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Social interactions in vertebrates are complex phenomena based on affective and cognitive processes. Multiple brain regions and
neurotransmitter systems are involved in the expression of social behaviors, but their individual roles in specific aspects of social
interactions are not well understood. Here we investigated how Gq-protein-coupled metabotropic glutamate receptor 5 (mGluR5) and
oxytocin receptor (Oxtr) affect social affiliation and social memory. We used conditional genetic approaches in which the genes coding for
these receptors were knocked out in the lateral septum by infusion of recombinant adeno-associated viral vectors containing Cre
recombinase (AAV-Cre). Social behavior was assessed 2 weeks later using a three-chamber paradigm for sociability and preference for
social novelty. Septal deletion of mGluR5 abolished sociability while leaving preference for social novelty intact. In contrast, deletion of
Oxtr did not affect sociability but significantly impaired preference for social novelty. Nonsocial behaviors or memories, including novel
object recognition or fear conditioning, were not affected by these genetic manipulations. Immunohistochemical analyses of the
distribution of mGluR5 and Oxtr revealed non-overlapping localization of these receptors within the lateral septum, suggesting that not
only different neurotransmitters but also different neuronal types contribute to sociability versus preference for social novelty. Our findings
identify highly specialized roles of lateral septal mGluR5 and Oxtr in the the regulation of discrete social behaviors, and suggest that deficits
in social interactions, which accompany many mental illnesses, would benefit from comprehensive treatments targeting different
components of social functioning.
Neuropsychopharmacology (2015) 40, 2337–2346; doi:10.1038/npp.2015.81; published online 22 April 2015
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INTRODUCTION

Interactions among conspecifics constitute an important
basis for the organization of life and provide many health
benefits to social species. Deficits in social behavior are
linked to developmental abnormalities in children, such as
autism spectrum disorders (ASD), and can also occur later in
life as a sign of major psychiatric illnesses such as schizo-
phrenia or major depression (Crespi and Badcock, 2008).
Understanding the mechanisms of social behavior therefore
has important implications for mental health.
Several neurotransmitter systems have been causally linked

to the expression of social behavior, including those acting
via major excitatory and inhibitory ion channel receptors

(Coghlan et al, 2012; Yang and Chang, 2014), as well as those
acting via G-protein-coupled receptors (Caldu and Dreher,
2007; Kiser et al, 2012). Two classes of Gq-protein-coupled
receptors, metabotropic glutamate receptor 5 (mGluR5) and
oxytocin receptor (Oxtr), are of particular interest: both have
been found to contribute to social, affective, and stress-related
behavior (Panksepp, 1992; Carter, 1998; Yap et al, 2005; Koros
et al, 2007) and have been implicated as potential treatment
targets for ASD symptoms (Insel et al, 1999; Dolen et al,
2010).
Abnormal mGluR5 function has been suggested as a

contributing factor to ASD; thus, mGluR5 manipulations has
been extensively studied by using systemic pharmacological
manipulations in genetic mouse models of social deficits
(Dolen et al, 2010; Carlson, 2012). Unfortunately, results
from these studies have been inconsistent, depending on
the genetic abnormality and behavioral phenotype. This is
further complicated by findings that both positive (Clifton
et al, 2013) and negative (Silverman et al, 2012) allosteric
modulators of mGluR5 confer model- and phenotype-
specific behavioral benefits. For example, impaired social
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novelty discrimination induced by neonatal treatment
with phencyclidine is improved by activation of mGluR5
with positive allosteric modulators (Clifton et al, 2013).
On the other hand, deficits of sociability in BTBR mice were
improved by negative allosteric modulators of mGluR5
(Silverman et al, 2012). Interestingly, the role of mGluR5
in the social behavior of normal, genetically intact mice has
also provided controversial evidence, with pharmacological
approaches yielding strain-dependent effects. Antagonism
of mGluR5 in Balb/c mice did not affect time spent in a
chamber with a juvenile but it enhanced sniffing, whereas the
same manipulation in Swiss Webster mice enhanced time
spent in the chamber but reduced sniffing (Burket et al,
2011). Overall, the role of mGluR5 in social behavior has not
yet been clarified, possibly because of the limited specificity
of pharmacological approaches, reliance on acute treatments,
or use of systemic manipulations.
Unlike mGluR5, oxytocin has traditionally been viewed as

