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Abstract

The group I metabotropic glutamate receptor 5 (mGluR5) has been implicated in the pathology of various neurological
disorders including schizophrenia, ADHD, and autism. mGluR5-dependent synaptic plasticity has been described at a variety
of neural connections and its signaling has been implicated in several behaviors. These behaviors include locomotor
reactivity to novel environment, sensorimotor gating, anxiety, and cognition. mGluR5 is expressed in glutamatergic
neurons, inhibitory neurons, and glia in various brain regions. In this study, we show that deleting mGluR5 expression only
in principal cortical neurons leads to defective cannabinoid receptor 1 (CB1R) dependent synaptic plasticity in the prefrontal
cortex. These cortical glutamatergic mGluR5 knockout mice exhibit increased novelty-induced locomotion, and their
locomotion can be further enhanced by treatment with the psychostimulant methylphenidate. Despite a modest reduction
in repetitive behaviors, cortical glutamatergic mGluR5 knockout mice are normal in sensorimotor gating, anxiety, motor
balance/learning and fear conditioning behaviors. These results show that mGluR5 signaling in cortical glutamatergic
neurons is required for precisely modulating locomotor reactivity to a novel environment but not for sensorimotor gating,
anxiety, motor coordination, several forms of learning or social interactions.
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Introduction

The group I metabotropic glutamate receptor 5 (mGluR5) is a

G protein-coupled receptor that primarily signals through Gaq/11

and modulates various kinases, ion channels, and intracellular

calcium stores through DAG and IP3 signaling (reviewed in [1,2]).

At many mature synapses, mGluR5 activity in glutamatergic

synapses triggers the synthesis of 2-arachidonoyl glycerol (2-AG)

[3,4,5,6], one of the major endocannabinoids (eCBs), to modulate

presynaptic function through cannabinoid receptor 1 (CB1R)

[3,4,5,6,7,8,9]. mGluR5 dependent synaptic plasticity has been

found in a diverse range of synaptic connections [9,10,11,12] and

mGluR5 signaling has been implicated in the pathology of several

significant neurological disorders, including Fragile X syndrome

(FXS) [13,14,15,16,17,18], attention-deficit/hyperactivity disorder

(ADHD) [19,20], autism [21,22], schizophrenia [2,19,23], and

epilepsy [24].

mGluR5 has been proposed to play a role in several behaviors

including in locomotor reactivity to novel environment, sensori-

motor gating, anxiety, and cognition [25,26,27,28,29,30,31,32].

Global mGluR5 knockout (KO) mice are hyperactive in novel

environments [33,34,35] and defective in the prepulse inhibition of

the acoustic startle reflex [30,31,32]. Anxiety-like behaviors and

learning are also altered in global mGluR5 KO mice [35,36].

Interestingly, acute blockade of mGluR5 signaling using the

noncompetitive mGluR5 antagonist 2-methyl-6-(phenylethynyl)-

pyridine (MPEP) induces hyperactivity in wildtype mice [37] and

produces anxiolytic as well as anti-depressive effects [25,29,38,39].

mGluR5 expression in adult mouse brain is very high in the

olfactory bulb, cortex, striatum, and hippocampus ([40] and

http://mouse.brain-map.org), where it is present in glutamatergic

neurons, inhibitory neurons, and glia [40,41,42,43,44,45,46]. In

previous studies we demonstrated that mGluR5 signaling in

cortical glutamatergic neurons is required for regulating the

excitability of cortical neurons in primary somatosensory (S1)

cortex [47]. In this study, we first examined the induction of long-

term depression within the prefrontal cortex of adolescent Cx-

mGlu5 KO mice to determine the contribution of cortical

glutamatergic mGluR5 in synaptic plasticity. Next, Cx-mGlu5

KO mice and their littermate controls were subjected to a panel of

behavioral assays to explore the contribution of mGluR5 signaling

in cortical glutamatergic neurons to novelty-induced locomotion,

anxiety, sensorimotor gating, motor coordination and learning,

social interaction, as well as perseverative behaviors. The results
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help to define the roles of mGluR5 signaling in specific neuronal

populations and circuits.

Materials and Methods

Animal and Genotyping
mGluR5 floxed (mGluR5f/f) mice in a mixed 129 SVJ and

C57BL/6 background (129/C57) were generated as described in

Xu et al., (2009) [48]. NEX-Cre mice in a mixed 129 SVJ and

C57BL/6 background were generated by knocking the Cre gene

into the NEX locus [49]. NEX-Cre/+;mGluR5f/f males were

mated with mGluR5f/f females to produce NEX-Cre/+;mGluR5f/f

(Cx-mGlu5 KO) and +/+;mGluR5f/f; (control) mice. To minimize

the effects of mixed genetic background, littermate controls were

used for all experiments. Furthermore, 129 SVJ inbred mice are

known for their high innate anxiety levels [50,51]. Therefore, Cx-

mGlu5 KO mice in the low anxiety C57BL/6 background (C57)

were generated for use in selected experiments as follows: Mice

from the original mGluR5f/f were back-crossed with C57BL/6

mice for eight generations. NEX-Cre/+ mice were backcrossed

into C57BL/6 background for five generations. The congenic

strains produced after back-crossing were crossed to generate

NEX-Cre/+;mGluR5f/f and +/+; mGluR5f/f mice. Genotyping

was conducted with the procedure previously described [47].

Mouse colonies were maintained in a pathogen-free environment

with a 14–10 hour light:dark cycle (lights on at 6:00 AM) with

access to food and water ad libitum. All experiments and data

analysis were done blind to genotype information. Animals were

treated in compliance with the U.S. Department of Health and

Human Services and Baylor College of Medicine guidelines. The

Baylor institutional Animal Care and Use Committee (IACUC)

approved this study.

Western Blot Analysis
Cortices were collected from postnatal day 4 (P4), P14, and 6-

month-old mice, while brain stem, spinal cord and striatum were

harvested from 6-month-old mice. These tissues were homoge-

nized with modified radio immunoprecipitation assay (RIPA)

buffer (50 mM Tris-base pH 7.4, 50 mM NaCl, 1% Triton X-

100, 0.1% SDS, 1 mM EDTA, 1% Na-deoxycholate) with

protease and phosphatase inhibitor mixture tablets (Roche

Applied Science, Indianapolis, IN, USA). Protein concentrations

were determined using the Bradford assay (Bio-Rad, Hercules,

CA, USA), and 20–25 mg of total protein was electrophoretically

separated on 4–15% gradient SDS-PAGE gels and transferred

onto nitrocellulose membranes (Criterion system from Bio-Rad) or

polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Mem-

branes were blocked with 3% bovine serum albumin (BSA) in

Tris-buffered saline (TBS, 20 mM Tris-HCl, pH7.5, 150 mM

NaCl) with 0.2% Tween 20 (TBS-T) for 1 hour at room

temperature, then probed with rabbit anti-b-actin (Sigma, St.

Louis, MO, USA; 1:10000), rabbit anti-glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH) (Cell Signaling Technology,

Danvers, MA, USA; 1:5000), rabbit anti-mGluR1 antibody

(Millipore, Billerica, MA, USA; 1:1000), or rabbit anti-mGluR5

antibodies (Millipore; 1:2000) in blocking buffer for 16–18 hours at

4uC. Membranes were then washed with TBS-T for 3 times with 5

minutes each time, and incubated with horseradish peroxidase-

conjugated anti-rabbit secondary antibody (Jackson Immunore-

search Laboratories, West Grove, PA, USA; 1:10000) in TBS-T

for 1–2 hours at room temperature, followed by washings in TBS-

T for 4 times with 10 minutes each time. Immunoreactivity was

visualized with WEST PICO chemiluminescence reagent or Super

Signal West Dura Chemiluminescent substrate (Thermo Fisher

Scientific In., IL, USA) according to manufacturer’s instruction,

and chemiluminescence signals were detected and digitized with

ImageQuant LAS 4000 (GE Healthcare, Little Chalfont, UK).

Densitometric quantification was performed using ImageJ soft-

ware (NIH, Bethesda, MA, USA). The expression levels of each

protein of interest were first normalized to that of b-actin or

GAPDH, and then normalized to the mean value of the

corresponding littermate control for each brain region examined

at each age.

Multiple Immunofluorescent Staining
Immunofluorescence labeling was performed on four wild-type

and four Cx-mGlu5 KO (129/C57 mixed) mice (2 months of age).

Under deep anesthesia with rodent comboanesthetic III (2.5 ml/g

i.p.), mice were perfused intracardially with 4% ice cold

paraformaldehyde in PBS, pH 7.4. The brains were removed

and fixed in 4% paraformaldehyde overnight at 4uC. Fixed brains

were sectioned into 100 mm thick sections in the coronal plane.

Sections were washed with PBS-T (PBS with 0.01% Triton X-100)

and permeabilized with 0.3% Triton X-100 in PBS at room

temperature for 20 minutes. Sections were then washed with

PBST, blocked for 1 hour with 3% normal goat serum in PBS

with 0.3% Triton X-100 at room temperature, and then

incubated with a mixture of rabbit anti-mGluR5 (Millipore;

1:2000) and guinea pig anti-CB1 (Cannabinoid receptor type 1)

(gift from Dr. Ken Mackie; 1:1000) in PBS-T with 2 mg/ml BSA

and 1% normal goat serum at 4uC overnight. The next day,

sections were washed with PBS-T, and incubated with the mixture

of secondary antibodies: goat anti-guinea pig IgG-Alexa 488

(Invitrogen, Grand Island, NY, USA; 1:500), goat anti-rabbit IgG-

Alexa 594 (Invitrogen; 1:500), in PBST at room temperature for 2

hours. Following this incubation, sections were washed with PBST

twice for 5 minutes each. After DAPI staining (Invitrogen;

1:10,000 ng/ml in PBS for 10 minutes) to identify nuclei, sections

were washed three times for 10 minutes each and mounted onto

Superfrost Plus slides (Fisher Scientific, Waltham, MA, USA),

cover-slipped with Vectashield (Vector, Burlingame, CA, USA)

and sealed with nail polish for confocal or fluorescent imaging.

