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IMMEDIATE COMMUNICATION

Disruption of mGluR5 in parvalbumin-positive interneurons
induces core features of neurodevelopmental disorders
SA Barnes1,6, A Pinto-Duarte2,6, A Kappe2,6, A Zembrzycki3, A Metzler2, EA Mukamel2,7, J Lucero2, X Wang2, TJ Sejnowski2,4,5,
A Markou1 and MM Behrens2
Alterations in glutamatergic transmission onto developing GABAergic systems, in particular onto parvalbumin-positive (Pv+) fastspiking interneurons, have been proposed as underlying causes of several neurodevelopmental disorders, including schizophrenia
and autism. Excitatory glutamatergic transmission, through ionotropic and metabotropic glutamate receptors, is necessary for the
correct postnatal development of the Pv+ GABAergic network. We generated mutant mice in which the metabotropic glutamate
receptor 5 (mGluR5) was speciﬁcally ablated from Pv+ interneurons postnatally, and investigated the consequences of such a
manipulation at the cellular, network and systems levels. Deletion of mGluR5 from Pv+ interneurons resulted in reduced numbers of
Pv+ neurons and decreased inhibitory currents, as well as alterations in event-related potentials and brain oscillatory activity. These
cellular and sensory changes translated into domain-speciﬁc memory deﬁcits and increased compulsive-like behaviors, abnormal
sensorimotor gating and altered responsiveness to stimulant agents. Our ﬁndings suggest a fundamental role for mGluR5 in the
development of Pv+ neurons and show that alterations in this system can produce broad-spectrum alterations in brain network
activity and behavior that are relevant to neurodevelopmental disorders.
Molecular Psychiatry (2015) 20, 1161–1172; doi:10.1038/mp.2015.113; published online 11 August 2015

INTRODUCTION
GABAergic interneurons help maintain the physiological balance
between excitation and inhibition (E/I) in brain circuits. Normal E/I
balance enables neural networks to respond promptly to stimuli
and maintain complex patterns of ongoing activity, while
preventing uncontrolled epileptic activity.1 Normal E/I balance is
also critical during early postnatal brain development to shape
mature cortical circuits2 by inﬂuencing the experience-dependent
reﬁnement of synaptic connections. However, understanding the
contribution of GABAergic cells to cortical network development
can be challenging because of the diversity of inhibitory cell types
and because these neurons are outnumbered by excitatory
pyramidal cells with which they form neural circuits. For example,
recent data3 showed that the E/I in the visual cortex is
cooperatively controlled by excitatory neurons and parvalbuminpositive (Pv+) inhibitory neurons.
Among GABAergic cell types, the subset of Pv+ interneurons
provides feedback inhibition onto pyramidal neurons, required
for maintaining the oscillatory activity of cortical networks in the
gamma frequency range (30–80 Hz).4 Such oscillations are
believed to coordinate neuronal communication between circuits
and brain regions.5 Accordingly, disruption of normal gammaband activity is associated with interneuron dysfunction,1 which
often accompanies cognitive impairments observed in neurodevelopmental disorders.1,5 In rodents, the functional activity of
Pv+ cells gradually emerges during postnatal brain development,2,6,7 beginning with the expression of Pv, as well as with the
1