‘the’ social hormone and a number of pharmacological
manipulations of Oxtr has implicated this system in virtually
every aspect of social functioning (Ross and Young, 2009).
Surprisingly, genetic deletion of oxytocin or Oxtr has
produced specific deficits of social memory while leaving
other social functions intact (Ferguson et al, 2000; Crawley
et al, 2007). However, even in genetic models, the data have
not been consistent, and more general deficits have also been
reported (Sala et al, 2013). It is not yet clear whether these
discrepancies are due to insufficient specificity of pharma-
cological manipulations, compensatory mechanisms in
constitutive Oxtr knockouts, or to the complex and possibly
opposing contributions of different brain areas and circuits
to social behaviors.
We attempted to establish the roles of mGluR5 and Oxtr

on different aspects of social behavior in a comparative
study, using conditional and region-specific genetic manip-
ulations of these receptors. We selected this approach to
achieve highly specific manipulations of each receptor while
minimizing the possibility of compensation. We focused on
the lateral septum because this area contains some of the
highest brain levels of Oxtr (Lee et al, 2008) and mGluR5
(Shigemoto et al, 1993; Romano et al, 1995) and is therefore
a likely target for their actions. In addition, the lateral septum
has a well-established role in social behavior and it is directly
connected (Risold and Swanson, 1997) to other key brain
areas regulating social interactions, such as CA2 hippocam-
pus (Hitti and Siegelbaum, 2014) and dopaminergic circuits
(Gunaydin et al, 2014). To examine the specificity of Oxtr
and mGluR5 in social versus nonsocial behavior, we also
tested the mice in novel object recognition and fear
conditioning paradigms. Our findings demonstrate highly
specific roles of septal mGluR5 and Oxtr in social behavior,
as indicated by a double dissociation of their effects on
sociability and social novelty.

MATERIALS AND METHODS

Animals

Nine-week-old male C57BL/6J mice with floxed mGluR5
(Xu, 2009, p 669) or Oxtr (Nishimori, 2008, p 1830) were
backcrossed for over nine generations into wild-type C57BL/6J
females (Jackson) and subsequently maintained by homozygous

breeding in Northwestern University’s animal facility. After
weaning, the mice were individually housed on a 12 h light/
dark cycle (lights on at 0700 hours), and allowed ad libitum
access to food and water. Nine- to eleven-week-old mice
were used for the experiments. Wild-type C57BL/6N male
mice (Harlan) of the same age served as the stimulus mice. One
week before the beginning of the experiments, the mice were
transferred to our satellite facility, which provides similar
environmental conditions. In the facility, the mice were
housed in laminar flow cabinets (Scanbur, Sollentuna,
Sweden) adjacent to the behavioral testing equipment to
avoid transport between housing and testing. Separate groups
of mice were used for each behavioral paradigm. All pro-
cedures were approved by Northwestern University’s Animal
Care and Use Committee in compliance with National
Institutes of Health standards.

Surgery and Cannulation

Double guide cannulas (Plastics One) were implanted in the
lateral septum as described previously (Guzman et al, 2013).
Briefly, mice were anesthetized with 1.2% tribromoethanol
(Avertin) and implanted with bilateral cannulas (26-gauge
outer and 28-gauge inner diameter, 1 mm center-to-center
distance) using a digital stereotaxic apparatus (Kopf Instru-
ments). The coordinates used to target lateral septum were
0.2 mm anterior± 0.5 mm lateral, and 3.0 mm ventral to
bregma. Mice were allowed 1 week to recover before virus
injections. Only mice with correct cannula placements, as
determined at the end of the experiments with histological
examination of brain tissue, were included in data analyses.