Imaging
Fluorescent images were taken with a Zeiss AxioImager M1

system (Oberkochen, Germany) with 56/0.16 Zeiss objectives,

using AxioVision software. Confocal images were obtained using a

Zeiss 710 system with 106/0.3, 206/0.5, 406/1.3 (oil) objective

lens. Alexa 488, Alexa 594, DAPI fluorophores were excited with

lasers of appropriate excitation wavelength sequentially (488 nm,

561 nm, or 405 nm) and scanned with emission filters selected to

optimally separate fluorescence. All corresponding images were

acquired from the same setting and processed as a whole in Adobe

Photoshop CS2 (Adobe Systems, San Jose, CA, USA) for

brightness/contrast, orientations, and background corrections to

better illustrate the staining patterns.

In vitro Electrophysiology and Data Analysis
Brain slices containing the medial PFC were obtained from 4–

6 week old mice (in 129/C57 mixed background). Coronal brain

slices (400 mm) at 3.0–3.2 rostral to bregma were cut in ice-cold

modified artificial cerebrospinal fluid (ACSF) containing the

following (in mM): 94 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl2, 26

NaHCO3, 1.2 NaH2PO4, and 10 D-glucose and adjusted to

pH 7.4 by bubbling with 95% O2/5% CO2. Slices were recovered

at 32uC for an hour in a holding chamber and recorded at 32–

34uC in oxygenated ACSF (composition in mM: 126 NaCl,

2.5 KCl, 1.2 NaH2PO4, 2.4 MgCl2, 1.2 CaCl2, 18 NaHCO3, and
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11 glucose). The superfusion medium contained GABAzine (SR-

95531; 10 mM; Tocris, Minneapolis, MN, USA) to block GABAA

receptors. To evoke the field excitatory postsynaptic potential

(fEPSP), stimuli (0.1 msec) were delivered through a glass electrode

filled with ACSF and placed in layer 2/3. A recording pipette was

filled with ACSF and placed in layer 5/6. After baseline recordings

(20 minutes, 0.05 Hz), an induction stimulation protocol (10

minutes at 10 Hz) was applied to induce LTD and fEPSPs

recorded for a further 40 minutes. The magnitude of LTD was

measured as the percentage of the average fEPSP amplitudes 21–

40 minutes after stimulation) to the average fEPSP amplitude 20

minutes before stimulation (mean 6 SEM %). The glutamatergic

nature of the extracellular fEPSP was confirmed at the end of the

experiments through the application of the non-NMDA ionotropic

glutamate receptor antagonist CNQX (20 mM; Tocris Bioscience,

Bristol, UK).

Pharmacology
2-methyl-6-(phenylethynyl)pyridine (MPEP) hydrochloride was

obtained from Tocris and dissolved in 0.9% saline at 4 mg/ml

prior to testing. MPEP is a selective noncompetitive antagonist of

mGluR5. threo-Methyl a-phenyl-a-(2-piperidyl)acetate (methyl-

phenidate) hydrochloride was obtained from Sigma and dissolved

in 0.9% saline at 1 mg/ml prior to testing. Methylphenidate,

commonly known as Ritalin, is an amphetamine derivative that

acts primarily as a norepinephrine-dopamine reuptake inhibitor.

MPEP was injected at a dose of 40 mg/kg i.p., while methylphe-

nidate was injected at a dose of 8 mg/kg i.p. To measure motor

effects induced by drugs, separate cohorts of mice were randomly

assigned to treatment groups. Each mouse was subjected to no

more than 4 treatments, each separated $48 hours. MPEP is

active for ,2 hours for both mouse marble burying behavior and

audiogenic seizure assay [52,53], while Ritalin’s effects on mouse

locomotor activity lasts for less than 12 hours, based on our

homecage activity studies (data not shown).

Corticosteroid Levels Measurement
A separate cohort of mice was used to examine circulating

corticosteroid levels at 4–5 months of age. To measure circulating

corticosteroid levels at rest, animals were placed in a quiet room in

their home cages for 2 hours without disturbance. After 2 hours,

blood was collected by retro-orbital eye bleed. All bleeds were

performed at the same time of day to sample corticosteroids at the

equivalent point in the diurnal rhythm of corticosteroid release.

Collected blood was placed in a tube containing EDTA, mixed,

and centrifuged for 5 minutes. Plasma was removed and kept

frozen until analysis. Corticosteroids in plasma samples were

measured using a Milliplex Rat Stress Hormone panel immuno-

assay (RSH69K-01 from Millipore), and read on a Bioplex 200

luminex instrument (Bio-Rad, Hercules, CA, USA).

Behavioral Testing
Male and female mice at 2–4 months of age were subjected to

selected tests from the test battery originally described by Crawley

and Paylor [54]. Assays were performed in the order of least

stressful to most stressful to the animals. Mice were rested in their

home cages for at least one week before being tested in the next

assay [55,56]. For pharmacological treatment for the open field

assay, mice were rested for at least two days. One batch of Cx-

mGluR5 KO mice in a 129/C57 mixed background was subjected

to open field assays, prepulse inhibition, and rotarod assays (in the

order listed). One batch of Cx-mGluR5 KO mice in a 129/C57

mixed background was subjected to prepulse inhibition assays and

open field with pharmacological treatment. One batch of Cx-

mGluR5 KO mice in a 129/C57 mixed background was subjected

to open field assay with pharmacological treatment and homecage

activity assay. To assess anxiety and behaviors where high innate

anxiety may be a confounder, the following behavior assays were

performed on Cx-mGluR5 KO and littermate WT mice in C57

background, an inbred mouse strain with lower anxiety levels than

129 SVJ strain [50,51]. One batch of Cx-mGluR5 KO mice in a

C57 background was subjected to the elevated plus maze, open-

field, prepulse inhibition, 3-chamber interaction, marble burying,

and conditioned fear assays. One batch of Cx-mGluR5 KO mice

in a C57 background was subjected to the elevated plus maze,

open-field, light-dark exploration, 3-chamber interaction, and

marble burying assays. Information on animal numbers used for

each behavioral paradigm can be found in the following methods

section, as well as in the Tables. Each mouse was subjected to each

behavior paradigm once, i.e. naı̈ve to each test, except for the

pharmacology experiments where injection and open field assay

was repeated for each mouse (less than 4 times total).

Prior to any behavioral testing, mice were allowed to

acclimatize to the testing room for at least 30 minutes. Testing

was performed under standard room conditions, approximately

750–800 lux of illumination [57,58]. 55 dB of white noises were

used in the assays testing for anxiety (elevated plus maze, light/

dark exploration, open field) and in those where anxiety could be a

confounder (marble burying, 3-chamber interaction, PPI (70 dB

white noise was used), to reduce audio interference from the

experimenter or environment [58]. Behavioral testing was

performed between 10:00 AM and 4:00 PM (mid phase of the

light cycle). Experimenters were blind to the genotypes of the

mice.

Elevated Plus-maze
The elevated plus-maze was made of four perpendicular

runways (7625 cm) elevated 40 cm off the ground. Two arms

were enclosed by 15 cm white walls and two arms were open,

except for a low 5 mm rim. The test animals were placed in the

center of the elevated maze facing one of the two open arms, and

left to explore for 10 minutes [59]. The number of entries, distance

traveled and time spent in the open and closed arms were recorded

using the ANY-maze tracking system (Stoelting Co., Wood Dale,

IL, USA). The number of rearings and groomings in the open and

closed arms, and the number of head dips in the open arms were

also scored by the experimenter. Cx-mGluR5 mice in C57BL6

background were used for this assay (WT male, n = 10; KO male,

n = 9; WT female, n = 4; KO female, n = 4).

Open Field Exploration
Each mouse was placed into the center of a clear Plexiglas

chamber (40 cm640 cm630 cm) with photo beams to record its

horizontal and vertical movements in an open-field assay (OFA).

Activity was recorded using a computer-operated VersaMax

Animal Activity Monitor System (Accuscan Instruments, Colum-

bus, OH). Testing was performed in the presence of overhead

bright lights (,750 lux of illumination) and white noise (55 db)

[54,57,59]. These lighting and white noise conditions allowed us to

examine anxiety-related responses in addition to locomotion.

Before all open field experiments, mice were individually weighed,

tails marked, and introduced into the testing room to acclimate for

at least 30 minutes before testing. Data was collected in 10-minute

interval bins and the following measures were analyzed: total

distance traveled, time spent traveling, horizontal traveling speed,

vertical activity, center zone distance traveled, center zone time,

center zone entries, and center distance ratio. The center zone is

defined as an unmarked square area (22.5 cm625.5 cm) lying in
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the middle of the arena. Horizontal traveling speed was calculated

by dividing total distance traveled by time spent traveling for

individual time bins. The ratio of center distance to total distance

ratio was used as a measure of anxiety-related response to the

brightly lit open area in the center of open field arena [54]. Data

for all experiments presented in a line graph represents aggregate

scores over each 10-minute bin. For WT and KO comparisons,

pooled data represent the combined scores over the entire 30-

minute period. Both Cx-mGluR5 mice in 129/C57 background

(WT male, n = 15; KO male, n = 15; WT female, n = 16; KO

female, n = 13) and Cx-mGluR5 mice in C57BL6 background

were tested (WT male, n = 16; KO male, n = 17; WT female,

n = 6; KO female, n = 7).

For MPEP and methylphenidate experiments, only male mice

were used and each mouse was tested with drug and correspond-

ing vehicle in separate OFA assays. They were first placed inside a

Plexiglas chamber and allowed to habituate and to be recorded for

60 minutes. After the habituation period, the mice were returned

back into their original cages with access to food and water while

their Plexiglas chambers were cleaned. Each mouse was then given

a single i.p. injection and immediately placed back into its original

Plexiglas chamber for a 60-minute recording period. The

locomotion changes in response to MPEP or methylphenidate

treatment were calculated to compare the response to drug relative

to their vehicle controls in the open field assay. Increased

locomotion was triggered by i.p. vehicle injections in both WT

and Cx-mGluR5 KO mice. This enhanced activity by vehicle

injections lasted 15–30 minutes. Thus, we focused our data

analysis to examine changes in locomotion due to drug treatment

by analyzing OFA data 31–40 minutes after i.p. injections. A drug

response index was defined as the ratio of the total distance

traveled during the 31–40 minutes after drug injection to the

average total distance traveled during the 31–40 minutes after

vehicle injection. The average of the vehicle response was

calculated by averaging the total distance during 31–40 minutes

after vehicle administration from individual animals of the same

genotype. A few animals exhibit zero movement 31–40 minutes

after vehicle injection. Thus, the average value was used to

calculate the response index instead of using paired individual

values. Response indexes were compared using unpaired student’s

t-test. Cx-mGluR5 mice in 129/C57 background were examined

for MPEP/vehicle (20 WT males and 15 KO males) and

methylphenidate/vehicle (9 WT males and 12 KO males).

