissociation of the two be-
haviors in mGluR5 wt and mutant mice.

3.3. Social interaction is impaired in mGIuR5 ko mice

A characteristic symptom of ASD is impaired social interaction and
social behavior. We evaluated effects of genetic disruption of mGIuR5 in
social approach in mice using the 3-chamber social interaction assay
(Fig. 3A). During habituation (Phase 1, 6 min), mice of all three geno-
types spent similar amount of time in the two side chambers that con-
tained the novel empty wired cups (Fig. 3B-D left panels). When a novel
social partner (stranger 1) was introduced to the cup in the left chamber
(Phase 2, sociability test, 6 min), wt and het mice spent more time in the
left chamber than the right one (wt: 155.3 & 9.12 s vs. 109.9 + 7.03 s,
left vs. right, paired t-test, p < 0.05; het: 151.6 + 7. 24 s vs. 109.7 + 9.32
s, left vs. right, paired t-test, p < 0.05) (Fig. 3B & C center panel). In
contrast, ko mice showed no preference for the mouse-containing
chamber (100.2 + 21.35 vs. 97.8 + 18.09, left vs. right, paired t-test,
p > 0.05) (Fig. 3D middle panel). Subsequently, another social partner
(stranger 2) was brought into the right chamber (Phase 3, social novelty
test, 6 min). Wt and het, but not ko mice, spent more time in the right
chamber during phase 3 than they spent during phase 2 (paired t-tests.
wt: 129.9 + 6.46 vs. 109.9 £ 7.03, p = 0.02; het: 149.0 + 18.66 vs. 109.7
+ 9.32, p = 0.052; ko: 120.0 + 25.56 vs. 97.8 + 18.09, p = 0.23).
However, the preference of stranger 2 over stranger 1 during phase 3
was not statistically significant for all genotype groups (right vs. left: wt,
129.9 4+ 6.46 vs.116.0 £ 10.20; het, 149.6 + 18.66 vs. 123.9 + 17.63; ko,
120.0 + 25.56 vs. 112.1 + 23.44; p > 0.05, paired t-test for each com-
parison) (Fig. 3B-D right panels). Together these experiments demon-
strate that deletion of mGIuR5 caused an impairment in social
interaction of mGIuR5 ko mice.

3.4. mGIuR5 ko mice show hyperactivity and decreased anxiety in the
open field test (OFT)

To determine if there are gross changes in locomotor impairment or
anxiety in these mice, we performed the OFT. Animals were introduced
to a novel, dimly lit open field apparatus (62 x 62 x 30 cm) and were
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allowed to explore freely for 30 min. Total distance traveled by each
animal is shown in Fig. 4A which depicts the data binned into 3 min
increments. During the initial 3 min, all three groups traveled a similar
distance. However, wt and het genotype groups displayed more pro-
nounced habituation to the arena as indicated by their gradual re-
ductions in distance moved over the time. The ko group demonstrated
less habituation and travelled more distance in the later parts of the test.
Overall, the ko group traveled a greater distance than wt and het mice
(Two-Way ANOVA, Fp4p = 9.72, p < 0.001; Fig. 4A). We further
examined the distance traveled in the center of the arena (Fig. 4C) and in
the outside region (Fig. 4B). ko mice demonstrated a greater distance
traveled in both these regions (Two-Way ANOVA, F5 40 =5.98, p < 0.01,
for distance traveled outside; F5 40 = 10.32, p < 0.001, for distance
traveled inside).