Infusion of Viral Vectors

The viral vectors AAV-GFP-Cre (AAV-Cre; driven by a
synapsin promoter and obtained from Pavel Osten) or AAV-
GFP (driven by a synapsin promoter, University of
Pennsylvania Viral Vector Core) were infused intraseptally
over 2 min (0.1 μl/min) under light isoflurane anesthesia. All
viruses had a titer of 1–2 × 1012 particles per ml and were of
the AAV2 serotypes. Before any behavioral training, viruses
incubated for 14 days to allow for significant knockdown.
After the end of each experiment, all brains were collected
for histological verification of cannula placements or
immunohistochemical or quantitative PCR (qPCR) valida-
tion of genetic knockdown. We demonstrated previously that
the AAV-GFP and AAV-Cre do not exert toxic effects on
lateral septal neurons, and that AAV-Cre did not affect
memory-related or other behaviors of wild-type mice
(Guzman et al, 2013). On this basis, and to minimize con-
founds of genetic factors (eg with comparisons of floxed
versus wild-type mice), all experiments were performed with
floxed mice receiving either AAV-GFP or AAV-Cre.

Social Interaction Paradigm

To assess sociability and social novelty, we used a three-
compartment social behavior chamber (Moy et al, 2004;
Sankoorikal et al, 2006). The chamber was a glass rectangular
box (76.2 cm long × 30.5 cm wide × 30.5 cm tall) divided into
three compartments with a mesh cylinder (11.4 cm diameter)
placed in each side compartment. The mesh cylinder allowed
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for air exchange and for auditory, visual, and olfactory
interaction, but prevented fighting, between experimental
and stimulus mice. Testing consisted of a 5-min habituation
phase, in which no stimuli were present; a 5-min sociability
test, in which a stimulus mouse and an inanimate object (toy
mouse) were present in separate chambers; and a 5-min
preference for social novelty test, in which the toy mouse was
replaced by a novel mouse. Animals’ position and motion
were tracked by a top-mounted video camera connected to a
computer and a DVD recorder and analyzed using Videomot
II tracking software (TSE Systems). For analysis, time spent
in each compartment during each phase of the test and time
spent in close proximity (within 4 cm) of the stimulus mice
during the test phase were calculated and expressed as
percent of the total test time (5 min). Because these param-
eters yielded similar results, we present only the percent of
time spent in each compartment relative to the total test time
so that the habituation data (without a stimulus) can also be
compared. Sociability was assessed by the time spent with a
mouse versus an object, whereas preference for social novelty
was assessed by the time spent with a new versus a familiar
mouse, and each was presented as percent of the total
test time.

Novel Object Recognition Paradigm

The novel object recognition paradigm consisted of an iden-
tical apparatus and involved a similar procedure as described
above, except that instead of conspecifics, mice were exposed
to different objects as described previously (Gao et al, 2011).
Briefly, after a 5-min habituation period, the mice were
exposed for 5 min to a cube in one, and a bottle in the other
side compartment. Subsequently, one of the objects was
randomly replaced with a novel object (a tape roll), and the
time spent in the chamber of the novel versus familiar object
was calculated relative to total test time.

Fear Conditioning Paradigm

Fear conditioning took place in a 35 × 20 × 20 cm3 Plexiglas
chamber with a stainless-steel rod floor (4 mm diameter,
0.9 cm center to center) located within a sound-attenuating
cabinet with black inner walls (TSE Systems). The box was
cleaned after each mouse with 70% ethanol. Mice were
placed in the chamber and 3 min later presented with a
footshock (2 s, 0.7 mA, constant current). Mice were tested
for fear to the conditioning context 24 h later by returning
them to this chamber for 3 min tests. Freezing was scored
every 5 s by a trained observer blind to the experimental
conditions, and expressed as the percentage of total number
of observations (Guzman et al, 2013).

RNA Extraction and qPCR for Determination of Oxtr
mRNA Levels

Mice were injected intraseptally with methylene blue to
visualize the viral injection site and then killed by cervical
dislocation. Brains were dissected and the lateral septum was
collected using a brain matrix. Tissue was homogenized in
lysis buffer with β-mercaptoethanol and frozen in liquid
nitrogen. RNA was extracted using miRCURY Total RNA
Isolation Kit (Exiqon), reversely transcribed, and subjected to

real-time PCR using SYBR Green master mix (Applied
Biosystems) and primers for Oxtr or mouse hypoxanthine
phosphoribosyl transferase 1 (mHprt1) as an internal control
(Tronson et al, 2009). For Oxtr, the forward primer was
5′-GGAGCGTCTGGGACGTCAAT-3′ and the reverse primer
was 5′-AGGAAGCGCTGCACGAGTT-3′. For mHprt1, the
forward primer was 5′-GGGCTTACCTCACTGCTTTC-3′
and reverse 5′-TCTCCACCAATAACTTTTATGTCC-3′. The
level of Oxtr expression in Oxtrflox/floxmice injected with rAAV-
Cre was normalized to mHprt1 and shown relative to the
rAAV-GFP control.