Acoustic Startle and Prepulse Inhibition (PPI) of Acoustic
Startle

Prepulse inhibition of the acoustic startle response was

determined as described [57,60]. Briefly, acoustic startle responses

were measured using the SR-Lab startle response system (San

Diego Instruments, San Diego, CA, USA). Each mouse was placed

in a Plexiglas cylinder within a sound-attenuating chamber and

habituated to a 70-dB background white noise for 5 minutes prior

to beginning the test session. Each test session consisted of six

blocks, with each block containing eight pseudo-randomized trial

types. These include: no stimulus (to measure baseline movement),

startle stimulus only (120-dB, 40 msec), and three prepulse stimuli

(74, 78, 82-dB; 20 msec) presented either alone or 100 msec

before the startle stimulus [58]. The inter-trial intervals ranged

from 10 to 20 seconds. Startle responses, detected as force changes

within the Plexiglas cylinder, were recorded every 1 msec during a

65 msec period that followed the onset of either the prepulse

during prepulse-alone trials or the startle stimulus. The maximum

startle amplitude was used as the dependent variable. Percent PPI

of the startle response was calculated for each prepulse as 100 -

[(startle response to trials with prepulse and startle stimulus trials/

startle response to trials with startle stimulus alone) 6100]. Cx-

mGluR5 mice in 129/C57BL6 background (WT male, n = 25;

KO male, n = 20; WT female, n = 14; KO female, n = 14) and Cx-

mGluR5 mice in C57BL6 background (WT male, n = 8; KO

male, n = 8; WT female, n = 9; KO female, n = 9) were tested.

Homecage
Mice were individually placed in standard polypropylene cages

(16.5627 cm) similar in size to their holding cages, and their

horizontal locomotor activities were assessed by an automated

recording system (San Diego Instruments, San Diego, CA) as

described [61]. These cages are very similar to their regular

housing cages. The cages were placed into frames equipped with

five infrared photocell beams (5 cm apart). Locomotion was

measured as the number of sequential breaks in two adjacent

beams. The locomotion of test animals was monitored for three

days and data acquired from the first few hours were discarded.

Cx-mGluR5 mice in 129/C57BL6 background were tested (WT

male, n = 14; KO male, n = 14).

Rotarod Test
Motor coordination and skill learning were tested using an

accelerating rotarod (UGO Basile, Varese, Italy) [57]. Mice were

placed on a rotating drum (3 cm in diameter), which accelerated

from 4 to 40 rpm over a 5-minute period. The time spent walking

on top of the rod until the mouse either fell off the rod, or slipped

and held onto the rod to ride completely around was recorded.

Mice were given four trials per day on 2 consecutive days with a

maximum time of 300 seconds (5 minutes) per trial and a 60

minute inter-trial rest interval. The averaged data for each day

were analyzed [59]. Cx-mGluR5 mice in 129/C57BL6 back-

ground were tested (WT male, n = 11; KO male, n = 10).

Parallel rod footslip test. The test apparatus (Stoelting) was

enclosed in a clear Plexiglas chamber (20 cm620 cm628 cm);

1.6 mm diameter rods were spaced 6 mm apart and elevated 1 cm

above a metal plate [59]. In this assay, each mouse was required to

walk and balance on thin (1.6 mm) parallel rods spaced 6 mm

apart [58]. Ataxia and locomotor activity were recorded simulta-

neously for 10 minutes. Footslips were detected when a paw

touched a metal plate below the parallel rod floor, completing a

circuit that was scored by the system. Locomotor activity was

measured by the ANY-maze tracking system. The number of

errors (footslips) per distance traveled (m) was calculated. Cx-

mGluR5 mice in C57BL6 background were tested (WT male,

n = 10; KO male, n = 8).

Pavlovian conditioned fear. Freezing behavior in a condi-

tioned fear paradigm was measured as described previously

[57,62]. The test chamber (26 cm622 cm618 cm high) had clear

Plexiglas sides and a grid floor bottom that was used to deliver a

mild foot shock. The chamber was placed inside a sound-

attenuated chamber (Med Associates, St. Albans, VT, USA) that

had a window through which mice could be observed without

disturbance. On the training day, mice were placed into the test

chamber (house lights ON) and allowed to explore for 2 minutes.

The conditioned stimulus (CS, a 80 dB white noise) was presented

for 30 seconds and followed immediately by a mild foot shock (2

seconds, 0.7 mA) that served as the unconditioned stimulus (US).

Two minutes later, a second CS-US pairing was presented. The

FreezeFrame2 monitor system (Actimetrics, Wilmette, IL, USA)

was used to control the timing of the CS and US presentations and

to measure freezing behavior. In the present study, all of the mice

responded to the foot shock.
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Mice were tested for contextual and cued fear conditioning 24

hours after conditioning. For the context test, mice were placed

back into the original test chamber for 5 minutes and freezing

behavior was recorded. One to two hours later, mice were tested

for responses to the auditory CS in a new environment. For the CS

test, white Plexiglas inserts were placed on the sides and floor of

the chamber to alter the shape, texture and color of the chamber.

Vanilla extract was placed in the chamber behind the insert to

alter the odor. Transfer cages were altered (no bedding) and red

house lights replaced the normal white house lights. Mice were

placed into this new chamber and freezing was recorded for 3

minutes during this ‘pre-CS’ phase. The auditory CS was then

presented for another 3 minutes and freezing was recorded. Data

for the cued test were calculated as total percent freezing time.

Data for the CS test were calculated as the percent freezing during

the CS minus percent freezing in the pre-CS phase. Cx-mGluR5

mice in C57BL6 background were tested (WT male, n = 9; KO

male, n = 9; WT female, n = 8; KO female, n = 8).

Light-dark Exploration Test
Anxiety-like behavior was tested in the light-dark exploration

test using a Plexiglas chamber (44621621cm) divided unequally

into two chambers by a black partition containing a small opening

[50,57]. The larger chamber is twice the size of the smaller

chamber, has clear walls and an open top and is brightly

illuminated. The small chamber is enclosed on all sides by black

walls except for the small opening between the chambers. White

noise was present in the room at 55dB in the test chamber. Each

mouse was placed into the illuminated side and allowed to explore

freely for 10 minutes. The number and latency of entries and time

spent in each compartment were scored and analyzed. Cx-

mGluR5 mice in C57BL6 background were tested (WT male,

n = 10; KO male, n = 14; WT female, n = 10; KO female, n = 11).

Marble Burying
Before test, clean cages (27616.5612.5 cm) were filled with

approximately 5 cm deep corncob bedding, then laced with 20

black glass marbles (15 mm diameter) on the surface, evenly

spaced in a 465 arrangement. Testing consisted of a 30 minutes

exploration period [63]. The number of marbles buried (.50%

marble covered by bedding material) was counted. White noise

(55 dB) was present during testing. Cx-mGluR5 mice in a C57BL6

background were tested (WT male, n = 11; KO male, n = 14; WT

female, n = 11; KO female, n = 12).

3-Chamber Interaction
The test was performed as previously described [58,64] with a

slight modification of the habituation phase. The 3-chamber

apparatus is a clear Plexiglas box (24.75616.7568.75 in) with

removable partitions separating the box into left, center, and right

chambers. One cylindrical wire cage (3 in diameter64 in height)

was placed open end down into the left chamber and one in the

right chamber. The chambers of the apparatus and wire cages

were cleaned with 30% isopropanol and dried with paper towels

between each trial. The habituation and sociability phases were

performed as follows:

Mice were subjected to two ten-minute phases within the 3-

chamber maze; the first was a habituation phase and the second

phase was the social phase. During the habituation phase, the test

mouse was placed in the middle chamber and allowed to explore

for 10 minutes, with the doorways into the two side chambers

open. Each of the two side chambers contained an empty wire

cage. The total time the test mouse spent in each side chamber

during the 10-minute habituation period was recorded, and the

preference ratio calculated. To confirm the absence of a side

preference bias for either of the two side chambers of the test box,

measures were taken of the total time the test mouse spent in each

side during the 10-minute habituation period. After the habitu-

ation period, the subject mouse was enclosed in the center

compartment of the social test box and the doors to the left and

right side chamber were closed. For the social phase, a novel

partner mouse was placed into one of the wire cages and an

inanimate object of similar size to a mouse was placed in the other

empty wire cage, serving as a control with no social valence. The

subject mouse was allowed to explore the entire social test

apparatus for 10 minutes. Measurements were recorded for the

total amount of time spent in each chamber, the total amount of

time spent exhibiting directed interest such as sniffing, pawing, or

rearing at each wire cage, and basic locomotor activity. Prior to

the test, the age- and sex-matched C57BL/6 novel partner mice

(adult males) were housed in cages separate and distinct from the

cages housing the test mice, to avoid visual, auditory and olfactory

contact. Previous to the start of the social testing, the novel partner

mice were habituated to the wire cages in the social apparatus for

1 hour per day for two days.

Distance traveled, time spent traveling, and transitions between

chambers were recorded. The chamber preference ratio was

calculated as the ratio of time the mouse spends in the chamber of

the partner mouse vs. the novel object chamber. A second

corroborative measure, the sniffing preference ratio was calculated

as the ratio of time spent sniffing the cup containing the partner

mouse compared with the time spent sniffing the novel object cup.

Cx-mGluR5 mice in C57BL6 background were tested (WT male,

n = 21; KO male, n = 20).