onset of their responsiveness to GABA and glutamate by the end
of the ﬁrst week of life.8 Subsequently, the development of Pv+
cells continues and they functionally mature in the fourth
postnatal week, when they assume their full role as fast-spiking
inhibitory interneurons.2,7 In the primary visual cortex, the
maturation of Pv+ cells marks the end of the sensitive period for
synaptic plasticity.9 The temporal dynamics of Pv+ cell development and maturation parallels the reﬁnement of cortical circuits,
suggesting that these cells could have critical roles in shaping
normal brain development.
Previous studies showed that the activity of Pv+ cells is driven
by glutamatergic transmission through ionotropic N-methyl-Daspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors that develop postnatally in parallel with
Pv+ cells.10,11 Deletion of NMDA receptor subunit NR1 on Pv+ cells
alters cortical oscillations in the theta and gamma bands, disrupts
pyramidal cell ﬁring and induces selective cognitive deﬁcits.12–14
Deletion of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors from hippocampal Pv+ interneurons alters fastspiking ﬁring and produces deﬁcits in hippocampal-dependent
tasks.15 In addition to ionotropic receptors, glutamate exerts its
effects through several types of metabotropic glutamate receptors
(mGluRs). Group 1 mGluRs (consisting of mGluR1 and 5) are
coupled to Gq-proteins and signal through the release of calcium
from intracellular stores.16 These receptors are widely expressed
throughout the cortex and located on both neurons and
glial cells.16 Importantly, Pv+ interneurons express functional
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metabotropic glutamate receptor 5 (mGluR5)17 that are necessary
for their synaptic plasticity.18 Genetic deletion of mGluR5 in all
cells (global knockout) confers several phenotypes that are
suggestive of interneuron dysfunction.19,20 However, the importance of mGluR5 function for interneuron maturation, circuit
formation and behavioral outcomes remains unknown.
To determine mGluR5 function in the modulation and development of Pv+ cells, we created a mutant mouse in which mGluR5
was ablated from Pv+ interneurons during their postnatal maturation, analyzed how such manipulation affected the overall
physiology of neural networks and investigated behavioral
phenotypes pertinent to neurodevelopmental disorders. We
found that the activity of mGluR5 in Pv+ neurons is critical for
both the normal maturation of these cells and the intact function
of mature inhibitory circuits. Our data also show that the
disruption of this signaling system is responsible for a variety of
behavioral deﬁcits that are reminiscent to defects commonly seen
in human neurodevelopmental disorders.
METHODS
Generation of Pv-mG5−/− mice
All animal procedures were conducted in accordance with the
guidelines of the American Association for the Accreditation of
Laboratory Animal Care and were approved by the Salk Institute for
Biological Studies and University of California San Diego Institutional Animal Care and Use Committees. mGluR5-ﬂoxed (control)
animals21 were backcrossed to C57BL/6 for at least six generations,
and then crossed to the Pv-Cre line to generate mGluR5-deﬁcient
animals carrying the deletion only in Pv neurons. Deletion of
mGluR5 from Pv+ interneurons was conﬁrmed by in-situ hybridization coupled to immunohistochemistry (see below). The time
course of Cre-mediated recombination in Pv+ neurons was assessed
by crossing the Pv-Cre line with mice carrying Cre-dependent
tdTomato ﬂuorescence (Ai14 line,22 Jackson Laboratories,
Sacramento, CA, USA).
Determination of Pv+ neuron numbers
Determination of Pv immunoreactive neurons was performed on
50-μm coronal sections of male mice at 3 months of age using
anti-parvalbumin antibody (Swant, Bellizona, Switzerland) and
Vectastain as described.23 Coordinates for regions analyzed were
as follows: Prelimbic (bregma = 1.9 to 2.4), dorsal caudate putamen (bregma = 0.5 to 1.5) and dorsal hippocampus (bregma =
− 1.6 to − 2.2). Pv+ cells in the prelimbic cortex and dorsal caudate
putamen were also counted in age-matched female mice. Cell
counts across all slices for each region and animal were corrected
using Abercrombie’s algorithm,24 and expressed as mean ± s.e.m.
In-situ hybridization
In-situ hybridization on 20-μm cryostat sections was carried out as
we previously described.25 For detailed methods, please see
Supplementary Materials.
Fluorescence immunodetection and confocal imaging
Determination of Pv and GAD67 immunoreactivity in coronal
slices was performed as previously described26 using a Zeiss
LSM780 confocal microscope (Carl Zeiss, Ontario, CA, USA) and a
× 63 oil immersion objective on coronal slices as described above.
Images were taken across 1.2 μm at 0.2 μm Z-steps. To determine
levels of parvalbumin and GAD67 in synaptic contacts, all Pv+
synaptic boutons in the image were selected and mean
ﬂuorescence levels for parvalbumin and GAD67 were determined
using ImageJ (National Institutes of Health, Bethesda, MD, USA).
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Electrophysiological recordings in vitro
Slices (350-400 μm thick) that contained the hippocampus were
cut from 7- to 9-week-old mice for miniature inhibitory postsynaptic current (mIPSC) recordings or 4- to 11-week-old mice for
fEPSPs studies. Electrophysiological recordings were performed in
the CA1 region. Long-term potentiation (LTP) was induced by
high-frequency stimulation (100 Hz for 1 s repeated ﬁve times
at 10 s intervals) or a theta-burst protocol (4 stimuli at 100 Hz
repeated 10 times at 200 ms intervals); long-term depression was
induced by low-frequency stimulation (1000 stimuli at 1 Hz).
Paired-pulse facilitation was evoked with pairs of stimuli delivered
at 25–300 ms intervals and synaptic fatigue was accessed by 12
stimuli at 40 Hz. mIPSCs were recorded in voltage-clamp mode
(Vh = − 60 mV) and single events larger than 6 pA were detected
off-line using Minianalysis software (Synaptosoft, Fort Lee, NJ,
USA). All data were acquired using a Multiclamp 700B ampliﬁer
and pCLAMP 9 software (Axon Instruments, Molecular Devices,
Sunnyvale, CA, USA) for recording mIPSCs or the WinLTP
program27 for fEPSP studies.
Auditory event-related activity
Event-related potentials (ERPs). For the recording of epidural ERPs,
passive ﬁeld speakers mounted on the ceiling of the recording
chamber produced 10 ms Gaussian white noise ‘clicks’ 25 dB
above a 65-dB white-noise background every 2–3 s. 960 stimuli
were presented in the 40 min protocol stimulation.
Event-related oscillatory activity. The evoked power gain from
baseline, accounting for the phase-locked changes in oscillatory
activity pre- and post-stimulus, was determined. The induced
oscillatory activity was also calculated, referring to those oscillations not phase-locked to the stimulus, by subtracting the evoked
power from each trial of the post-stimulus power before
converting again into a baseline power gain for each trial.
Principal component analysis and leave-one-out cross-validation
were implemented on the resulting principal components.
Social preference/recognition
A three-chambered box, similar to one previously described,28 was
used. After habituation (10 min), social preference was assessed by
recording durations of interaction with an empty wire cup
(chrome Galaxy pencil cup, Spectrum Diversiﬁed, Streetsboro,
OH, USA) or one containing an unfamiliar mouse for 10 min. After
an inter-trial interval (1, 5 or 10 min), social recognition was
assessed by recording the duration spent interacting with the now
familiar mouse and another novel mouse (10 min).
Novel object/novel place recognition
Novel object recognition was performed in the same threechambered box, described above. After habituation, animals were
allowed to explore two identical cups, either chrome with vertical
bars (Galaxy pencil cup, Spectrum Diversiﬁed) or black with mesh
grating (Nestable jumbo mesh pencil cup, WebOfﬁceMart). After a
1-, 5- or 10-min inter-trial interval, one of the identical cups was
replaced with a novel cup and duration of interaction was
assessed in a 10-min trial. Novel place recognition was conducted
in an identical manner, with the exception that one of the
identical cups was moved to a novel location.
Light/dark box
Anxiety levels were assessed in a two-chambered box. One
compartment was brightly illuminated and the other was dark.
Time spent in each chamber was determined in a 5-min session.
© 2015 Macmillan Publishers Limited
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Barnes maze
A circular maze (75 cm diameter) with 20 holes located around the
perimeter was used. One hole contained an escape tunnel. After
training (9 days), the escape tunnel was removed and time spent
in the target quadrant was determined in the probe trial.
Marble burying test
Marble burying test was conducted in a clean home cage as
previously described.29 Twenty marbles were arranged on
sawdust bedding and the amount buried after a 30-min session
was recorded.
Prepulse inhibition (PPI) of acoustic startle response
The session began with 5 min habituation to background white
noise (70 dB white noise). The PPI session began with the
presentation of six pulse-alone trials (120 dB, 40 ms), followed by
a series of pulse-alone and prepulse trials (74, 78, 82 dB; 20 ms, 100
ms inter-stimulus interval, 120 dB pulse-trial). Electromyography
(EMG) was also used to assess PPI. A startle stimulus (50 ms 94 dB
pulse), a prepulse stimulus (50 ms 70 dB pulse) and a combination
of pulse and prepulse (100 ms inter-stimulus interval) were
presented 333 times each in a pseudorandom order in a 50-min
session.
Pharmacology
Open ﬁeld. Activity of mice was assessed in a novel open-ﬁeld
arena (42 × 42 × 30 cm3). Mice were administered either phencyclidine (PCP; 0–15 mg kg− 1, i.p.) or amphetamine (0–4 mg kg − 1,
i.p.), and immediately placed in the open ﬁeld for a period of
90 min.
PPI. Assessment of the effects of PCP or amphetamine on
sensorimotor gating was conducted in acoustic startle sessions
identical to the one described above. Mice were administered
either PCP (0–10 mg kg − 1, i.p.) or amphetamine (0–4 mg kg − 1, i.p.)
and PPI was assessed after a predetermined pretreatment time
(10 min, PCP;30 15 min, amphetamine31).
RESULTS
Postnatal ablation of mGluR5 from Pv+ neurons disrupted
GABAergic cell development and inhibitory circuits
Conditional ablation of mGluR5 from Pv+ neurons (Pv-mG5 − / −
mice) was achieved by crossing mGluR5-LoxP21 animals with a
mouse line expressing Cre-recombinase only in Pv-expressing cells
(Pv-Cre line32). Conditional deletion of mGluR5 function by Cremediated recombination in the mGluR5-LoxP line leads to
deletion of exon 7 of the mGluR5 gene.20 Decreased mGluR5
protein expression has been successfully reported previously by
breeding the mGluR5-LoxP mouse line to a protamine-driven Crerecombinase line,21 by viral injection of Cre,33 and by pyramidal
neuron-speciﬁc deletion using a Nex-Cre line.34,35 In the Pv-Creline used here, recombination begins at around postnatal week 2,
reaching a plateau by 6 weeks, as assessed by Beta-Gal
expression.12 We have assessed speciﬁcity of mGluR5 deletion in
Pv+ cells by using combined in-situ hybridization for mGluR5 and
Pv immunostaining. Double labeling on 12-week-old brain
sections conﬁrmed the deletion of mGluR5 from Pv+ interneurons,
showing that ~ 80% of cells in control mice were double-positive
for Pvalb and Grm5, whereas only ~ 15% of cells remained doublepositive in Pv-mG5− / − mice (Supplementary Figure 1a). Normal
distribution and staining intensities of mGluR5 in Pv-negative cells
conﬁrmed that deletion of mGluR5 was restricted to Pv+ cells. To
determine the time course of Cre-mediated recombination, we
crossed the ﬂuorescent mouse reporter line Ai14 (ref. 22) to Pv-Cre
and conﬁrmed that recombination begins to plateau at around
© 2015 Macmillan Publishers Limited