In the OFT, time spent in the center of the arena away from the walls
is often used as a measure of anxiety. Analysis of time spent in the center
during the 30 min of the test demonstrated that mGluR5 ko mice spent
significantly more time in the center as compared with het and wt (One-
Way ANOVA, Fy4y = 5.96, p < 0.01) (Fig. 4D). Tukey’s post-test
revealed a significant difference in the wt to ko comparison but not in
the wt to het comparison. This result suggests that mGIluR5 ko mice
display reduced anxiety in the OFT. However, it is possible that hyper-
activity of mGIuR5 ko mice can directly affect the time they spend in the
center of the arena. To see if there was a connection between the two in
the OFT, we compared time series of center occupancy (Fig. 4E) vs.
distance traveled (Fig. 4A) and found that the two measures are not
positively correlated. For example, the largest difference in the center
time fraction between the ko and two other groups was at beginning the
experiment (Fig. 4E, 0—3 min) but during this time the three genotype
groups actually travelled a similar distance (Fig. 4A, 0—3 min). There-
fore increased center occupancy in ko mice was not caused by
hyperactivity.

3.5. mGIuR5 ko mice show hypoactivity in the elevated zero-maze (EZM)
test

To further assess motor and anxiety related behaviors we used the
EZM test. The EZM consists of two wall-enclosed circular runways on
opposite sides of the platform and two open runways. Animals were
introduced to zero-maze and were allowed to explore for total of 20 min.
Analysis of total distance traveled revealed an unexpected profile
exhibited by ko mice when compared to wt and het littermates (Fig. 5A, C
and E). While both wt and het mice exhibited elevated exploratory
locomotion initially with a gradual decrease over time, ko mice did not
have this characteristic profile. They traveled much less distance in the
initial part of the test but gained locomotor activity over the time
(Fig. 5A, C and E). Statistically there was a significant difference in
genotype-time interactions (F1g 396 = 5.52, p < 0.001). Overall, ko mice
exhibited a significant hypolocomotive phenotype in the first half of
EZM test (Two-way ANOVA, F5 44 = 4.13, p < 0.05, 0—10 min) (Fig. 5E).
However, distances traveled by three groups were similar for the
remaining of the test (Two-way ANOVA, F5 44 = 0.88, p > 0.05, 10-20
min) (Fig. 5E). Hypolocomotor activity of the ko mice was statistically
more significant in the closed area (Two-way ANOVA, F5 44 = 4.34,p <
0.05, 0—10 min) (Fig. 5C) than in the open runways (Two-way ANOVA,
Fg 44 = 2.55, p = 0.089) (Fig. 5A). We also analyzed the time animals
spent exploring the open area (Fig. 5B) and the closed area (Fig. 5D) and
found no difference between the genotypes and genotype-time in-
teractions. When we analyzed animals’ behavior in the two halves of the
test separately (0—10 min and 10—20 min), we again found no differ-
ence between the genotypes. All three groups spent a similar percentage
of time on the open runways during the first 10 min (Fy 44 = 0.11, p >
0.05) and also during the last 10 min (F3 44 = 1.30, p > 0.05) (Fig. 5F).
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3.6. Rotarod performance is not altered in mGluR5 mutant mice

We conducted the rotarod test to examine if motor coordination,
balance and motor learning might be affected in mGIluR5 mutant mice
(Fig. 6). Trials were performed over 4 consecutive days (three trials per
day) and the latency to fall from the accelerating rotarod was measured.
Each cohort (wt, n = 17; het, n = 14; ko, n = 12) showed improvement in
their ability to remain on the rotarod across trials (F1, 440 = 5.69; p <
0.0001). There was no difference among three genotype groups in their
performance (Two-way ANOVA, Fy 49 = 0.89, p > 0.05). Therefore,
motor coordination and learning in rotarod performance is not grossly
impaired in mGluR5 het and ko mutants.

3.7. Striatal synaptic scaffold proteins are reduced in mGluR5 mutant
mice

The striatum plays an essential role in controlling repetitive behav-
iors and locomotor activity [59,65,66]. mGluRS5 is particularly abundant
in the striatum and has been shown to regulate cellular activities in this
region [67-69]. In addition to transducing synaptic glutamate signaling,
mGIuR5 also participates in the structural organization of the post-
synaptic density by interactions with the Homer-Shank-PSD95 scaf-
folding [70]. Many scaffold proteins have been implicated in ASDs [71,
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Fig. 3. mGluR5 ko mice were impaired in 3-

chamber social interaction assay.