Statistical Analyses
Statistical analysis was conducted using SPSS (SPSS, Chicago,

IL, USA), Prism 3.0 (Graph-Pad Software) or SigmaPlot (Systat

Software Inc., San Jose, CA). All data were first analyzed by two-

way ANOVA (gender 6 genotype) or (genotype 6 drug), three-

way ANOVA (gender6genotype6time or gender6genotype6
prepulse sound level for PPI) with repeated measures. In cases

where only male mice were tested, student’s t-test (genotype) and

two-way ANOVA (genotype 6 day for Rotarod) with repeated

measures were used. When there was no genotype 6 gender

interaction, gender data were combined for statistical compari-

sons. When there was significant genotype 6 time interaction

effect but no significant gender 6 genotype effects, gender data

were pooled and data analyzed with Student’s t-test for each time

point. All data are presented as mean 6 SEM. The level of

significance was set at p,0.05. Student’s t-tests were also used to

analyze the data from Western analysis and electrophysiology

recording data.

Results

Cortical-specific mGluR5 Deletion in Conditional Knock-
out Mice

The cortical glutamatergic-specific mGluR5 KO (Cx-mGlu5

KO) mice were generated by crossing mGluR5 floxed (mGluR5f/f)

mice [48] with NEX-Cre mice [49] as described [47]. To quantify

mGluR5 abundance in each brain area, Western blot analysis was

conducted with the cortex, striatum, brain stem and spinal cord

prepared from 6-month-old Cx-mGlu5 KO (n = 4) and their

littermate control (n = 4) mice (Fig. 1A–C). The protein level of

mGluR5 in the cortex of adult Cx-mGlu5 KO mice (Fig. 1A,B)

was 40.2965.62% of their littermate controls (10069.33; p,0.01

between WT and KO mice). However, no significant changes in
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mGluR5 expression were detected in the striatum, brain stem, or

spinal cord of Cx-mGlu5 KO cortex (striatum:

WT = 100614.22%, KO = 85.1867.25%; brain stem:

WT = 100610.82%, KO = 70.2466.82%; spinal cord:

WT = 100612.34%, KO = 75.4266.38%). No alteration in the

expression of mGluR1, another group I mGluR, was detected in

adult Cx-mGlu5 KO mice (Fig. 1C; cortex: WT = 100.063.87%,

KO = 92.8465.25%; striatum: WT = 10064.09%,

KO = 97.7263.36%; brain stem: WT = 10064.49%,

96.6261.94%; spinal cord: WT = 10063.72%,

KO = 96.4362.69%). The reduction of mGluR5 expression in

the cortex was already evident at P4 and P14 (Fig. 1D; P4:

WT = 10065.34%, KO = 37.0862.37%; P14:

WT = 10063.41%, KO = 34.9462.40%; n = 5 for each group;

p,0.0001 between WT and KO for both P4 and P14).

Synaptic Plasticity in the Prefrontal Cortex of Cx-mGluR5
KO Mice is Impaired

mGluR5 and CB1R are present in the mouse medial prefrontal

cortex (mPFC) and pharmacological studies suggest that CB1R-

dependent long-term depression (LTD) in mPFC depends on

mGluR5 function [65]. Here we explored the relative localization

of mGluR5 and CB1R in mPFC by immunofluorescence staining,

and then examined whether mGluR5/eCB-dependent LTD is still

present in the Cx-mGluR5 KO mice. mGluR5 and CB1R double

immuno-staining was conducted to examine mGluR5 and CB1R

distribution in the mPFC of 2-month-old Cx-mGlu5 KO mice

(n = 4) and their littermates (n = 4) (Fig. 2). mGluR5 immunore-

activity was evident in all cortical layers of control animals

(Fig. 2A1), as previously reported [65]. In particular, prominent

mGluR5-positive puncta were seen in cortical layers V/VI of the

prelimbic area of mPFC (PrPFC) in control animals (Fig. 2A2–3).

Minimal mGluR5 immunoreactivity was observed in the same

area in Cx-mGlu5 KO mice (Fig. 2B1–3). CB1R immunoreac-

tivity was present as dense meshwork of axons in layers II–III and

in layer V–VI (Fig. 2 A4, B4) as described [65]. CB1R expression

patterns and abundance were similar between control and Cx-

mGlu5 KO mice. These results demonstrate that deletion of

mGluR5 from cortical glutamatergic neurons reduced mGluR5

levels but do not grossly alter CB1R expression or distribution.

eCB-dependent LTD of the glutamatergic synapses between

layer II/III and layer V/VI of PrPFC can be triggered by a 10

minute, 10 Hz stimulation of layer II/III afferents projecting onto

layer V/VI [65]. eCB-LTD formation depends on CB1 and

mGluR5, but not NMDA, D1, or D2 receptors. To examine

whether this eCB-LTD formation is defective in Cx-mGlu5

PrPFC, field potential recordings were conducted with acute

mPFC brain slices prepared from 4–6 week old Cx-mGlu5 KO

mice (10 slices from 5 animals) and their littermate controls (12

slices from 6 animals). Field excitatory post-synaptic potentials

(fEPSPs) were recorded in the prelimbic layer V/VI while

stimulating in layer II/III in the presence of the GABA-A

antagonist, GABAzine (10 mM). Robust LTD of glutamatergic

inputs was triggered with the 10 minute 10 Hz stimulation

paradigm in wild-type littermates (Fig. 3A). However, LTD

formation could not be induced in Cx-mGlu5 KO mice. The

magnitude of depression after the LTD stimulation paradigm was

significantly different between control and Cx-mGlu5 KO mice

(Fig. 3B; p = 0.002; fEPSP% after LTD stimuli: control,

75.566.2%; cKO: 103.264.4 of baseline responses). Thus,

mGluR5-dependent eCB-LTD formation is impaired in the

PrPFC of Cx-mGlu5 KO mice.

Cx-mGlu5 KO Mice are Hyperactive in a Novel
Environment

To examine whether ablation of mGluR5 from the glutama-

tergic neurons in the cortex leads to an increase in novelty induced

locomotion, open field exploration tests [54] were conducted with

Figure 1. Reduced mGluR5 expression in the cortex of Cx-mGluR5 KO mice. (A) Examples of the Western blots used to quantify the
abundance of mGluR5, mGluR1 and b-actin in cortex isolated from 6-month old Cx-mGluR5 KO mice and their littermate controls. (B,C) Summaries
for the levels of mGluR5/b-actin (B) and mGluR1/b-actin (C). (D) Summaries show reduced mGluR5 levels in the developing cortex of Cx-mGluR5 KO
mice. Data are presented as mean 6 SEM as % of normalized mGluR5 or mGluR1 in control mice for each specific brain region (**, p,0.01, ***,
p,0.0001, Student’s t-test).
doi:10.1371/journal.pone.0070415.g001
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Cx-mGlu5 KO and their littermate control mice, both of whom

were naı̈ve to the open field arena. The exploration reactivity to

the novel environment and within-session habituation were

analyzed by several measures in 3 time brackets using three-way

ANOVA with repeated measures (Fig. 4). There was no genotype

6 gender interaction for total distance traveled (F1, 55 = 0.955,

p = 0.333), movement time (F1,55 = 0.889, p = 0.350), average

horizontal speed (F1,55 = 1.731, p = 0.194), or vertical activity

(F1,55 = 0.043, p = 0.252). Thus, gender data were combined and

analyzed with two-way ANOVA with repeated measures. Cx-

mGlu5 KO mice are hyperactive (Fig. 4 and Table 1) with

significant increases in total distance traveled (Fig. 4A;

F1,55 = 9.001, p = 0.004), movement time (Fig. 4B; F1,55 = 17.230,

p,0.001), average horizontal speed (Fig. 4C; F1,55 = 9.180,

p = 0.004), and vertical activity (Fig. 4D; F1,55 = 7.292, p = 0.009).

Despite the hyperactivity, Cx-mGlu5 KO mice habituated to the

novel environment with time. Both Cx-mGlu5 KO and control

littermates decreased their exploratory activity as testing pro-

gressed as indicated by decreases in total distance traveled (F1.46,

83.16 = 74.248, p,0.001), movement time (F1.51, 82.80 = 129.86,

p,0.001), average horizontal speed (F1.65, 90.87 = 34.196,

p,0.001), and vertical activity (F1.80, 99.20 = 17.685, p,0.001).

The ratio of center distance to total distance traveled and

percentage of time spent in the center zone measured in the open

Figure 2. Reduced mGluR5 expression in the layer V of mPFC of Cx-mGluR5 KO mice. Low-magnification images of double
immunofluorescence with anti-mGluR5 and anti-CB1 antibodies on mPFC sections of control and Cx-mGluR5 KO mice (A1, B1). A2 and B2 depict
merged staining of mGluR5, CB1 and DAPI within the white square from the left panel. The expression of mGluR5 was dramatically reduced in the
cortex of Cx-mGlu5 KO mice (B3), while the CB1 expression was similar to littermate controls (A4, B4). (Roman numerals indicated different layers in
mPFC. Scale bars in A1, B1:500 mm; A2, A3, A4, B2, B3, B4:50 mm.
doi:10.1371/journal.pone.0070415.g002

Figure 3. LTD formation is impaired in layer V of mPFC of Cx-mGlu5 KO mice. (A). Averaged fEPSP time courses of the LTD experiments in
which the 10-minutes, 10 Hz protocol was applied to slices from control (blue; n = 12 at 6 mice) and cKO mice (red; n = 10 at 5 mice). Stimulation is
indicated by the arrow. Right panel: sample traces are representative of averaged fEPSP’s (from six recordings) recorded before (1) and after (2) 10 Hz
stimulation. (B). Scatter plots showed a significant change of %fEPSP between control and cKO mice (**p,0.01, Student’s t-test). The average
magnitude of LTD was assessed 20 minutes after stimulation. fEPSP amplitudes are expressed as percent of the baseline amplitude.
doi:10.1371/journal.pone.0070415.g003
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field assay provide measures of anxiety-related responses to a

bright and open arena [66,67]. No genotype6gender interactions

(Greenhouse-Geisser corrected) were found for the center zone

distance traveled (F1,55 = 0.272, p = 0.604), center zone duration

(F1,55 = 0.715, p = 0.401), or center distance ratio (F1,55 = 0.729,

p = 0.397). No difference in the ratio of center distance to total

distance traveled (center distance ratio: F1,55 = 1.248, p = 0.269)

(Table 1) indicates that Cx-mGlu5 KO mice have a normal level

of anxiety in the open field apparatus.