6 weeks of age, as previously described12 (Supplementary
Figure 1b).
Deletion of mGluR5 from Pv+ neurons reduced the number of
Pv+ cells in the prelimbic cortex, caudate putamen and CA3 region
of the hippocampus in male mice (Figure 1a), suggesting that
mGluR5 function is required for normal Pv+ cell maturation. The
abundance of Pv+ cells in the prelimbic cortex was also reduced in
female Pv-mG5− / − mice (P o 0.001). We found a genotype × sex
interaction (F(1,16) = 5.24, Po 0.05) for the number of Pv+ cells in
the striatum. Compared with controls, there was a signiﬁcant
reduction in male Pv-mG5− / − mice (P o0.001), which was less
pronounced in female Pv-mG5− / − mice (P = 0.17).
Cortical Pv+ cells form synaptic contacts, which mature slowly
during the ﬁrst 4 weeks of postnatal life in mice.2 Normal mGluR5
function is required for synaptic plasticity in these inhibitory
neurons.18 In accordance to these previous studies, we found an
apparent reduction in Pv+ contacts around putative pyramidal
neurons (Figure 1b, arrows) in the prelimbic cortex, as well as in
CA1 and CA3 hippocampal regions. To determine whether the
remaining basket-type Pv+ synaptic contacts in Pv-mG5− / − brains
also had altered expression of Pv and glutamic acid decarboxylase
isoform 67 (GAD67), we quantiﬁed the content of Pv and GAD67
by ﬂuorescence immunohistochemistry followed by confocal
microscopy. There was a decrease in Pv and GAD67 expression
in the remaining contacts surrounding putative pyramidal
neurons in the hippocampal region (Figure 1c) but not in the
prelimbic region (GAD67, F(1,8) = 1.3, not signiﬁcant (NS); Pv,
F(1,8) = 3.39, NS; n = 5). These results suggest that even those
synaptic contacts that remained Pv+ were still altered with respect
to controls in some brain regions. To test the functional disruption
of inhibitory neurotransmission further, we recorded mIPSCs in
CA1 pyramidal neurons. We found a signiﬁcant reduction in the
frequency, but not in the amplitude, of mIPSCs (Figures 1d and e).
This effect was paralleled by a shift to the right of the cumulative
probability plots for the inter-event intervals of mIPSCs in PvmG5− / − animals (Figure 1f), whereas the cumulative probability
curves for amplitude largely overlapped (Figure 1g). These results
indicate a reduction in the number of inhibitory presynaptic
inputs, consistent with the observed decrease in synaptic contacts
(Figure 1b).
In vivo neural network activity was compromised in Pv-mG5− / −
mice
Pv+ interneuron-mediated inhibition of principal cells is critical for
rhythmic cortical-oscillatory activity and has been linked to
information transmission between cortical areas.4,5 We hypothesized that the disruption of inhibitory circuitry observed in PvmG5− / − animals may lead to deﬁcits in auditory-evoked oscillatory
activity. To test this hypothesis, we characterized network activity
in vivo by recording auditory ERPs through electrocorticography.
The ERP waveform of Pv-mG5− / − mice displayed speciﬁc
alterations in the grand-averages of its individual components,
including increased amplitude at 20 and 200 ms post-stimulus,
and decreased amplitude at 40 ms (Figures 2a and b). Males of
both genotypes displayed a shorter latency for the 20–60 ms
component for the frontal channel (sex: F(1,70) = 9.32, Po 0.01).
Female Pv-mG5− / − mice exhibited a longer latency in the 20–
60 ms window for the parietal component compared with female
controls and males of both genotypes. Further, mutants in both
sexes displayed a shorter latency for the 200 ms window in the
frontal channel (Supplementary Figure 2a). No signiﬁcant differences in latency were observed for the 200 ms component in the
parietal cortex.
Power spectral analysis revealed no differences in baseline
activity (Supplementary Figures 2b and c), whereas the stimulusevoked (that is, phase-locked) power gain was increased in the
2–10 Hz and 40–54 Hz bands for both regions (Figure 2c). We also
Molecular Psychiatry (2015), 1161 – 1172
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observed increases in stimulus-induced power gain in the gamma
band in both brain regions, and increases within the delta–
theta band and beta band for the parietal and frontal regions
(Figure 2d). The separation between genotypes in induced power
gain can be observed both qualitatively (Figure 2e) and
quantitatively via receiver operating characteristic curves
(Figure 2f). The frequency bands that best separate the genotypes were the 50–52 Hz band in the parietal region (63%
correct classiﬁcation using leave-one-out cross-validation; see
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Supplementary Methods) and 12–14 Hz band in the frontal region
(65% correct classiﬁcation; Figure 2f). We used principal component analysis to integrate information from all frequency bands
and channels and found that seven principal components could
achieve 79% correct classiﬁcation performance in our crossvalidated tests. These ﬁndings demonstrate that disruption of
Pv-mediated inhibitory neurotransmission via conditional mGluR5
ablation altered ERPs and increased the power in oscillatory
activity.