(a) Experimental scheme.

(b-d) 3-chamber social interaction assay of wt

(b) het (c) and ko (d) mice. Scatter dot plots are

time spent in left and right chamber during
R habituation (left panels), after introduction of 1
st stranger (middle panels, sociability test) and
after introduction of 2nd stranger (right panels,
social novelty test). *p < 0.05, paired t-test.
Bars indicate SEM.

Social Novelty

Ko

72]. Therefore, we decided to examine whether complete or partial
disruption of mGluR5 may also affect synaptic scaffolding components
(Fig. 7). Tissues from the striatum were collected and used for the
preparation of synaptoneurosomes [44]. Probing western blots with the
mGluR5 antibody confirmed a complete loss of mGluR5 in the ko mice
and decrease of mGluRS5 protein in het mice (Fo 15 = 37.35, p < 0.0001).
There was approximately a 60 % reduction of mGluR5 expression in the
het mice (n = 6 mice for each genotype group). Expression of Shank
protein was slightly reduced in het and ko mice (het: 86.2 + 8.7 % ko:
86.7 + 7.67 %, compared with wt; n = 9 mice for each genotype group)
but difference was not significant (F3 24 = 1.2, p > 0.05). het and ko mice
also showed small, but significant reduction of PSD95 levels (het: 75.2 +
6.89 %; ko: 85.6 & 6.61 %; Fy 24 = 4.87, p < 0.05) and GluR1 (het: 80.2.
+ 4.25 %; ko: 78.9 + 3.82 %; Fp 24 = 8.56, p < 0.01), but not NR1 (het:
84.1 £ 11.61 %,; ko: 93.8 + 10.75 %; F 15 =0.62, p > 0.05), as compared
to wt mice. Cask, a presynaptic protein, showed a slight but
non-significant reduction in mutant mice (het: 93.8 &+ 6.1 %; ko 86.8 +
4.98 %; F 04 = 1.594, p > 0.05). (Fig. 7). Thus, genetic disruption of
mGIluR5 caused small alterations in the molecular composition of syn-
aptic scaffolding complexes, particularly those in postsynaptic
compartments.
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Fig. 4. mGIuR5 ko mice showed hyperactivities and decreased anxiety in open field test.

Plots of distance traveled in the whole arena (a), outside region (b) and center square (c). Data are segmented into 3 min intervals. (d) Percentage of time spent in the
center square (0—30 min) (e) Time series of center square occupancy. Bars indicate SEM. +++, Two way ANOVA, p < 0.001; ++, Two way ANOVA, p < 0.01; ##,
One way ANOVA, p < 0.01; *, Tukey’s post test, p < 0.05; **, Tukey’s post test, p < 0.01.

4. Discussion

Excessive mGluR5 signaling has been proposed as a central causal
factor for multiple neurodevelopmental disorders [26,35,73]. In support
of these notions, genetic ablation or pharmacological inhibition of
mGIuRS5 can rescue cellular, synaptic and behavioral alterations in some
animal models of ASD [22,28,29]. In addition, emerging evidence also
suggests that inadequate mGluR5 signaling can also cause ASD-like
symptoms, as pharmacological enhancement of mGluR5 receptors can
rescue behavioral impairments in ASD models in which mGIluR5
signaling are deficient [24,25,74,75].

Given the importance of mGIluR5 signaling in ASD, it would be
interesting to determine the effects of genetic disruption of mGIuRS5 in
mouse behaviors that are related to ASD. In the present study we tested

mGIluR5 ko mice in behavioral tests often used to reflect autism related
behaviors including social preference, repetitive grooming and digging
and locomotor behaviors [76]. We found that digging and social pref-
erence were both aberrant in the mGIuR5 ko mice although in other
behaviors such as grooming, no evidence of gross alterations were
observed in mGluR5 mutant mice.