To confirm that the observed hyperactivity in Cx-mGlu5 KO

mice was due to novelty, we assessed their diurnal activity levels in

the home cage environment for 72 hours. In this setting, mice were

individually placed into standard polypropylene cages similar in

size and containing the same bedding as their home cages. In

contrast to the hyper-locomotion phenotype observed in the open

field assay, Cx-mGlu5 KO mice showed normal activity levels in

the home cage setting (Fig. 5, Table 1). Both control and Cx-

mGlu5 KO mice were more active in the dark phase than light

phase. The activity level during either dark (t26 = 20.98, p = 0.335)

or light phase (t26 = 20.85, p = 0.405) was comparable between

Cx-mGlu5 KO and littermate control mice. Taken together, these

results suggest that Cx-mGlu5 KO mice are hyperactive relative to

their wild-type littermates only in a novel environment.

Acute blockade of mGluR5 signaling using the noncompetitive

mGluR5 antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP)

induces hyperactivity in wildtype mice when tested in an open-

field arena [37]. To test whether mGluR5 signaling in cortical

glutamatergic neurons mediates the hyper-kinetic effect of MPEP,

we subjected Cx-mGlu5 KO and littermate control mice to

40 mg/kg MPEP or vehicle and examined their locomotion with

the open field assay. Each mouse was placed in the open field

arena and habituated to the chamber for 1 hour before drug

injection, and activity levels were followed for another hour.

Activity levels during the 31–40 minutes post-injection time bin

were compared by two-way ANOVA (genotype 6 drug). To our

surprise, Cx-mGlu5 KO mice had a greater increase in activity

after MPEP, compared to their control littermates (Fig. 6).

Statistical analysis showed that there were overall significant

genotype and drug effects in total distance traveled (Fig. 6A,B;

genotype: F1,66 = 8.477, p = 0.001; drug: F1,66 = 14.400, p,0.001).

In addition, there was a significant genotype 6 drug effect

(F1,66 = 8.477, p = 0.005), suggesting that the hyper-kinetic effects

of MPEP are enhanced in Cx-mGlu5 KO mice. Response indexes

were significantly higher in Cx-mGluR5 KO mice compared to

control mice (Fig. 6E; p#0.05). Similarly, there were overall

significant genotype and drug effects in the time spent moving

(Fig. 6C; genotype: F1,66 = 22.862, p,0.001, drug: F1,66 = 35.614,

p,0.001), as well as a significant genotype 6 drug effect

(F1,66 = 9.92, p = 0.002). Vertical activity showed a genotype effect

(Fig. 6D; F1,66 = 5.302, p = 0.024) as well as a positive drug effect

(F1,66 = 9.338, p = 0.003), but no genotype 6 drug interaction

effect. Taken together, our observations suggest that mGluR5

signaling in cortical glutamatergic neurons does not mediate the

hyper-kinetic effect of MPEP.

Cx-mGlu5 KO Mice are Sensitive to Methylphenidate
Treatment

Psychostimulants characteristically enhance motor activity in

normal individuals by increasing monoamine (e.g. dopamine,

norepinephrine, and serotonin) neurotransmission [68]. Paradox-

ically, these compounds exert a calming effect in ADHD patients

and are efficacious in various ADHD animal models. Methylphe-

nidate, also known as Ritalin, is a commonly used psychostimulant

to treat ADHD patients [69]. To assess methylphenidiate’s actions

involve cortical mGluR5, we evaluated the effects of methylphe-

nidate on locomotion using the open field assay. Cx-mGlu5 KO

and their littermate control mice were habituated to the open

field test chamber for 1 hour prior to receiving 8 mg/kg

Figure 4. Cx-mGlu5 KO mice exhibit enhanced locomotor responses to a novel environment. (A) Total distance traveled, (B) movement
time, (C) movement speed, and (D) vertical activity (numbers of rearing) during 30 minutes of open field assays are presented in 10-minutes bins as
well as 0–30 minutes in bar graphs (blue for wild type and red for Cx-mGluR5 KO mice).
doi:10.1371/journal.pone.0070415.g004
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methylphenidate or vehicle. Methylphenidate strongly stimulated

both Cx-mGlu5 KO mice and their littermate controls (Fig. 7).

Significant increases in total distance traveled (Fig. 7A), move-

ment time, stereotypic activity, and vertical activity were observed,

with peak activity occurring 31–40 minutes after injection.

Activity levels during the 31–40 minute post-injection time bin

were compared by two-way ANOVA (genotype 6 drug). Cx-

mGlu5 KO mice had a greater response in activity after

methylphenidate, compared to their control littermates. Statistical

analysis showed that there were overall significant genotype and

treatment effects in total distance traveled (Fig. 7B; genotype:

F1,40 = 12.955, p = 0.001; drug: F1,40 = 62.141, p,0.001). Two-

way ANOVA (genotype 6 drug) showed a significant increase in

distance traveled for Cx-mGlu5 KO mice compared to control

mice after drug injection (F1,40 = 6.284, p = 0.016; Fig. 7E).

Significant genotype effects were found on time spent moving

(Fig. 7C; F1,40 = 9.720, p = 0.003) and vertical activity (Fig. 7D;

F1,40 = 4.646, p = 0.037). Neither movement time, nor vertical

activity had a genotype 6 drug interaction effect. These

observations suggest that methylphenidate exacerbates the hyper

locomotion seen in Cx-mGlu5 KO mice.

Normal Sensorimotor Gating, Motor Coordination/
learning in Cx-mGlu5 KO Mice

The prepulse inhibition of acoustic startle reflex (PPI) provides

an operational measure of sensory-motor gating processes in

human and mice. To investigate the involvement of Cx-mGlu5 in

sensorimotor gating, we performed the PPI test on male and

female Cx-mGlu5 KO and their littermate control mice. All mice

tested in the present study showed a startle response, and their

data were thus included in the analysis. For startle response, there

was no significant difference found in the response to maximum

stimulus at 120 dB (genotype: F1,69 = 1.162, p = 0.285; gender:

F1,69 = 0.792, p = 0.377; genotype 6 gender: F1,69 = 1.430,

p = 0.236; gender data were pooled and shown in Fig. 8A). For

PPI, there was a main effect of prepulse level (F2,138 = 188.01,

p,0.001) as expected. As the prepulse level increases, there is

generally a greater level of suppression generated in response to

the startle stimulus. There was no genotype, gender, genotype 6
prepulse level, or gender6prepulse level interaction effects for the

Cx-mGlu5 mice. These results demonstrate that mGluR5

expression in cortical glutamatergic neurons is not required for

sensorimotor gating.

To explore the potential role of mGluR5 in cortical glutama-

tergic neurons in motor coordination/control and balance, we

tested Cx-mGlu5 KO and littermate control male mice on the

accelerating rotarod. The mice were subjected to 4 trials per day

for two consecutive days, and the averaged results of latency to fall

for each day were analyzed using two-way ANOVA with repeated

measures (genotype 6 day). Mice of both genotypes improved

significantly over the 2 days of training (Table 1; F3.8,71.6 = 27.38,

p,0.001). There were no differences in latency to fall between the

genotypes (F1,19 = 0.92, p = 0.351), nor was there a genotype6day

interaction (F3.8,71.6 = 0.94, p = 0.441), indicating that Cx-mGlu5

KO mice have normal motor coordination, and showed no

difference in motor learning on this task compared to wild type

mice.

Normal Anxiety-like Behaviors, Social Interactions, and
Learning in Cx-mGlu5 KO Mice

Mice in a C57BL/6 background are more suitable to study

anxiety-related behaviors [50]. Thus, we back-crossed Cx-mGlu5

mice into the C57BL/6 background (see Materials and Methods)

for 6–8 generations. For the following assays, Cx-mGlu5 KO mice

in a C57BL6 background were used. Similar to Cx-mGlu5 KO

mice in 129-C57BL/6 mixed background, the mGluR5 condi-

tional KO mice in C57BL/6 background exhibited hyperactivity

in the novel environment (Table 2) and showed normal

sensorimotor gating in the PPI test (Fig. 8B). In addition to open

field test, Cx-mGlu5 KO mice in the C57BL/6 background and

their littermates were also subjected to elevated plus maze and

light-dark exploration tests. In the elevated plus maze assay, we

found that there was no overall difference between the genotypes

or genders in the number of entries to the open arms (Table 2;

genotype: F1,23 = 0.351, p = 0.559; gender F1,23 = 1.993, p = 0.171)

or in the amount of time spent in the open arms (genotype:

F1,23 = 0.033, p = 0.857; gender: F1,23 = 3.268, p = 0.084). In the

light-dark exploration test both Cx-mGluR5 KO and littermate

WT groups exhibited frequent transitions between the two

compartments as expected for pure C57BL/6 mice (Table 2).

There was no effect on genotype for transitions made between the

light and dark environment (F1,41 = 0.311, p = 0.580) or for the

percentage of time spent in the light chamber (F1,41 = 2.171,

p = 0.148). In addition, no difference was found in circulating

corticosteroid levels at rest between Cx-mGluR5 KO

(53.164.2 ng/ml, n = 12) and control mice (46.363.7 ng/ml;

n = 13). Thus, the basal activity in the Hypothalamic-Pituitary-

Adrenal axis in Cx-mGluR5 mice is normal.

To examine social interactions in Cx-mGlu5 KO mice, a

modified automated three-chambered social approach task [70]

Figure 5. Cx-mGlu5 KO mice exhibit normal locomotion in familiar environment. (A) Home cage activity was plotted in one-hour bins.
Light and dark phases over twenty-four hours are indicated as open and closed boxes, respectively. (B) Summary for the total activity during the first
six hours in the light or dark phases.
doi:10.1371/journal.pone.0070415.g005
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was conducted. Distance traveled, time spent traveling, and

transitions between chambers were comparable between wildtype

and Cx-mGlu5 KO mice during both the habituation phase and

the social phase. No differences in the chamber preference ratios

(Table 2; t39 = 1.19, p = 0.24) or the sniffing preference ratios

(t39 = 0.42, p = 0.67) were found. Next, we examined Pavlovian

learning in Cx-mGlu5 KO mice using the conditioned fear

paradigm associating contextual or auditory cues with mild foot

shock. Cx-mGlu5 KO mice exhibited normal levels of freezing for

both contextual and auditory cue-based fear tests performed 24

hours after training (Table 2). No significant genotype, gender or

interaction effects were found in the context test (genotype:

F1,30 = 1.077, p = 0.308; gender: F1,30 = 1.077, p = 0.308; genotype

6gender: F1,30 = 0.773, p = 0.386) or in the freezing behavior for

auditory cues (genotype: F1,30 = 2.156, p = 0.152; gender:

F1,30 = 0.347, p = 0.560; genotype 6 gender: F1,30 = 0.084,

p = 0.774). Thus, mGluR5 in cortical glutamatergic neurons is

not required for social interactions or learning an aversive memory

task.