© 2015 Macmillan Publishers Limited
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Postnatal mGluR5 ablation induced domain-selective memory
deﬁcits
Alterations in oscillatory activity, as well as in the amplitude and
latency of key components of ERPs, are a common feature of
neurodevelopmental disorders with associated cognitive and
social deﬁcits, including schizophrenia and autism. We thus aimed
to identify potential behavioral phenotypes in Pv-mG5− / − mice,
particularly those behavioral abnormalities that are pertinent to
cognitive and social functions. Pv-mG5− / − mice showed a marked
reduction in the preference for social novelty (Figure 3a and
Supplementary Figure 3a), similar to what is observed in models of
schizophrenia36 and autism.37 To determine whether this deﬁcit
was restricted to social cognition, we tested mice in the novel
object recognition test. We found that Pv-mG5− / − mice showed
reductions in the novel object exploration (Figure 3b and
Supplementary Figure 3b), suggesting that postnatal Pv-mGluR5
ablation induced generalized impairment in recognition memory.
To further investigate whether memory deﬁcits were restricted
to recognition memory, or if they extended to other memory
domains, we tested our mice in a hippocampus-dependent spatial
memory task, the Barnes maze. Mice of both genotypes showed
intact memory of a previously located escape tunnel during the
probe trial (Supplementary Figure 4a) and after a 2-week retention
period (latency: F(1,98) = 0.07, NS; errors: F(1,98) = 0.19, NS), suggesting no spatial memory deﬁcits in Pv-mG5− / − mice. Further, no
performance deﬁcits were observed across genotypes in the novel
place recognition procedure (Supplementary Figures 4b and 5),
supporting the conclusion that spatial memory was unaffected in
Pv-mG5− / − mice. These observations were consistent with normal
hippocampal synaptic plasticity, as suggested by ﬁeld-potential
studies in acute slices. In particular, high-frequency stimulation
(100 Hz), known to evoke postsynaptic depolarization and induce
LTP, resulted in a similar potentiation of synaptic transmission in
control and Pv-mG5− / − animals (Supplementary Figure 4c).
Similarly, theta-burst stimulation-induced LTP was also unchanged
in Pv-mG5− / − mice (Supplementary Figure 4d). Furthermore, the
magnitude of long-term depression, produced by prolonged lowfrequency stimulation, was not signiﬁcantly different between PvmG5− / − and control animals (Supplementary Figure 4e). Paired-pulse
facilitation, a measure of short-term modiﬁcations of the efﬁcacy
of hippocampal synapses when presynaptic neurons are repetitively stimulated, showed no signiﬁcant differences in Pv-mG5− / −
animals compared with controls for each inter-stimuli interval
tested (Supplementary Figure 6a). Furthermore, synaptic fatigue
triggered by a burst of 12 stimuli separated by 25 ms intervals
showed similar proﬁles in animals of both genotypes
(Supplementary Figure 6b). These ﬁndings demonstrate that
hippocampal-dependent spatial memory and its in vitro correlates
are unaffected in Pv-mG5− / − mice, supporting the notion that the

observed memory defects may be restricted to recognition
memory, rather than a result of a generalized memory failure.
Repetitive behaviors were increased in Pv-mG5− / − mice
Mouse models of autism commonly assess alterations in
sociability, social recognition and repetitive behaviors.37 In
addition to deﬁcits in social recognition, Pv-mG5− / − mice
displayed elevations in repetitive behaviors in a number of
procedures. During the acquisition phase of the Barnes maze,
male Pv-mG5− / − mice showed a transient increase of the escape
latency (Figure 3c). This initial performance deﬁcit was unlikely
due to abnormal anxiety levels, because there was no apparent
performance difference in the light/dark box test between
genotypes (time in light compartment: F(1,92) = 1.11, P = 0.29). It
was also unlikely that learning impairments, as seen in the global
mGluR5 knockout mice during Morris water maze acquisition,20
accounted for the increased escape latency of Pv-mG5− / − mice as
it would be expected that deﬁcits would emerge as controls
learned the escape location. Rather, the increased escape latency
was accompanied by an increase in errors made (Figure 3d) that
was likely mediated by an increase in perseverative errors
(Figure 3e). We found this effect to be sex speciﬁc. Female PvmG5− / − mice exhibited an increased latency but only a modest
increase in perseverative errors (Supplementary Figures 7a–c).
Perseverative responding was also observed in the social
preference test. Although both control and mutant mice displayed
social preference, Pv-mG5− / − mice displayed increased interaction
levels (Figure 3f). The frequency of individual interactions was
unchanged but the average duration of each bout was increased
(Figure 3g). In addition, Pv-mG5− / − mice spent signiﬁcantly more
time grooming during social preference assessment (Figure 3h),
and during social, object and place recognition trials
(Supplementary Figures 8a–c). Collectively, these results show
that Pv-mG5− / − mice engage in longer bouts of interactive
behavior and exhibit increased repetitive behaviors. To test this
possibility in more detail, we assessed marble burying behavior.
Consistent with the results reported above, Pv-mG5− / − mice
buried more marbles than control animals (Figure 3i). In summary,
this collection of behavioral abnormalities across numerous
behavioral tests clearly demonstrates increased repetitive behaviors in Pv-mG5− / − mice.
Sensorimotor gating was disrupted after postnatal mGluR5
ablation
Neurodevelopmental disorders are often accompanied by alterations in sensorimotor gating, as assessed by prepulse inhibition
(PPI) of the startle response.38–40 We found that PPI was increased
in Pv-mG5− / − mice (Figure 4a) independent of alterations in
startle magnitude (Figure 4b). This increased PPI is in contrast to