The MBT is commonly employed to study repetitive behaviors and
anxiety in rodents [45,46]. Core symptoms of autism include repetitive
behaviors and restricted interests. Accordingly, the MBT is increasingly
used in ASD mouse models. However, with conflicting results from the
many different ASD models that have been assayed, there is no
consensus as to whether MB may increase or decrease in these mice.
Some ASD models demonstrated increased MB, such as BTBR mice [48,
60], VPA mice [38], eIlF4E transgenic mice [49], COX2 knockout mice
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Fig. 6. Rotarod performance was not altered in mGluR5 mutant mice.
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were subjected to three trials per day for 4 consecutive days with ~30 min of
inter-trial interval. Bars indicate SEM. ns, not significant.

[51] and rodents subjected to maternal immune activation (MIA) [50].
But other ASD models, such as fmrl KO mice [52,55], Shank3 A4-22
mutant [56], Shank3/F KO mice [77], the Mecp2-308 truncation mouse
model of Rett syndrome [53] and C58/J mouse model of autism [54],
buried less marbles. It is still not known why results are different based
on animal models. The discrepancy may be due to differences in how
these ASD mouse models produce changes in the individual factors that
collectively contribute to the overall MB behaviors. For instance,
changes in anxiety, stereotypy and locomotor function may each indi-
vidually alter the amount of time animals spend digging and these

distinct contributing factors may be differentially affected in different
mouse models.

The most striking finding of this study is that MB was almost
completely abolished in mGIuR5 ko mice. The reduced MB is unlikely
caused by gross motor impairment because movement of the ko mice in
the OFT and in rotarod test were largely normal. mGluR5 antagonists
reduced MB in mice [57,78] and therefore our finding is in line with the
effect of acute pharmacological inhibition of mGIuR5 signaling. More-
over, mGluR5 antagonist also reduced exaggerated MB in VPA-treated
mice, suggesting that mGluR5 inhibitors may have therapeutic poten-
tial to treat excessive repetitive behaviors [38]. On the other hand, it
would also be interesting to test if mGluR5 agonists can increase MB in
ASD models that bury less. Together, the current study and previous
studies suggest that mGluR5 drugs may have therapeutic efficacy in
treating repetitive behaviors in ASD.

Another common measure of repetitive behaviors in mouse models is
overgrooming. In the BTBR model which has a number of behavioral
features that are parallels of autism associated behaviors, acute inhibi-
tion of mGluR5 reduced the overgrooming [36,37], but had only mini-
mal effects on self-grooming of WT controls [36,37]. Similarly, in the
VPA model of autism mGluR5 antagonist MPEP can significantly reduce
repetitive over-grooming behaviors [38]. Also, interestingly, the
mGIluR5 negative allosteric modulator (NAM) MTEP reduced elevated
grooming activity in Sapap3 ko mice, a model for obsessive compulsive
disorder (OCD), but it did not modify basal grooming behavior of wild
type control [17]. We tested the mGluR5 mutant mice for basal levels of
grooming behavior and found that there was no significant effect of the
ko, demonstrating that while some repetitive behaviors (MB) are dis-
rupted in these mice other natural behaviors are not grossly changed.
We should point out that both MB and grooming behaviors are strongly
affected by anxiety state of mice [79] and given the potential effects of
mGIluR5 ko on anxiety phenotypes it is not possible to rule out the effects
of altered anxiety in mGluR5 mutants on grooming and MBT conducted
in this study. However, reducing repetitive behaviors and anxiety would
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both be beneficial for treatment of ASD, given that individuals with ASD
frequently have comorbid anxiety disorders [80].