Repetitive Behavior is Reduced in Male Cx-mGlu5 KO
Mice

Marble-burying behavior in mice is an indicative measure of

highly repetitive digging and this repetitive behavior persists with

little change across multiple exposures [63]. This behavior is

genetically regulated, not correlated with other anxiety-like traits

and not stimulated by novelty [63]. We found that there is

Figure 6. Enhanced activity levels in the open field assay for Cx-mGlu5 mice after MPEP administration. (A) Total distance traveled is
presented in 10-minute time bins before and after vehicle or MPEP injection, ‘09 represents injection time (arrow). (B) Total distance traveled (WT:
vehicle = 0.7460.31 m, MPEP = 1.9860.63 m; KO: vehicle = 1.5160.74 m, MPEP = 10.9263.03 m), (C) movement time (WT: vehicle = 51.65616.33 s,
MPEP = 117.16621.29 s; KO: vehicle = 89.58628.76 s, MPEP = 301.53627.97 s), and (D) vertical activity (WT: vehicle = 3.8561.87, MPEP = 10.9065.17;
KO: vehicle = 6.3362.56, MPEP = 36.33611.69), are summarized as a 10-minute time bin, 31–40 minute after injection. (E) Summaries of response
index for fold changes in distance travelled induced by MPEP (WT = 2.2760.41, KO = 3.3760.31). Data are presented as mean 6 SEM.
doi:10.1371/journal.pone.0070415.g006
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significant gender effect on number of marbles buried (Table 2,

genotype: F1,44 = 2.680, p = 0.109; gender: F1,44 = 4.411,

p = 0.041; genotype6gender: F1,44 = 2.436, p = 0.126). Analyzing

the genders separately using student’s t-test to compare Cx-

mGluR5 KO and WT littermate mice, we found that Cx-mGlu5

KO male mice buried fewer marbles than their male littermates

(Fig. 8C; p = 0.03), but there was no difference in female mice

between the two genotypes. In wildtype mice, 40 mg/kg MPEP

treatment reduces repetitive digging behavior by more than 80%

[53]. We observed a small but significant reduction in marble

burying behaviors in male but not female Cx-mGlu5 KO mice.

These findings suggest that mGluR5 expression on cells other than

cortical glutamatergic neurons has more influence on repetitive

behaviors.

Discussion

mGluR5 is expressed widely at high levels in the brain and

abnormal mGluR5 signaling has been implicated in various

neurological disorders. Here we found that deleting mGluR5

expression solely from cortical glutamatergic neurons leads to

defective synaptic plasticity in the prefrontal cortex and results in

an increase in novelty-induced locomotion in both 129-C57BL/6

mixed and C57BL/6 genetic backgrounds. Cx-mGluR5 KO mice

Figure 7. Enhanced activity levels in the open field assay for Cx-mGlu5 mice after methylphenidate administration. (A) Total distance
traveled is presented in 10-minute time bins before and after vehicle or methylphenidate injection, ‘09 represents injection time (arrow). (B) Total
distance traveled (WT: vehicle = 0.7460.42 m, methylphenidate = 22.9166.27 m; KO: vehicle = 5.2563.16 m, methylphenidate = 48.0864.63 m), (C)
movement time (WT: vehicle = 59.38632.02 s, methylphenidate = 382.74644.53 s; KO: vehicle = 141.89646.33 s, methylphenidate = 522.93613.73 s),
and (D) vertical activity (WT: vehicle = 2.1160.11, methylphenidate = 42.78621.66; KO: vehicle = 12.4266.03, methylphenidate = 90.33616.36) are
summarized as a 10-minute time bin, 31–40 minute after injection. (E) Summaries of response index for fold changes in distance travelled triggered
by methylphenidate (WT = 30.6768.39, KO = 64.3666.20). Data are presented as mean 6 SEM.
doi:10.1371/journal.pone.0070415.g007
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show an exaggerated locomotor response to psychostimulants.

Despite the significant increase in locomotion, Cx-mGluR5 KO

mice still habituated to the novel environment. When Cx-mGluR5

KO mice were in a familiar environment, their activity levels

during both the light and dark phases were similar to control mice.

Cx-mGluR5 KO mice exhibited normal sensorimotor gating,

motor coordination/learning, anxiety-like behaviors, social inter-

actions, and fear-conditioning. Thus, the exaggerated hyper-

locomotive responses of Cx-mGluR5 KO mice to a psychostim-

ulant or novel environment is unlikely to be due to abnormal

anxiety behaviors. Together these results suggest that mGluR5

signaling in cortical glutamatergic neurons is an essential part of

the network responsible for regulating novelty-induced locomo-

tion. In contrast, deleting mGluR5 expression in the cortical

glutamatergic neurons has no detectable impact on sensorimotor

gating, anxiety behaviors, social interactions, motor coordination/

learning and fear conditioning behaviors.

eCB-dependent LTD in PFC Requires mGluR5 Expression
in Glutamatergic Neurons

One consequence of mGluR5 activation is an increase in the

synthesis and mobilization of eCB’s and induction of CB1R-

dependent synaptic plasticity [7,8,9]. A role for mGluR5 in eCB-

dependent LTD in mPFC has been demonstrated using a

pharmacological approach [65]. The defective eCB-dependent

Figure 8. Cx-mGlu5 mice exhibit normal sensorimotor gating and a slight reduction in repetitive behaviors. (A,B) Sensorimotor gating
was measured by prepulse inhibition (PPI) of the acoustic startle response in Cx-mGlu5 KO mice in C57/129 mixed (A) or in C57BL/6 background (B)
and their littermate controls. Summaries of the maximum startle response to a 120 dB white noise sound burst are shown in the left panel.
Summaries for the inhibition of the acoustic startle response by either one of three prepulse levels (74, 78 and 82 dB) are shown on the right. (C)
Summaries for the number of marbles buried by Cx-mGlu5 KO and control mice in C57BL6 background.
doi:10.1371/journal.pone.0070415.g008
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synaptic plasticity in Cx-mGluR5 KO PFC demonstrates the

requirement of mGluR5 in pyramidal neurons for triggering this

form of CB1R-dependent plasticity. CB1R in glutamatergic

axonal terminals has been suggested to provide neuroprotection

by preventing excessive excitatory neuronal activity by reducing

glutamate release [71]. Removing CB1R from cortical glutama-

tergic neurons leads to a reduced seizure threshold in the kainic

acid induced seizure model [71]. In preliminary studies we have

also found a reduced seizure threshold in Cx-mGluR5 KO mice.

Thus, defective CB1R signaling in Cx-mGluR5 KO mice is likely

to lessen the inhibitory feedback control of glutamate, contributing

to abnormal network excitability. It is possible that this defective

synaptic plasticity or reduced inhibitory tone may contribute to the

hyperactivity observed in Cx-mGluR5 KO mice.

Cortical Glutamatergic mGluR5 Signaling Modulates
Novelty-induced Locomotion

ADHD is a common neuropsychiatric disorder with onset at

preschool age. 8–12 percent of school-aged children and around

4% adults have been diagnosed with ADHD [72,73,74,75]. It has

been hypothesized that problems in the circuits connecting the

basal ganglia with prefrontal cortex, the caudate nucleus, and the

globus pallidus are the primary causes underlying ADHD

symptoms [76,77]. Deletion of the mGluR5 gene has been found

in a subset of ADHD patients [19,20]. Here we found that

removing mGluR5 expression from cortical glutamatergic neurons

leads to an enhancement of novelty-triggered locomotion, a

characteristic often found in ADHD animal models. Taken

together, we propose that glutamatergic signaling through

mGluR5 in the frontal cortex regulates the fronto-striatal circuitry

to modulate novelty-induced locomotion.

Hyperactivity in ADHD animal models is typically normalized

by treatment with psychostimulants like methylphenidate (known

as Ritalin) (e.g. [78,79]). Therapeutic doses of oral methylpheni-

date significantly increase extracellular dopamine in the human

brain [80]. Unlike typical ADHD animal models, the locomotor

hyperactivity in Cx-mGluR5 KO mice was not reduced by

treatment with methylphenidate. Instead, Cx-mGluR5 KO mice

exhibit significantly increased locomotion upon methylphenidate

treatment.

Acute blockade of mGluR5 signaling through systemic MPEP

treatment leads to a modest [53] or no increase [30] in locomotor

activity. To our surprise, Cx-mGluR5 KO mice exhibit enhanced

locomotion following MPEP treatment. One explanation for this

finding is that mGluR5 on cells other than cortical glutamatergic

neurons also participate in circuits regulating locomotion. The

abundant mGluR5 expression in the striatum of Cx-mGluR5 KO

mice makes striatal mGluR5 the most plausible target of MPEP in

the Cx-mGluR5 KO mice. However, this reasoning alone doesn’t

explain why MPEP has stronger effects on Cx-mGluR5 mice than

wild type mice. It is plausible that deleting mGluR5 in cortical

neurons in the Cx-mGluR5 KO mice prevents the proper

establishment of inhibitory circuits to regulate mGluR5-containing

striatal outputs.

The increased locomotor activity in Cx-mGluR5 KO mice in

the open-field test environment was observed during the first visit

for baseline studies as well as in the subsequent visits for MPEP or

methylphenidate experiments. Thus, Cx-mGluR5 KO mice are

more sensitive to test environment while home cage locomotor

behavior remains unaffected. The hyperkinetic phenotype in Cx-

mGluR5 KO mice is exaggerated to a greater degree than in wild

type mice by acute systemic mGluR5 blockade and by the

psychostimulant methylphenidate. The increased sensitivity to

amphetamine is one characteristic of mania or mood disorders

[81,82]. Similar increases in novelty-induced locomotion and

enhanced sensitivity to psychostimulants have been found in

Highper mutant mice [83], an ENU-induced mutant line, and

Shank3 transgenic mice with Shank3 overexpression (unpublished

data).