Figure 1. Postnatal deletion of metabotropic glutamate receptor 5 (mGluR5) in Pv+ interneurons produced lasting alterations in interneuron
development and function. (a) Reduced numbers of Pv+ cells were observed in the prelimbic cortex (genotype: F(1,8) = 41.45, P o0.001), CA3
region of the hippocampus (genotype: F(1,8) = 63.12, P o0.001) and caudate putamen (genotype: F(1,9) = 72.12, P o0.001). No signiﬁcant
reduction of Pv+ cells was observed in the dentate gyrus (genotype: F(1,8) = 0.6, P = 0.4) or CA1 region of the hippocampus (genotype:
F(1,8) = 2.54, P = 0.1). Control: n = 5 for the DG, CA3, CA1 and Prl; n = 6 for the Cpu. Pv-mG5− / −: n = 5 for all regions. (b) Representative images of
prelimbic cortex and hippocampal slices showed reduced Pv+ basket-type synaptic contacts (red dot-like structures, arrows in image) in PvmG5− / − mice. Scale bar = 12 μm. (c) Quantiﬁcation of the remaining Pv+ synaptic contacts in Pv-mG5− / − mice showed decreased expression
of parvalbumin and GAD67 compared with control mice in the CA1 (genotype: GAD67, F(1,7) = 10.97, P o0.05; Pv, F(1,7) = 20.67, Po0.01) and
CA3 (genotype: GAD67, F(1,7) = 9.06, P o0.05; Pv, F(1,7) = 12.77, Po0.01) regions of the hippocampus. (d) Representative miniature inhibitory
postsynaptic currents (mIPSCs) recorded in pyramidal CA1 neurons of control and Pv-mG5− / − mice in the presence of the Na+ channel blocker
TTX (0.5-1 μM), the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor antagonist CNQX (25 μM) and the NMDA receptor
antagonist APV (10 μM). High Cl- concentration in the internal solution made mIPSCs inward (scale bars = 25 pA and 1 s). (e) Summary plots of
mIPSCs show that mean frequency but not mean amplitude was decreased in Pv-mG5− / − mice (P o0.05, Student's t-test). (e and f) Pooled
cumulative distributions for the inter-event intervals and amplitudes of mIPSCs in Pv-mG5− / − mice are shown in f and g, respectively. Data
were obtained from 7- to 12-week-old male mice. Bar graphs depict means ± s.e.m. APV, (2R)-amino-5-phosphonovaleric acid; CA1, Cornu
Ammonis region 1; CA3, Cornu Ammonis region 3; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; Cpu, caudate putamen; DG, dentate gyrus;
Prl, prelimbic region; TTX, tetrodotoxin.
© 2015 Macmillan Publishers Limited
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the PPI deﬁcits observed in mGluR5 global knockout mice.19 To
investigate these contradicting results in more detail, we
complemented the traditional methodology of PPI assessment
by combining it with EMG recordings. EMG-PPI revealed a modest
inhibition of the startle response in control mice that was
signiﬁcantly greater in Pv-mG5− / − mice (Figure 4c). Further, the
startle response did not reveal differences between genotypes
(Figure 4d). A heat map of the EMG response showed PPI is a
complex phenomenon. After the initial response (10–20 ms poststimulus), there is a resurgence of activity 50–80 ms post-stimulus

Molecular Psychiatry (2015), 1161 – 1172

(Supplementary Figure 9). Collectively, these experiments demonstrate that PPI is increased in Pv-mG5− / − mice. This alteration is
robust and evident by using independent methodologies that are
commonly used to assess sensorimotor gating.
Pv-mG5− / − mice displayed a diminished response to PCP but an
increased response to amphetamine
Psychotic disorders, such as schizophrenia, are associated with
excessive dopamine transmission.41 Drugs that either indirectly
(PCP) or directly (amphetamine) stimulate the dopaminergic
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system have been previously used to investigate aspects of
schizophrenia.42 In the open-ﬁeld test, PCP increased the total
distance traveled in both groups of mice. However, at low doses (1
and 2.5 mg kg− 1) PCP elicited locomotor hyperactivity in control
mice only, without affecting activity levels in Pv-mG5 − / − mice
(Figure 5a). Pv-mG5− / − mice also displayed a blunted sensitivity to
PCP-induced PPI deﬁcits. A dose-dependent decrease in PPI was
observed in both groups when mice were presented with the
lower prepulse (pp) intensities (pp4 and pp8; Supplementary
Figure 10). However, although control mice were susceptible to
PCP-induced decrease in PPI at the highest prepulse intensity
(pp12), this effect was not apparent in Pv-mG5− / − mice
(Figure 5b). These ﬁndings suggest that a fully developed Pvinhibitory circuit, or that mGluR5–NMDAR interaction on Pv+ cells,
may have an important role in mediating behavioral disruptions
after NMDA receptor antagonism.
Increased sensitivity to amphetamine-induced dopamine
release is evident in schizophrenia patients.41 Amphetamineinduced hyperlocomotion is used to assess this feature in
rodents. Amphetamine increased locomotor activity in all groups
of mice. However, the response was greater in Pv-mG5− / −
mice after amphetamine treatment (2 mg kg− 1) compared
with amphetamine-treated control animals (Figure 5c and
Supplementary Figures 11a–d). We next sought to identify
whether Pv-mG5 − / − mice exhibited increased sensitivity to
amphetamine-induced PPI disruptions. As previously observed
(Figures 4a and 5b), PPI was increased in mutant mice compared
with controls (Figure 5d). In contrast to the open-ﬁeld test, control
and Pv-mG5− / − displayed equal sensitivity to amphetamineinduced sensorimotor gating disruptions, as 2 and 4 mg kg− 1
impaired PPI in both groups (Figure 5d).
DISCUSSION
Conditional ablation of mGluR5 restricted to Pv neurons induced a
reduction in the overall number of Pv+ cells and a reduction of
synaptic terminals of the remaining Pv neurons. Consequently,
these defects were accompanied by impaired inhibitory function.
In addition, in vivo electrocorticography recordings revealed that
Pv-mG5 − / − animals displayed altered auditory ERPs, with reductions of the 40 ms component, as observed in many animal
models of mental disorders. The alterations in auditory ERPs were
accompanied by increased evoked and induced theta and gamma
oscillatory activity. In addition to altered neuronal network
functions in the cortex of Pv-mG5− / − mice, these animals
exhibited robust cognitive and behavioral impairments that are
commonly observed in many neurodevelopmental disorders,
including decreased recognition memory, increased compulsivelike repetitive behaviors, increased PPI and altered sensitivity to
agents that perturb the dopamine system. Abnormal GABAergic
function underlies many neurodevelopmental disorders1 and
these alterations may derive from abnormal glutamate