Tests that examine social interaction in mice are also commonly used
as parallels to diagnostic symptoms of social withdrawal in human
autism patients. Many studies have been conducted to evaluate phar-
macological modulation of mGluR on social interactions in rodents.
Together they demonstrate a complex effect of mGluR5 compounds on
social behaviors. For example, MPEP has been shown to increase social
exploration in Sprague-Dawley rats [57] and in albino mice [81]. MPEP
also improved social interactions in some rodent models of ASD [82,83].
However, it had no effect on sociability of B6 and BTBR mice [36] as
well as Balb/c and Swiss Webster mice [84]. Fenobam, a mGluR5 NAM
can reverse the deficits in social interaction in autistic Eif4ebp2
knock-out mice without affecting social interaction in wild-type
C57BL/6 J mice [34]. GRN-529, another mGluR5 NAM, partially
reversed the lack of sociability in BTBR mice while it did not affect the
sociability in B6 controls [37]. In addition to mGluR5 blockers and
NAMs, enhancing mGIluR5 signaling when it is deficient can also
improve social behaviors. For instance, the mGluR5 positive allosteric
modulator (PAM) CDPPB enhanced social interaction in the Shank2,
Shank3 and Sarm1 ko mouse models of ASD [25,74,75]. In the present
study, mGluR5 ko mice demonstrated impaired social interaction. This
result, together with others in the literature, suggests that maintaining
mGluR5 signaling within a certain range is critical for normal social
behavior.

The 3-chamber test is a relatively simple task that provides an indi-
rect estimation of social interactions. However prior studies using the 3-
chamber test have demonstrated a strong correlation to direct social
interaction behaviors where reciprocal behaviors are also possible [58].
In our experiments, mice from both the wt and het groups clearly
demonstrated social preference in the sociability test (Fig. 3, mid panel).
But we were surprised that we did not see robust social novelty prefer-
ence in the 3rd phase of the test for any genotype (Fig. 3, right panel).
This may be attributed to some specific parameters in our experiment.
Most notably we shortened the duration of the test from 10 min in the
original studies [85,86] to 6 min in our study. This change may have
negatively impacted the animals’ social novelty preference. Lack of
robust social novelty preference may also be partially attributed to the
background strain as it has been shown that mice on the C57BL/6
background don’t seem to have strong social novelty preference in the
3-chamber test [87].

Administration of mGluR5 antagonists to rodents are anxiolytic as
assessed in a number assays for anxiety [57,88]. Moreover, Fenobam has
been used clinically to treat human anxiety disorders [89]. We found
that some behaviors displayed by mGluR5 mutant mice can be inter-
preted as consistent with a reduced anxiety phenotype. In the OFT ko
mice spent more time in the middle of arena compared to wt and het,
confirming the results of prior studies using a different mGluR5
knockout mouse [90,91]. However our EZM test was not consistent with
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this and revealed no differences among the three genotypes (Fig. 5). The
inconsistency between the OFT and EZM test is not entirely unexpected.
Similar differences between tests have also been observed in other
studies of rodent anxiety tests [92,93]. Notably, there was also lack of
agreement between OFT and elevated plus maze (EPM) in measuring
locomotor activity and anxiety in prior mGluR5 ko mice [90,91].
Consistent with the lack of changes in anxiety in mGIluR5 ko mice as
measured by EPM (Fig. 5) and EZM [90,91], a recent study showed
MTEP had no effect on anxiety in wild type mice in the EZM [17].