Immunoblot

Septal tissue was collected around the tips of the cannula and
lysed in modified radioimmunoprecipitation buffer (20 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM
EGTA, 1% NP-40, 1 mM Na3VO4) containing a protease
inhibitor cocktail (Pierce), incubated for 15 min on ice, and
centrifuged for 15 min (15 000 g) at 4 °C. Samples were
subjected to SDS-PAGE (10 μg per well) and transferred to
polyvinylidene difluoride membranes (Millipore). Mem-
branes were blocked with I-block (Tropix), incubated with
primary antibody overnight at 4 °C, and with secondary
antibody conjugated to alkaline phosphatase for 1 h at room
temperature, followed by incubations with the chemilumi-
nescent enhancer Nitroblock II and chemiluminescent sub-
strate CDP star (Tropix). Bands were visualized after
exposing the membranes to X-ray films. Primary antibodies
used were against α-tubulin, 1:2000 (mouse; Sigma), and
anti-mGluR5, 1:6000 (rabbit; Millipore), as shown previously
(Tronson et al, 2010).

Immunohistochemistry

Brains were fixed with 4% PFA, dehydrated in 30% sucrose,
and stained using the Vectastain system (Vector), as
described previously (Guzman et al, 2013). Immunostaining
with mouse anti-GFP (1:6000; Abcam) was visualized with
fluorescein isothiocyanate, whereas rabbit anti-mGluR5
(1:16 000; Millipore) was visualized with Coumarin. Slices
were mounted in Vectashield (Vector) and observed with a
confocal laser scanning microscope (Olympus Fluoview
FV10i) for double labeling at × 40. Septal sections were
analyzed for double labeling at the coordinates (Paxinos and
Franklin, 2004) AP +0.14 to +0.38. Quantification of
mGluR5 signals was performed using the ImageJ software,
by analyzing the density of mGluR5 signals or determining
the number of Venus-positive neurons in the dorsal and
lateral septum.

Statistical Analysis

We used 7–10 mice per experimental group for the behavioral
studies. For immunohistochemical, qPCR, and immunoblot
assays, we used biological replicates of 4–6 samples per
group. This sample size gave us statistical power of 80% to
detect knockdown effects. All data showed normal distribu-
tion and were analyzed by repeated-measures ANOVA with
factors genotype and test condition (sociability versus social
novelty). Two-tailed Student’s t-test was used to determine
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within-group side preference. Data are presented as
mean± SEM.

RESULTS

Conditional Knockdown of mGluR5 and Oxtr by
rAAV-Cre

Infusion of rAAV-Cre resulted in a conditional mGluR5
knockdown in the lateral septum in mGluR5flox/flox mice,
with an average decrease of ~ 75% of mGluR5 protein levels
when compared with the rAAV-GFP controls (Figure 1a;
t(9)= 8.081, Po0.001, N= 5 per group). Validation of
cannula placements by histological analysis confirmed the
septal infusion sites (Figure 1b). Because specific Oxtr anti-
bodies were not available, Oxtr knockdown in Oxtrflox/flox

was validated with qPCR. Similar to our earlier observations
(Tronson et al, 2009; Guzman et al, 2014), infusion of rAAV-
Cre resulted in a conditional Oxtr knockdown in the lateral
septum, with an average decrease of ~ 70% of Oxtr mRNA
when compared with the rAAV-GFP control (Figure 1c;
t(7)= 7.65, Po0.001, n= 4 per group). Cannula placements
from these experiments are depicted in Figure 1d. These
studies showed that rAAV-Cre caused a significant knock-
down of mGluR5 and Oxtr in their corresponding floxed
mouse lines.