transmission during the functional development of the GABAergic
network. Our ﬁndings indicate that postnatal mGluR5 activation
on Pv+ interneurons is necessary for the correct E/I balance in
different brain areas. Indeed, we observed GABAergic alterations
in the PFC, hippocampus and striatum that resemble the
altered E/I balance evident in several disorders, including
schizophrenia,43,44 autism45 and Tourette syndrome.46
Multiple regions throughout the cortex and striatum express
the genes coding for both Pv and mGluR5.47 It would be expected
that Pv neurons in any of these regions will be altered by
conditional mGluR5 ablation, thus contributing to the physiological alterations observed in our Pv-mG5− / − mice. Regions
expressing high levels of Pv, such as the reticular nucleus of the
thalamus and the cerebellum, show almost undetectable levels of
mGluR547 and are not expected to contribute to the phenotypes
exhibited by our Pv-mG5− / − mice.
Disruption of Pv-mGluR5 signaling is consistent with previous
ﬁndings that suggest disrupted NMDAR activity may underlie
inhibitory deﬁcits in such disorders. For example, ablation of
NMDAR from corticolimbic GABAergic interneurons decreased
GAD67 and Pv expression13 led to profound alterations in
inhibitory function.12–14 Similarly, disruption of NMDAR-mediated
transmission during early neurodevelopment by, for example,
administration of PCP or ketamine, also produces alterations in E/I
balance when animals reach adulthood.42,48 Our results obtained
after conditional ablation of mGluR5 in Pv+ neurons, in addition to
studies targeting the NMDAR on GABAergic neurons, indicate that
postnatal excitatory transmission, mediated by both ionotropicand metabotropic glutamate receptors, is necessary for normal
Pv+ neuron development and function. Therefore, disrupted
mGluR5 signaling, in addition to ionotropic glutamate receptors,
may contribute to the alterations in E/I balance observed in
several neurodevelopmental disorders.
Our results, in addition to previous ﬁndings, indicate that
disrupting glutamatergic signaling can result in abnormal
oscillatory patterns that depend on the receptor class and
neuronal population targeted. Indeed, although ERPs in PvmGluR5-deﬁcient mice were accompanied by increased evoked
and induced theta and gamma oscillatory activity, Pv-NMDAR
ablation was associated with excitatory disinhibition13 and
increased spontaneous gamma oscillations.11,13 The ablation of
NMDAR from pyramidal neurons also increased pyramidal cell
excitability and baseline gamma power and reduced gammaevoked power.49 Deviations from normal oscillatory activity in
speciﬁc frequency bands are thought to contribute to the
cognitive deﬁcits and psychopathological symptoms of schizophrenia. In particular, an attenuation in induced theta and gamma
oscillations is frequently observed in schizophrenia patients,50 but
an increased evoked51 and induced52 gamma power during
speciﬁc stages of cognitive testing has been reported also.
Increased beta and gamma oscillations have also been implicated
in psychotic symptoms of schizophrenia.53–55 Importantly,

Figure 2. Pv-mG5− / − mice have altered auditory event-related potentials (ERPs) and evoked and induced power. (a and b) Auditory ERPs in
Pv-mG5− / − mice had increased amplitude in the 20 ms (genotype: Frontal, F(1,70) = 12.70, P o0.001; Parietal, F(1,68) = 10.53, P o0.01) and
200 ms (genotype: Frontal, F(1,70) = 18.39), Po 0.001; Parietal, F(1,68) = 6.57, P o0.05) minima and decreased amplitude in the 40 ms maxima
(genotype: Frontal, F(1,70) = 11.77, Po 0.01; Parietal, F(1,68) = 12.12, P o0.001). (c–f) Auditory EEG power, measured as a gain relative to the prestimulus baseline and analyzed in a 500-ms post-stimulus window, was signiﬁcantly altered in several key frequencies in Pv-mG5− / − mice.
(c) Evoked power gain signiﬁcantly increased in the low-frequency bands (2–10 Hz) and the gamma band (40–54 Hz). (d) Induced power gain
was increased in both channels in the gamma range, whereas it was diminished in the low-frequency bands (2–6 Hz) in the parietal channel
and increased in the beta bands (12–16 Hz) in the frontal channel. (e) Evoked and induced power in the theta, beta and gamma bands
segregate individual animals by genotype. (f) Receiver operating characteristic (ROC) analysis showed discriminability of control vs Pv-mG5− / −
animals using the best frontal or parietal frequency band or using an optimized combination of frequencies (best principal component (PC)).
Classiﬁcation rates indicated performance of a linear discriminant under leave-one-out cross-validation. Asterisk denotes difference between
control and Pv-mG5− / − mice (*Po 0.05, **Po 0.01, ***P o0.001). Signiﬁcance between genotypes in a–d was determined by the Wilcoxon
rank-sum test. Bar graphs depict means ± s.e.m. The data in the traces depict mean ± standard deviation. Control: n = 38 (frontal channel) and
n = 37 (parietal channel); Pv-mG5− / −: n = 36 (frontal channel) and n = 35 (parietal channel).
© 2015 Macmillan Publishers Limited
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Figure 3. Postnatal metabotropic glutamate receptor 5 (mGluR5) ablation impaired recognition memory and increased repetitive behaviors.
(a) Performance in the social recognition task was impaired in Pv-mG5− / − mice, with the ability to discriminate between a novel and familiar
mouse abolished (genotype: F(1,119) = 45.61, P o0.001). Social discrimination was also sensitive to an increase in inter-trial interval (ITI),
independent of genotype (ITI: F(2,119) = 5.43, P o0.001), with superior performance after a 1 min ITI (1 vs 5 min, Po 0.01; 1 vs 10 min, Po 0.05;
data not shown). (b) Object recognition was impaired in Pv-mG5− / − mice (genotype: F(1,120) = 44.98, P o0.001), with no effect on any other
variables. (c) The latency to ﬁnd the escape tunnel was increased (day × genotype: F(8,384) = 6.02, Po 0.001) during days 1 and 2 (P o0.001)
(d), coupled with an increase in the number of errors made (day × genotype: F(8,384) = 4.41, Po0.001) on days 1 and 2 (P o0.001). (e) These
effects are attributable to the increased perseverative responding (day × genotype: F(8,384) = 4.16, P o0.001) that was also evident on days 1
and 2 (Po0.001). (f) Sociability was preserved in mice, and both groups spent more time interacting with the novel mouse compared with the
empty cup (side: F(1,127) = 206.63, Po 0.001). The analysis of variance (ANOVA) also indicated that Pv-mG5− / − mice spent more time interacting
with cups, independent of side (genotype: F(1,127) = 6.25, P o0.05). (g, left) There was no difference in the frequency of interactions initiated,
(g, right) but the duration of each bout was increased in Pv-mG5− / − mice (genotype: F(1,127) = 9.03, P o0.01). (h) The duration of grooming was
increased in Pv-mG5− / − mice during the assessment of sociability (genotype: F(1,127) = 14.56, Po 0.001). (i) The increased number of marbles
buried further indicates that repetitive behavior was increased in Pv-mG5− / − mice (genotype: F(1,31) = 8.99, P o0.01). Numbers over bars
represent n numbers. Performance was analyzed with repeated-measures ANOVA followed, when appropriate, by Fisher's LSD post hoc test.
Light bars reﬂect control mice, and dark bars reﬂect Pv-mG5− / − mice. Asterisk denotes difference between control and Pv-mG5− / − mice
(*Po 0.05, **Po 0.01). Plus denotes effect side (+++P o0.001). Bar graphs depict means ± s.e.m.