Tests of the effects of mGluR5 antagonists on locomotion and
exploration have produced conflicting results. For example, acute
mGluRS5 inhibition in rodents has been reported to have either no effect
[19,93-96], or produce increased locomotion [81,97] or decreased
locomotion [98-100]. Studies using genetic models, however, have
consistently demonstrated hyperactivity in mGluR5 knockout mice in
the OFT [90,91,101]. Conditional deletion of mGIuR5 from cortex also
caused an increase in locomotor activity in the OFT [102]. We found
that, consistent with prior reports, mGluR5 ko mice were hyperactive in
the OFT [90,91,101]. However, in the EZM they displayed an unusual
activity pattern with a dramatic hypo-locomotive phenotype during the
initial part of the test when exploratory behavior is normally elevated
(Fig. 5). This observation is likely due to altered exploratory behavior
consistent with a previous study that demonstrated that MPEP admin-
istration to rats significantly inhibits the initial surge of exploratory
locomotion in radial arm maze [100]. Interestingly in OFT, conditional
deletion of mGluRS5 in forebrain GABAergic neurons (DLX-mGlu5 KO)
also caused initial hypoactivity, followed by hyperactivity [103]. Thus
activity profile of global ko mice in EZM was somewhat similar to that of
DLX-mGlu5 KO mice in the OFT.

A complication of this study is that in mGluR5 ko mice locomotor
activity is altered, which could confound other behavioral measure-
ments. For example, mGluR5 ko mice demonstrated both hyperactivity
and increase center time in the OFT. It is possible that the increased
center occupancy was actually caused by hyperactivity of ko mice.
However, we did not find a positive correlation between these two
measures (Fig. 4A and E), suggesting that increased center occupancy
cannot be attributed to hyperactivity. MB can also be affected by hy-
peractivity. However, ko mice buried ~ 30 fold fewer marbles than wt
and het (MBT) while they traveled only ~ 1.5 fold more (OFT). This
disparity suggests that the nearly complete lack of MB in ko mice was not
caused by hyperactivity either. Last, social behaviors can also be altered
by locomotor activity. Our data from the 3-chamber social interaction
test suggests that mGluR5 ko mice are impaired in social interaction.
However, we can’t rule out that the apparent impairment was simply
caused by hyperactivity of animals. Notably, there are examples where
hyperactivity and social deficits are present in the same mouse [104]
and other examples where animals are hyperactive but have largely
normal social interactions [105].

We performed western blot to examine whether complete or partial
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disruption of mGluR5 may also affect synaptic scaffolding components.
As a general observation, we found that several scaffold proteins were
modestly reduced in both het and ko mice, although statistically signif-
icant difference was only detected in PSD95 and GluR1 blots. We were
particularly interested in Shank proteins as they are top gene candidates
in ASD. Among shank proteins, Shank3 is the predominant isoform
expressed in striatum [59]. Knock-down of Shank3 in primary neuronal
cultures caused a significant reduction in the mGluR5 [106]. In several
different Shank3 mutant mice, striatal mGluR5 expression was either
markedly reduced (Shank3B /" line) [1071, not changed or only slightly
reduced (~15 % reduction but not statistically significant)
(Shank3A11—/-) [25], or even substantially increased (Aed-2277)
[23]. Together, these results suggest that striatal mGluR5 expression
might be linked to Shank3, although underlying mechanism can be so-
phisticated. In our analysis, we saw a small decrease in Shank in het and
ko mice but the difference was not significant. Further investigation,
perhaps with more sensitive assays such as proteomics analysis, is
needed. Another interesting finding from our western blot results is the
observed reductions of protein expressions in het mice, despite the fact
that they showed no differences from wt mice in all the behavior assays
we performed in this study. Therefore, partial disruption of mGluR5 was
sufficient to affect molecular compositions of synaptic scaffolding pro-
teins, but these changes at molecular level did not translate into changes
in behaviors.

One limitation of our study is the constitutive genetic knockout of
mGluR5 which raises caveats in interpreting effects that might be due to
altered circuit development caused by loss of mGluR5 signaling in early
stage brain development [10,108]. Thus, our results should be inter-
preted with these cautions in mind but provide a platform for future
studies using more precise temporal and spatial manipulations. In
conclusion, we have found abnormal repetitive behaviors and social
interactions in mGluR5 mutant mice. Future studies will be required to
parse out the cellular and circuit correlates of these behavioral
disruptions.
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