Taken together, our findings demonstrate that mGluR5

signaling in cortical glutamatergic neurons is required to regulate

novelty-induced locomotion but is not required for other

behavioral parameters such as sensorimotor gating, anxiety, motor

coordination/learning, social interactions or fear conditioning

behaviors.

Acknowledgments

We would like to acknowledge the helpful comments from Drs. Anis

Contractor, Deepa Venkitaramani, and Jian Xu as well as the

contributions of the Confocal Imaging and Mouse Neurobehavior cores

located in Baylor and TCH.

Author Contributions

Conceived and designed the experiments: CSW NJJ HCL. Performed the

experiments: CPJ CSW HS JZ JYH NJJ. Analyzed the data: CPJ CSW HS

NJJ DHY JYH HCL. Wrote the paper: CPJ CSW HS NJJ HCL.

References

1. Conn PJ, Pin JP (1997) Pharmacology and functions of metabotropic glutamate

receptors. Annu Rev Pharmacol Toxicol 37: 205–237.

2. Niswender CM, Conn PJ (2010) Metabotropic glutamate receptors: physiology,

pharmacology, and disease. Annu Rev Pharmacol Toxicol 50: 295–322.

3. Rouach N, Nicoll RA (2003) Endocannabinoids contribute to short-term but not

long-term mGluR-induced depression in the hippocampus. Eur J Neurosci 18:

1017–1020.

4. Kettunen P, Kyriakatos A, Hallen K, El Manira A (2005) Neuromodulation via

conditional release of endocannabinoids in the spinal locomotor network.

Neuron 45: 95–104.

5. Kreitzer AC, Malenka RC (2005) Dopamine modulation of state-dependent

endocannabinoid release and long-term depression in the striatum. J Neurosci

25: 10537–10545.

6. Safo PK, Regehr WG (2005) Endocannabinoids control the induction of

cerebellar LTD. Neuron 48: 647–659.

7. Kano M, Ohno-Shosaku T, Hashimotodani Y, Uchigashima M, Watanabe M

(2009) Endocannabinoid-mediated control of synaptic transmission. Physiol Rev

89: 309–380.

8. Regehr WG, Carey MR, Best AR (2009) Activity-dependent regulation of

synapses by retrograde messengers. Neuron 63: 154–170.

9. Luscher C, Huber KM (2010) Group 1 mGluR-dependent synaptic long-term

depression: mechanisms and implications for circuitry and disease. Neuron 65:

445–459.

10. She WC, Quairiaux C, Albright MJ, Wang YC, Sanchez DE, et al. (2009) Roles

of mGluR5 in synaptic function and plasticity of the mouse thalamocortical

pathway. Eur J Neurosci 29: 1379–1396.

11. Campanac E, Gasselin C, Baude A, Rama S, Ankri N, et al. (2013) Enhanced

intrinsic excitability in basket cells maintains excitatory-inhibitory balance in

hippocampal circuits. Neuron 77: 712–722.

12. Chevaleyre V, Castillo PE (2003) Heterosynaptic LTD of hippocampal

GABAergic synapses: a novel role of endocannabinoids in regulating excitability.

Neuron 38: 461–472.

13. Bear MF, Huber KM, Warren ST (2004) The mGluR theory of fragile X mental

retardation. Trends Neurosci 27: 370–377.

14. Dolen G, Bear MF (2008) Role for metabotropic glutamate receptor 5 (mGluR5)

in the pathogenesis of fragile X syndrome. J Physiol 586: 1503–1508.

15. Dolen G, Osterweil E, Rao BS, Smith GB, Auerbach BD, et al. (2007)

Correction of Fragile X Syndrome in Mice. Neuron 56: 955–962.

16. Krueger DD, Bear MF (2011) Toward fulfilling the promise of molecular

medicine in fragile X syndrome. Annu Rev Med 62: 411–429.

17. Bhakar AL, Dolen G, Bear MF (2012) The pathophysiology of fragile X (and

what it teaches us about synapses). Annu Rev Neurosci 35: 417–443.

mGluR5 Regulates Locomotor Reactivity to Novelty

PLOS ONE | www.plosone.org 16 August 2013 | Volume 8 | Issue 8 | e70415



18. Jacquemont S, Curie A, des Portes V, Torrioli MG, Berry-Kravis E, et al. (2011)

Epigenetic modification of the FMR1 gene in fragile X syndrome is associated

with differential response to the mGluR5 antagonist AFQ056. Sci Transl Med 3:

64ra61.

19. Kirov G, Pocklington AJ, Holmans P, Ivanov D, Ikeda M, et al. (2012) De novo

CNV analysis implicates specific abnormalities of postsynaptic signalling

complexes in the pathogenesis of schizophrenia. Mol Psychiatry 17: 142–153.

20. Elia J, Sackett J, Turner T, Schardt M, Tang SC, et al. (2012) Attention-deficit/

hyperactivity disorder genomics: update for clinicians. Curr Psychiatry Rep 14:

579–589.

21. Iossifov I, Ronemus M, Levy D, Wang Z, Hakker I, et al. (2012) De novo gene

disruptions in children on the autistic spectrum. Neuron 74: 285–299.

22. Kelleher RJ, 3rd, Geigenmuller U, Hovhannisyan H, Trautman E, Pinard R,

et al. (2012) High-throughput sequencing of mGluR signaling pathway genes

reveals enrichment of rare variants in autism. PLoS ONE 7: e35003.

23. Matosin N, Newell KA (2012) Metabotropic glutamate receptor 5 in the

pathology and treatment of schizophrenia. Neurosci Biobehav Rev 37: 256–268.

24. Catania MV, D’Antoni S, Bonaccorso CM, Aronica E, Bear MF, et al. (2007)

Group I metabotropic glutamate receptors: a role in neurodevelopmental

disorders? Mol Neurobiol 35: 298–307.

25. Ballard TM, Woolley ML, Prinssen E, Huwyler J, Porter R, et al. (2005) The

effect of the mGlu5 receptor antagonist MPEP in rodent tests of anxiety and

cognition: a comparison. Psychopharmacology (Berl) 179: 218–229.

26. Balschun D, Zuschratter W, Wetzel W (2006) Allosteric enhancement of

metabotropic glutamate receptor 5 function promotes spatial memory.

Neuroscience 142: 691–702.

27. Barker GR, Bashir ZI, Brown MW, Warburton EC (2006) A temporally distinct

role for group I and group II metabotropic glutamate receptors in object

recognition memory. Learn Mem 13: 178–186.

28. Bordi F, Marcon C, Chiamulera C, Reggiani A (1996) Effects of the

metabotropic glutamate receptor antagonist MCPG on spatial and context-

specific learning. Neuropharmacology 35: 1557–1565.

29. Pietraszek M, Sukhanov I, Maciejak P, Szyndler J, Gravius A, et al. (2005)

Anxiolytic-like effects of mGlu1 and mGlu5 receptor antagonists in rats.

Eur J Pharmacol 514: 25–34.

30. Kinney GG, Burno M, Campbell UC, Hernandez LM, Rodriguez D, et al.

(2003) Metabotropic glutamate subtype 5 receptors modulate locomotor activity

and sensorimotor gating in rodents. J Pharmacol Exp Ther 306: 116–123.

31. Brody SA, Dulawa SC, Conquet F, Geyer MA (2004) Assessment of a prepulse

inhibition deficit in a mutant mouse lacking mGlu5 receptors. Mol Psychiatry 9:

35–41.

32. Conn PJ, Lindsley CW, Jones CK (2009) Activation of metabotropic glutamate

receptors as a novel approach for the treatment of schizophrenia. Trends

Pharmacol Sci 30: 25–31.

33. Gray L, van den Buuse M, Scarr E, Dean B, Hannan AJ (2009) Clozapine

reverses schizophrenia-related behaviours in the metabotropic glutamate

receptor 5 knockout mouse: association with N-methyl-D-aspartic acid receptor

up-regulation. Int J Neuropsychopharmacol 12: 45–60.

34. Bird MK, Reid CA, Chen F, Tan HO, Petrou S, et al. (2010) Cocaine-mediated

synaptic potentiation is absent in VTA neurons from mGlu5-deficient mice.

Int J Neuropsychopharmacol 13: 133–141.

35. Olsen CM, Childs DS, Stanwood GD, Winder DG (2010) Operant sensation

seeking requires metabotropic glutamate receptor 5 (mGluR5). PLoS ONE 5:

e15085.

36. Lu YM, Jia Z, Janus C, Henderson JT, Gerlai R, et al. (1997) Mice lacking

metabotropic glutamate receptor 5 show impaired learning and reduced CA1

long-term potentiation (LTP) but normal CA3 LTP. J Neurosci 17: 5196–5205.

37. Kachroo A, Orlando LR, Grandy DK, Chen JF, Young AB, et al. (2005)

Interactions between metabotropic glutamate 5 and adenosine A2A receptors in

normal and parkinsonian mice. J Neurosci 25: 10414–10419.

38. Palucha A, Pilc A (2007) Metabotropic glutamate receptor ligands as possible

anxiolytic and antidepressant drugs. Pharmacol Ther 115: 116–147.

39. Witkin JM, Marek GJ, Johnson BG, Schoepp DD (2007) Metabotropic

glutamate receptors in the control of mood disorders. CNS Neurol Disord

Drug Targets 6: 87–100.

40. Shigemoto R, Mizuno N (2000) Metabotropic glutamate receptors - immuno-

cytochemical and in situ hybridization analyses. In: Storm-Mathisen J, Ottersen

OP, editors. Glutamate. Amersterdam: Elsevier Science.

41. Shigemoto R, Nomura S, Ohishi H, Sugihara H, Nakanishi S, et al. (1993)

Immunohistochemical localization of a metabotropic glutamate receptor,

mGluR5, in the rat brain. Neurosci Lett 163: 53–57.