alterations in gamma oscillations are observed also in other
neurodevelopmental disorders, autism in particular.56–58
The oscillatory alterations in Pv-mG5− / − mice were accompanied by a sequelae of behavioral abnormalities, including
pronounced deﬁcits in social and object recognition, but not in
spatial memory. Consistently, there was no evidence that
hippocampal synaptic plasticity was compromised in Pv-mG5− / −
mice. It is well known that spatial memory is largely hippocampal
dependent,59 and that both recognition and spatial memory
Molecular Psychiatry (2015), 1161 – 1172

deﬁcits are observed after disruption of ionotropic glutamatergic
signaling on GABAergic cells.13–15,60,61 Here, we found that the
disruption of mGluR5 function in Pv+ cells speciﬁcally affects
recognition memory. This memory domain has been suggested to
be less dependent on the hippocampus than spatial memory,
requiring additional brain structures, such as the PFC and the
perirhinal cortex.62 Therefore, it is possible that inhibitory deﬁcits
in those brain regions contribute to the recognition memory
deﬁcits in Pv-mG5− / − mice. Interestingly, global mGluR5
© 2015 Macmillan Publishers Limited
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disruption20,63 impaired spatial memory, indicating that generalized memory impairments probably result from a combined loss
of mGluR5 function in pyramidal and inhibitory neurons. Our

ﬁndings revealed domain-speciﬁc memory deﬁcits that arise from
mGluR5 disruption in a much more speciﬁc inhibitory neuronal
population.

Figure 4. Prepulse inhibition (PPI) was increased in Pv-mG5− / − mice. (a) PPI increased as prepulse intensity was increased (prepulse:
F(2,200) = 339.37, Po 0.001). PPI was increased in Pv-mG5− / − mice (genotype: F(1,100) = 6.78, Po 0.05). (b) Startle magnitude was not different
between control and Pv-mG5− / − mice, but habituation to the startle response was evident (block: F(1,100) = 60.43, P o0.001). (c) Increased PPI
was also evident in Pv-mG5− / − mice when the electromyography (EMG) response was assessed (genotype: F(1,41) = 5.95, P o0.05; d) and
occurred without alterations in the startle response (genotype: F(1,41) = 0.01, not signiﬁcant (NS)). Performance was analyzed by either
repeated-measures or one-way analysis of variance followed, when appropriate, by Fisher's LSD post hoc test. Light bars reﬂect control mice,
and dark bars reﬂect Pv-mG5− / − mice. Asterisk denotes difference between control and Pv-mG5− / − mice (*P o0.05, **Po 0.01, ***P o0.001).
Bar graphs depict means ± s.e.m.