mGluR5 Knockdown in the Lateral Septum Disrupts
Sociability but not Preference for Social Novelty

mGluR5flox/flox mice infused with rAAV-GFP or rAAV-Cre
did not show innate preference for any side of the chamber
during habituation (Figure 2a; rAAV-GFP: t(1,17)= 0.118,
P= 0.903; rAAV-Cre: t(1,17)= 0.112, P= 0.913, n= 9 per
group). On tests of sociability and social novelty, repeated-
measures ANOVA found significant effects of test
(F(1,16)= 107.66, Po0.001), group (F(1,16)= 11.21,
Po0.01), and test × genotype (F(1,16)= 21.83, Po0.001)
interaction. Repeated contrary to rAAV-GFP controls, who
displayed a significant preference for the social versus the
nonsocial stimulus (Figure 2b; t(1,17)= 3.119, Po0.05)),
rAAV-Cre group similarly explored the social and nonsocial
stimulus (t(1,17)= 0.219, P= 0.830). These findings demon-
strate decreased sociability in mGluR5 knockdown mice.
Despite this deficit, the mice showed preserved preference
for social novelty (Figure 2c) and spent increased time
exploring the novel versus familiar stimulus mice (rAAV-
GFP: t(1,17)= 3.43, Po0.05; rAAV-Cre: t(1,17)= 2.961,
Po0.05). These findings revealed a specific deficit of
sociability induced by mGluR5 knockdown.

Oxtr Knockdown in the Lateral Septum Disrupts
Preference for Social Novelty but not Sociability

Similar to mGluR5flox/flox mice, Oxtrflox/flox mice infused with
rAAV-GFP or rAAV-Cre equally explored the different sides
of the chamber (t(1,17)= 0.149, P= 0.955, n= 9 per group)
during habituation (Figure 3a). On tests of sociability and
social novelty, repeated-measures ANOVA found significant
effects of test (F(1,16)= 76.01, Po0.001), group (F(1,16)=
8.246, Po0.05), and test × genotype (F(1,16)= 24.68,
Po0.001) interaction. Lateral septal Oxtr knockdown did

not affect sociability (Figure 3b), as revealed by significantly
more time spent with the social versus nonsocial stimulus in
both rAAV-GFP (t(1,17)= 3.55, Po0.05) and rAAV-Cre
groups (t(1,17)= 3.24, Po0.05). However, preference for social
novelty was significantly disrupted (Figure 3c), as revealed by
the finding that rAAV-Cre mice similarly explored the novel
and familiar stimulus mouse (t(1,17)= 0.186, P= 0.645),
whereas rAAV-GFP controls showed significant preference
for the novel stimulus mouse (t(1,17)= 4.27, Po0.01). Thus,
contrary to the mGluR5 knockdown, Oxtr knockdown did
not affect sociability but selectively impaired preference for
social novelty.

mGluR5 or Oxtr Knockdown in the Lateral Septum do
not Affect Novel Object Recognition Memory

We used the novel object recognition task to examine whether
the observed deficits were specific for social behavior or also
extend to nonsocial stimuli. All objects were selected based

Figure 1 Conditional knockdown of mGluR5 and Oxtr in the lateral
septum. (a) Protein levels of mGluR5 in septal lysates of mGluR5flox/flox mice
injected with rAAV-GFP or rAAV-Cre. The immunoblot is shown below.
(b) Cannula placement sites for mice used in the mGluR5 knockdown
experiments. An example of GFP signals in the lateral septum is illustrated
below. (c) Oxtr mRNA levels in septi of Oxtrflox/flox mice injected with
rAAV-GFP or rAAV-Cre. (d) Cannula placement sites for mice used in the
Oxtr knockdown experiments. Statistically significant differences: *Po0.001,
rAAV-Cre versus rAAV-GFP controls.
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on their similar preference by the mice (Gao et al, 2011).
Accordingly, mice of each group expressed similar interest in
the objects during the first exposure, for mGlur5flox/flox