42. Sanon NT, Pelletier JG, Carmant L, Lacaille JC (2010) Interneuron subtype

specific activation of mGluR1/5 during epileptiform activity in hippocampus.

Epilepsia 51: 1607–1618.

43. Sun W, McConnell E, Pare JF, Xu Q, Chen M, et al. (2013) Glutamate-

dependent neuroglial calcium signaling differs between young and adult brain.

Science 339: 197–200.

44. Lopez-Bendito G, Shigemoto R, Fairen A, Lujan R (2002) Differential

distribution of group I metabotropic glutamate receptors during rat cortical

development. Cereb Cortex 12: 625–638.

45. van Hooft JA, Giuffrida R, Blatow M, Monyer H (2000) Differential expression

of group I metabotropic glutamate receptors in functionally distinct hippocam-

pal interneurons. J Neurosci 20: 3544–3551.

46. Sun QQ, Zhang Z, Jiao Y, Zhang C, Szabo G, et al. (2009) Differential

metabotropic glutamate receptor expression and modulation in two neocortical

inhibitory networks. J Neurophysiol 101: 2679–2692.

47. Ballester-Rosado CJ, Albright MJ, Wu CS, Liao CC, Zhu J, et al. (2010)

mGluR5 in cortical excitatory neurons exerts both cell-autonomous and -

nonautonomous influences on cortical somatosensory circuit formation.

J Neurosci 30: 16896–16909.

48. Xu J, Zhu Y, Contractor A, Heinemann SF (2009) mGluR5 has a critical role in

inhibitory learning. J Neurosci 29: 3676–3684.

49. Goebbels S, Bormuth I, Bode U, Hermanson O, Schwab MH, et al. (2006)

Genetic targeting of principal neurons in neocortex and hippocampus of NEX-

Cre mice. Genesis 44: 611–621.

50. Bouwknecht JA, Paylor R (2002) Behavioral and physiological mouse assays for

anxiety: a survey in nine mouse strains. Behav Brain Res 136: 489–501.

51. Bouwknecht JA, van der Gugten J, Groenink L, Olivier B, Paylor RE (2004)

Behavioral and physiological mouse models for anxiety: effects of flesinoxan in

129S6/SvEvTac and C57BL/6J mice. Eur J Pharmacol 494: 45–53.

52. Yan QJ, Rammal M, Tranfaglia M, Bauchwitz RP (2005) Suppression of two

major Fragile X Syndrome mouse model phenotypes by the mGluR5 antagonist

MPEP. Neuropharmacology 49: 1053–1066.

53. Thomas AM, Bui N, Perkins JR, Yuva-Paylor LA, Paylor R (2011) Group I

metabotropic glutamate receptor antagonists alter select behaviors in a mouse

model for fragile X syndrome. Psychopharmacology (Berl).

54. Crawley JN, Paylor R (1997) A proposed test battery and constellations of

specific behavioral paradigms to investigate the behavioral phenotypes of

transgenic and knockout mice. Horm Behav 31: 197–211.

55. McIlwain KL, Merriweather MY, Yuva-Paylor LA, Paylor R (2001) The use of

behavioral test batteries: effects of training history. Physiol Behav 73: 705–717.

56. Paylor R, Spencer CM, Yuva-Paylor LA, Pieke-Dahl S (2006) The use of

behavioral test batteries, II: effect of test interval. Physiol Behav 87: 95–102.

57. Spencer CM, Serysheva E, Yuva-Paylor LA, Oostra BA, Nelson DL, et al.

(2006) Exaggerated behavioral phenotypes in Fmr1/Fxr2 double knockout mice

reveal a functional genetic interaction between Fragile X-related proteins. Hum

Mol Genet 15: 1984–1994.

58. Spencer CM, Alekseyenko O, Hamilton SM, Thomas AM, Serysheva E, et al.

(2011) Modifying behavioral phenotypes in Fmr1KO mice: genetic background

differences reveal autistic-like responses. Autism Res 4: 40–56.

59. Wu CS, Chen H, Sun H, Zhu J, Jew CP, et al. (2013) GPR55, a G-Protein

Coupled Receptor for Lysophosphatidylinositol, Plays a Role in Motor

Coordination. PLoS ONE 8: e60314.

60. Paylor R, Crawley JN (1997) Inbred strain differences in prepulse inhibition of

the mouse startle response. Psychopharmacology (Berl) 132: 169–180.

61. Moretti P, Bouwknecht JA, Teague R, Paylor R, Zoghbi HY (2005)

Abnormalities of social interactions and home-cage behavior in a mouse model

of Rett syndrome. Hum Mol Genet 14: 205–220.

62. Paylor R, Nguyen M, Crawley JN, Patrick J, Beaudet A, et al. (1998) Alpha7

nicotinic receptor subunits are not necessary for hippocampal-dependent

learning or sensorimotor gating: a behavioral characterization of Acra7-deficient

mice. Learn Mem 5: 302–316.

63. Thomas A, Burant A, Bui N, Graham D, Yuva-Paylor LA, et al. (2009) Marble

burying reflects a repetitive and perseverative behavior more than novelty-

induced anxiety. Psychopharmacology (Berl) 204: 361–373.

64. Chao HT, Chen H, Samaco RC, Xue M, Chahrour M, et al. (2010)

Dysfunction in GABA signalling mediates autism-like stereotypies and Rett

syndrome phenotypes. Nature 468: 263–269.

65. Lafourcade M, Elezgarai I, Mato S, Bakiri Y, Grandes P, et al. (2007) Molecular

components and functions of the endocannabinoid system in mouse prefrontal

cortex. PLoS ONE 2: e709.

66. Tritto T, McCallum SE, Waddle SA, Hutton SR, Paylor R, et al. (2004) Null

mutant analysis of responses to nicotine: deletion of beta2 nicotinic acetylcholine

receptor subunit but not alpha7 subunit reduces sensitivity to nicotine-induced

locomotor depression and hypothermia. Nicotine Tob Res 6: 145–158.

67. Peier AM, McIlwain KL, Kenneson A, Warren ST, Paylor R, et al. (2000)

(Over)correction of FMR1 deficiency with YAC transgenics: behavioral and

physical features. Hum Mol Genet 9: 1145–1159.

68. Panenka WJ, Procyshyn RM, Lecomte T, Macewan GW, Flynn SW, et al.

(2012) Methamphetamine use: A comprehensive review of molecular, preclinical

and clinical findings. Drug Alcohol Depend.

69. Greenhill LL (2001) Clinical effects of stimulant medication in ADHD. In:

Solanto MV, Arnsten AFT, Castellanos FX, editors. Stimulant Drugs and

ADHD: Basic and Clinical Neuroscience. New York: Oxford University Press.

31–71.

70. Crawley JN (2004) Designing mouse behavioral tasks relevant to autistic-like

behaviors. Ment Retard Dev Disabil Res Rev 10: 248–258.

71. Monory K, Massa F, Egertova M, Eder M, Blaudzun H, et al. (2006) The

endocannabinoid system controls key epileptogenic circuits in the hippocampus.

Neuron 51: 455–466.

72. Adler L, Cohen J (2004) Diagnosis and evaluation of adults with attention-

deficit/hyperactivity disorder. Psychiatr Clin North Am 27: 187–201.

73. Kessler RC, Chiu WT, Demler O, Merikangas KR, Walters EE (2005)

Prevalence, severity, and comorbidity of 12-month DSM-IV disorders in the

National Comorbidity Survey Replication. Arch Gen Psychiatry 62: 617–627.

mGluR5 Regulates Locomotor Reactivity to Novelty

PLOS ONE | www.plosone.org 17 August 2013 | Volume 8 | Issue 8 | e70415



74. Nair J, Ehimare U, Beitman BD, Nair SS, Lavin A (2006) Clinical review:

evidence-based diagnosis and treatment of ADHD in children. Mo Med 103:

617–621.

75. Gentile JP, Atiq R, Gillig PM (2006) Adult ADHD: Diagnosis, Differential

Diagnosis, and Medication Management. Psychiatry (Edgmont) 3: 25–30.

76. Durston S (2003) A review of the biological bases of ADHD: what have we

learned from imaging studies? Ment Retard Dev Disabil Res Rev 9: 184–195.

77. Giedd JN, Blumenthal J, Molloy E, Castellanos FX (2001) Brain imaging of

attention deficit/hyperactivity disorder. Ann N Y Acad Sci 931: 33–49.

78. Avale ME, Falzone TL, Gelman DM, Low MJ, Grandy DK, et al. (2004) The

dopamine D4 receptor is essential for hyperactivity and impaired behavioral

inhibition in a mouse model of attention deficit/hyperactivity disorder. Mol

Psychiatry 9: 718–726.

79. Zhu J, Zhang X, Xu Y, Spencer TJ, Biederman J, et al. (2012) Prenatal nicotine

exposure mouse model showing hyperactivity, reduced cingulate cortex volume,

reduced dopamine turnover, and responsiveness to oral methylphenidate

treatment. J Neurosci 32: 9410–9418.
80. Volkow ND, Wang G, Fowler JS, Logan J, Gerasimov M, et al. (2001)

Therapeutic doses of oral methylphenidate significantly increase extracellular

dopamine in the human brain. J Neurosci 21: RC121.
81. Shaltiel G, Maeng S, Malkesman O, Pearson B, Schloesser RJ, et al. (2008)

Evidence for the involvement of the kainate receptor subunit GluR6 (GRIK2) in
mediating behavioral displays related to behavioral symptoms of mania. Mol

Psychiatry 13: 858–872.

82. Polter A, Beurel E, Yang S, Garner R, Song L, et al. (2010) Deficiency in the
inhibitory serine-phosphorylation of glycogen synthase kinase-3 increases

sensitivity to mood disturbances. Neuropsychopharmacology 35: 1761–1774.
83. Eisener-Dorman AF, Bailey JS, Grabowski-Boase L, Huitron-Resendiz S,

Roberts AJ, et al. (2013) Characterization of Highper, an ENU-induced mouse
mutant with abnormal psychostimulant and stress responses. Psychopharmacol-

ogy (Berl) 225: 407–419.

mGluR5 Regulates Locomotor Reactivity to Novelty

PLOS ONE | www.plosone.org 18 August 2013 | Volume 8 | Issue 8 | e70415