Figure 5. Pv-mG5− / − mice displayed altered responsiveness to phencyclidine (PCP) and amphetamine. (a) Pv-mG5− / − mice exhibited a
diminished response to PCP-induced hyperlocomotion compared with controls (genotype × dose: F(5,191) = 2.41, P o0.05). PCP (1–10 mg kg− 1)
increased the distance traveled in control mice (P o0.05), but low-dose PCP (1 and 2.5 mg kg − 1) had no effect in Pv-mG5 − / − mice. Locomotor
activity was increased in Pv-mG5− / − mice as PCP dose increased (5–15 mg kg− 1; P o0.05). (b) PCP-induced PPI impairments were absent in PvmG5 − / − mice when presented with pp12 dB (prepulse × dose × genotype: F(8,372) = 2.62, Po 0.01). PCP (5 and 10 mg/kg) impaired PPI
(Po 0.05) in control mice but not Pv-mG5− / − mice. PPI was lower in controls than in Pv-mG5− / − mice when PCP (2.5-10 mg/kg) was
administered (P o0.001). Males displayed higher PPI than females (sex: F(1,186) = 6.65, P o0.05; data not shown). (c) Pv-mG5− / − mice were
more sensitive to amphetamine in the open-ﬁeld test (genotype × dose: F(3,124) = 4.57, Po0.01) when administered 2 mg kg− 1 amphetamine
(Po 0.001). (d) Amphetamine impaired PPI in both genotypes (dose: F(3,128) = 6.99, P o0.001) compared with saline-treated animals when 2
and 4 mg kg − 1 were administered (Po 0.05). PPI was increased in Pv-mG5 − / − mice in all treatment groups (genotype: F(1,128) = 9.01, Po 0.01).
Data were analyzed with repeated-measures analysis of variance followed, when appropriate, by Fisher's LSD post hoc test. Light bars reﬂect
control mice, and dark bars reﬂect Pv-mG5− / − mice. Asterisk denotes difference between control and Pv-mG5− / − mice (***P o0.001). Plus
denotes difference between treatment group and respective saline-treated animals (+P o0.05, ++P o0.01, +++P o0.001). Bar graphs depict
means ± s.e.m.
© 2015 Macmillan Publishers Limited
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Pv+ interneurons regulate striatal output by providing feedforward inhibition to medium spiny neurons.64 Inhibitory deﬁcits in
the striatum can lead to several impairments reminiscent of those
observed in Pv-mG5− / − mice, including increased repetitive
behaviors that are relevant to human disorders.65 For example,
Tourette syndrome, a disease characterized by repetitive tics and
high overlapping comorbidity with obsessive compulsive disorder,
is also associated with a reduction of striatal Pv+ cells.46 Similarly,
sapap3 mutant mice, used to model obsessive compulsive
disorder, display reduced striatal Pv expression and excessive
grooming.66 Repetitive behaviors similar to those exhibited by PvmG5− / − mice are also common in mouse models of autism67 and
Rett syndrome.68 These commonalities strongly suggest that
disruption of postnatal mGluR5 function in Pv+ cells, and its
ensuing deﬁcits in E/I in the striatum, are likely responsible for the
phenotype observed in Pv-mG5− / − mice. Moreover, Pv+ cell
expression in the striatum was only signiﬁcantly reduced,
compared with controls, in male Pv-mG5− / − mice. Male PvmG5− / − mice were also more sensitive to repetitive-like behaviors
than female Pv-mG5− / − mice, further implicating inhibitory
deﬁcits within the striatum in the expression of repetitive
behaviors. Intriguingly, autism has a higher incidence rate in
males than females.69 Dysfunction of mGluR5 activity on Pv+ cells
may therefore contribute to the development of repetitive
behaviors in male patients with autism. Interestingly, deletion of
mGluR5 from pyramidal neurons was shown to decrease, not
increase, repetitive behavior.35 Therefore, in addition to domainspeciﬁc memory deﬁcits, the mGluR5-dependent manifestation of
compulsive-like behavior is speciﬁcally caused by loss of mGluR5
function in Pv+ cells. In light of recent evidence suggesting that
mGluR5 antagonism could be an effective therapeutic agent in the
treatment of Fragile X syndrome,70 our ﬁndings suggest that
blockade of mGluR5 during critical developmental stages may
have unintended consequences, potentially exacerbating features
of those disorders.
Sensorimotor gating was disrupted in Pv-mG5− / − mice and
mutants exhibited increased PPI. This ﬁnding was unexpected, as
global mGluR5 deletion results in profound PPI deﬁcits,19 and
mGluR5 deletion from cortical excitatory neurons does not affect
PPI.35 However, increased PPI has been observed in mouse models
of Fragile X71 and Rett syndrome68 and both models also exhibit
strong defects in inhibitory neurons.68,72 Intriguingly, this model of
Rett syndrome displayed dysfunctional GABA signaling in the
cortex and striatum68 and was also associated with increased PPI.
Although deﬁcient sensorimotor gating has been reported in
autistic patients,40 increased PPI has also been observed in autistic
patients when presented with low-intensity prepulse stimuli.38
This phenomenon was attributed to a heightened sensitivity in
detecting stimuli of low salience, which is consistent with the
hypothesis that increased gamma oscillations heighten the
salience of information transfer.73 Thus, increased gamma
oscillations observed in Pv-mG5− / − mice may result in abnormal
processing of incoming sensory information. A hypersensitivity to
incoming sensory information in turn may contribute to increased
PPI in Pv-mG5− / − mice, as similarly suggested for affected PPI38
and gamma oscillations56 in autism.
PCP and amphetamine have been previously used to study
aspects of schizophrenia. Here we found a reduced sensitivity to
PCP-induced hyperactivity in the open-ﬁeld and an attenuation of
PCP-induced PPI deﬁcits in Pv-mG5− / − mice. These ﬁndings are
consistent with GABAergic-NMDA receptor ablation and reduced
MK-801-induced hyperactivity.12,13 NMDA antagonists are
hypothesized to exert their effects via GABAergic neurons.74 Thus,
diminished postnatal glutamate transmission onto Pv+ cells
through NMDARs or, similarly as shown here by mGluR5, results
in impaired neuronal inhibition, which likely affects the treatment
with NMDAR antagonist in Pv-mG5− / − mice. On the other hand,
amphetamine-induced locomotor hyperactivity in rodents
Molecular Psychiatry (2015), 1161 – 1172

involves increased sub-cortical dopaminergic activity.75 PvmG5− / − mice showed heightened sensitivity to amphetamine in
the open ﬁeld. This effect has been observed after several
neurodevelopmental manipulations relevant to schizophrenia,
including neonatal NMDAR antagonism, social isolation and
gestational methylazoxymethanol acetate exposure.42 A direct
connection has been established between the loss of Pv+
interneurons, the associated hyperactivity of the hippocampus,
and increases in the population activity of dopaminergic neurons,
which can underlie the hyper-responsivity to amphetamine
of rodents to amphetamine-induced increases in locomotor
activity.76 A similar hyperactivation of the hippocampus and
dopaminergic system is believed to underlie psychotic outbreaks
in schizophrenia.77 Impaired postnatal development of the
Pv+ cells, the neuronal circuits that they inﬂuence and the
reduced inhibitory control of the hippocampus that is evident in
Pv-mG5− / − mice may, therefore, cooperatively mediate the
increased sensitivity to amphetamine-induced hyperactivity.
Thus, disrupted mGluR5 signaling in Pv+ inhibitory neurons during
neurodevelopment may be one of the neuromechanisms that
contributes to psychotic outbreaks in schizophrenia.
In summary, our results demonstrated that postnatal ablation of
mGluR5 from Pv+ fast-spiking interneurons resulted in long-term
neurochemical, functional and behavioral alterations that are
relevant to several neurodevelopmental disorders. These ﬁndings
highlight the fundamental role of tightly controlled neuronal
inhibition required for balanced neuronal network activity and
normal behavior.
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