(Figure 4b; F(3,28)= 0.225, P= 0.72, n= 7–8) and Oxtrflox/flox

mice (Figure 4e; F(3,27)= 0.134, P= 0.682, n= 7–8). On tests
of exposure to a novel versus familiar object, repeated-
measures ANOVA performed on mGluR5 knockdown found
significant effects of test (F(1,13)= 150.08, Po0.001) but
not genotype (F(1,16)= 0.851, P= 0.373) or test × genotype
(F(1,16)= 2.98, P= 0.104) interaction. Similar results were
obtained for the Oxtr knockdown, with significant effects
of test (F(1,13)= 123.22, Po0.001) but not group
(F(1,13)= 0.714, P= 0.325) or test × genotype (F(1,13)=
2.44, P= 0.113) interaction. An overall one-way ANOVA
on the test day revealed that both mGluR5 and Oxtr
knockdown mice, as well as controls, recognized the novel
object in the last phase of the paradigm, as revealed by a
significantly increased time spent in the chamber of the
novel when compared with the familiar object (Figure 4c;
F(3,26)= 8.43, Po0.01, n= 7–8) and Oxtrflox/flox mice
(Figure 4f; F(3,26)= 7.92, Po0.01, n= 7–8). These findings
show that interest in and recognition of inanimate objects
was intact in mGluR5 and Oxtr knockdown mice, and thus
their deficits were restricted to social behavior.

mGluR5 or Oxtr Knockdown in the Lateral Septum do
not Affect Fear Conditioning

In addition to social behavior, the lateral septum mediates
fear- and anxiety-related behaviors (Gray and McNaughton,
2000). Both mGluR5 and Oxtr have been implicated in the
modulation of contextual fear by social or nonsocial stress
(Tronson et al, 2010; Guzman et al, 2013), thus we next
examined whether the septal knockdown of these receptors
affected contextual fear conditioning. The results did not
reveal any differences in freezing behavior between mGluR5
(Figure 5a; t(15)= 0.223, P= 0.85, N= 8 per group) or Oxtr
knockdown mice (Figure 5b; t(15)= 0.257, P= 0.88, N= 8
per group) and their corresponding controls, suggesting that
neurotransmitter systems other than mGluR5 or Oxtr
regulate fear-motivated learning via the lateral septum.

mGluR5 and Oxtr are Expressed in Different Neuronal
Populations of the Lateral Septum

The double dissociation of the effects of mGluR5 and Oxtr
on sociability and preference for social novelty could be due
to actions of these receptors on the same neuronal popu-
lation (but using different signaling pathways) or by

Figure 2 Effect of septal mGluR5 knockdown on sociability and social novelty. (a) Behavior recorded during habituation and expressed as % time spent in
the side compartments of the chamber. (b) Sociability, expressed as % time spent with the conspecific when compared with the toy mouse. (c) Preference for
social novelty, expressed as % time spent with the novel when compared with the familiar mouse. Statistically significant differences: *Po0.05, versus
corresponding control (toy mouse or novel mouse). Note: the schemes on the left illustrate the general design; however, during experiments the side was
counterbalanced.

mGluR5 and Oxtr affect distinct social behaviors
I Mesic et al

2341

Neuropsychopharmacology



engaging different neuronal populations. To better under-
stand the distribution of mGluR5 and Oxtr in the lateral
septum, we performed a colocalization study. We first
demonstrated that mGluR5 are abundant at the lateral
septum (Figure 6a), at neuroanatomical coordinates show-
ing strong Oxtr signals (Guzman et al, 2013). We next
confirmed, using immunofluorescent labeling of Venus
(green) in Venus/Oxtr reporter mice (Yoshida et al, 2009)
and mGluR5 (blue) (Figure 6b), that both signals were the
strongest in the caudal part of the lateral septum. However,
whereas mGluR5 signals were most prominent in the dorsal
and dorsolateral area, Oxtr-positive cells were predominantly
found in the intermediate- and ventrolateral area. Our
microscopic analyses did not reveal significant colocalization
of mGluR5 and Oxtr (Figure 6c), given that mGluR5 signals
were significantly higher in the dorsal versus lateral septum
(t(7)= 8.45, Po0.001), whereas Venus signals were pre-
dominant in the lateral versus dorsal septum (t(7)= 7.96,
Po0.001). This suggested that different neuronal popula-
tions of the lateral septum are engaged in the regulation of
sociability and preference for social novelty.

DISCUSSION

We demonstrated that lateral septal mGluR5 and Oxtr has
specific roles in the expression of social behaviors, with

distinct contributions of mGluR5 and Oxtr to sociability and
preference for social novelty. These findings suggest that
rather than regulating social behavior in general, regional
neurotransmitter systems mediated by G-protein-coupled
receptors regulate different aspects of social functioning.
Research on social behavior was markedly boosted by its

implications in ASD, and many genetic mouse models
displaying abnormal social interactions have been used to
explore potential therapeutics. One of the earliest models
implicating mGluR5 in social behavior relevant for ASD is
the fragile X syndrome model with Fmr1 mutant mice, in
which enhanced mGluR5 activity has been linked to disease
symptoms (Nakamoto et al, 2007). Systemic administration
of the noncompetitive mGluR5 antagonist 2-methyl-6-
phenylethynyl-pyridine (MPEP) normalized seizures, pre-
pulse inhibition, and dendritic spine densities (Yan et al,
2005; de Vrij et al, 2008). Genetic manipulations, however,
did not support the link between enhanced mGluR5 activity
and impairments of social behavior, as revealed by subtle, if
any improvements of social behaviors in Fmr1 mutant mice
(Thomas et al, 2011). In a different model, the BTBR inbred
mouse strain, MPEP improved stereotyped behavior without
affecting sociability (Silverman et al, 2010), whereas a more
specific mGluR5 antagonist, GRN-529, partially reversed the
deficits of sociability (Silverman et al, 2012). Finally, other
models yielded quite opposite findings, suggesting that
activation of mGluR5 is needed for adequate social behavior.

Figure 3 Effect of septal Oxtr knockdown on sociability and social novelty. (a) Behavior recorded during habituation and expressed as % time spent in the
side compartments of the chamber. (b) Sociability, expressed as % time spent with the conspecific when compared with the toy mouse. (c) Preference for
social novelty, expressed as % time spent with the novel when compared with the familiar mouse. Statistically significant differences: *Po0.05, versus toy
mouse; or novel mouse; **Po0.01, versus novel mouse.
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In the ASD model of Shank2 knockout mice, a positive
allosteric modulator of mGluR5 improved the social inter-
action deficits (Won et al, 2012). Similarly, in a develop-
mental model of ASD, positive allosteric modulation of
mGluR5 improved adult onset social deficits (Clifton et al,
2013). Unlike disease models, physiological studies of the
role of mGluR5 in social behavior have been scarce, and have
mainly relied on systemic injection of MPEP. This drug
blocks N-methyl-D-aspartate (NMDA) receptors (O'Leary
et al, 2000; Movsesyan et al, 2001) and monoamine oxidase-A
(Cosford et al, 2003) in addition to mGluR5, which could

have contributed to the inconsistent effects on sociability in
Balb and Swiss-Webster mice (Burket et al, 2011). Our data
are in agreement with findings obtained using the more
specific mGluR5 antagonist, 3-[(2-methyl-4-thiazolyl) ethy-
nyl] pyridine, MTEP, which impairs sociability both after
acute and subchronic administration without affecting
locomotor hyperactivity or stereotypy (Koros et al, 2007).
Here we provide genetic evidence supporting an important
and specific contribution of mGluR5 to sociability, and
identify the lateral septum as the neuroanatomical target of
this action. Taken together, these findings suggest that,

Figure 4 Effect of septal mGluR5 and Oxtr knockdown on novel object recognition. (a and b) Behavior of rAAV-GFP or rAAV-Cre-injected mGluR5flox/flox

mice during habituation and object exploration. (c) Preference for novel object, expressed as % time spent with object 3 when compared with the familiar
object 1. (d and e) Behavior of rAAV-GFP or rAAV-Cre-injected Oxtrflox/flox mice during habituation and object exploration. (f) Preference for novel object,
expressed as % time spent with object 3 when compared with the familiar object 1. Statistically significant differences: *Po0.01, versus familiar object. As in
Figures 2 and 3, the schematics depicts the general setup, but the object side was counterbalanced within a single experiment.

Figure 5 Effect of septal mGluR5 and Oxtr knockdown on contextual fear conditioning. (a) Behavior of rAAV-GFP or rAAV-Cre-injected mGluR5flox/flox

mice during a context memory test expressed as % time spent freezing. (b) Behavior of rAAV-GFP or rAAV-Cre-injected Oxtrflox/flox mice during a context
memory test expressed as % time spent freezing.
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unless the receptor is overactivated, antagonists and negative
allosteric modulators of mGluR5 are more likely to worsen
rather than improve deficits of sociability, whereas positive
allosteric modulators might prove beneficial.
Contrary to mGluR5, the physiological role of oxytocin

and Oxtr has been extensively investigated, with the majority
of findings supporting a role in affiliative behavior and
sociability (Neumann, 2008; Caldwell, 2012). Based on these
findings, oxytocin has been linked to ASD (Insel et al, 1999)
with promising outcomes in animal models (Teng et al,
2013). Surprisingly, approaches with constitutive genetic
knockouts of oxytocin and Oxtr did not provide unequivocal
support to this view. Oxytocin and Oxtr knockouts exhibited
profound deficits of social memory (Ferguson et al, 2000; Lee
et al, 2008); however, studies on sociability and preference

for social novelty provided inconsistent data. One study
reported no effects in two knockout lines (Crawley et al,
2007), whereas others reported deficits of preference for
social novelty in knockouts (Lee et al, 2008; Pobbe et al,
2012) or deficits of both sociability and preference for social
novelty in Oxtr+/− mice (Sala et al, 2013). Compensation, in
particular via the vasopressin system, could have contributed
to the restricted behavioral phenotypes of genetic manipula-
tions. Our findings, after inducible knockdown of Oxtr, fully
support the specific role of Oxtr in social memory, as shown
by intact sociability but impaired preference for social novelty,
as well as social recognition, as shown earlier (Guzman
et al, 2013).
Both sociability and preference for social novelty have

been used to model the first of three core symptoms of ASDs:

Figure 6 Localization of mGluR5 and Oxtr in the lateral septum. (a) Validation of the specificity of anti-mGluR5 antibody in wild-type and mGluR5− /−

mice. The schematics show the anatomical level of the images shown in the right panel. The antibody gave strong signals throughout the dorsomedial neuropil
of the septum, whereas only background staining was noted in the medial septum. (b) Similar mGluR5 signals (blue) were detected in Venus reporter mice
(left panel). Sections of these mice also showed Venus-positive neurons in intermediate (LSI) but not dorsal (DS) lateral septum (middle panel). The mGlu5
and Venus signals did not overlap (right panel). (c) Quantification of mGluR5 density and number of Venus-positive neurons in the DS and LSI. Statistically
significant differences: *Po0.001, dorsal versus intermediate lateral septum.
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abnormal social interactions, impaired communication, and
stereotyped behavior. However, these phenotypes engage
different processes: sociability primarily reflects the motiva-
tion to interact with conspecifics, whereas preference for
social novelty can be viewed as a short-term memory process
where recognition of a familiar conspecific critically drives
behavior toward the novel one (Kaidanovich-Beilin et al,
2011). Accordingly, the effects of mGluR5 and Oxtr knock-
down observed in the lateral septum likely reflect disparate
actions on social motivation versus social memory. In line
with this view, the non-overlapping distribution of mGluR5
and Oxtr within separate lateral septal compartments
suggests that in addition to different receptor types, different
neuronal populations underlie the motivational versus
cognitive aspects of social behavior. Given the tight relation-
ship between the organization of septal neurons and their
inputs, this further suggests that mGluR5- and Oxtr-positive
cell populations are regulated by projections originating from
different hippocampal subdivisions (Risold and Swanson,
1997) or other areas involved in the regulation of social
behavior.
Our data on the distinct mechanisms of social behavioral

phenotypes are supported by findings showing that mice
containing NMDA receptors with reduced affinity for glycine
have sociability deficits but normal preference for social
novelty (Labrie et al, 2008). If confirmed in humans, these
data suggest that treatment of social dysfunction in patients
with mental disorders might require different approaches
for individual components of social functioning. To target
specifically the lateral septal receptor populations, potential
mGluR5 and Oxtr-based therapeutics could take advantage
of the rapid advances of technologies for guiding therapeu-
tics to desired locations (Pilakka-Kanthikeel et al, 2013)
or for activating defined neuronal circuits (Balconi and
Canavesio, 2014).
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