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Metabotropic glutamate receptor Type 3 (mGlu3) controls the sleep/wake architecture, which plays a role in the glutamatergic
pathophysiology of schizophrenia. Interestingly, mGlu3 receptor expression is decreased in the brain of schizophrenic
patients. However, little is known about the molecular mechanisms regulating mGlu3 receptors at the cell membrane.
Subcellular receptor localization is strongly dependent on protein–protein interactions. Here we show that mGlu3 interacts
with PICK1 and that this scaffolding protein is important for mGlu3 surface expression and function in hippocampal primary
cultures. Disruption of their interaction via an mGlu3 C-terminal mimicking peptide or an inhibitor of the PDZ domain of
PICK1 altered the functional expression of mGlu3 receptors in neurons. We next investigated the impact of disrupting the
mGlu3-PICK1 interaction on hippocampal theta oscillations in vitro and in vivo in WT male mice. We found a decreased fre-
quency of theta oscillations in organotypic hippocampal slices, similar to what was previously observed in mGlu3 KO mice.
In addition, hippocampal theta power was reduced during rapid eye movement sleep, non-rapid eye movement (NREM)
sleep, and wake states after intraventricular administration of the mGlu3 C-terminal mimicking peptide. Targeting the
mGlu3-PICK1 complex could thus be relevant to the pathophysiology of schizophrenia.
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Significance Statement

Dysregulation of the glutamatergic system might play a role in the pathophysiology of schizophrenia. Metabotropic glutamate
receptors Type 3 (mGlu3) have been proposed as potential targets for schizophrenia. Understanding the molecular mecha-
nisms regulating mGlu3 receptor at the cell membrane is critical toward comprehending how their dysfunction contributes to
the pathogenesis of schizophrenia. Here we describe that the binding of the signaling and scaffolding protein PICK1 to mGlu3
receptors is important for their localization and physiological functions. The identification of new proteins that associate spe-
cifically to mGlu3 receptors will advance our understanding of the regulatory mechanisms associated with their targeting and
function and ultimately might provide new therapeutic strategies to counter these psychiatric conditions.

Introduction
As the brain major neurotransmitter, glutamate is critical for
central nervous system (CNS) function. A number of findings

implicate glutamate as an essential contributing factor for theta
oscillations (Buzsaki and Draguhn, 2004; Sohal et al., 2009) and
abnormalities in glutamatergic neurotransmission lead to altered
network oscillations in all frequency bands. Pathologic alterations
of the neurotransmitter systems involved in the generation and
synchronization of neural oscillations are believed to be the cause
of these perturbations (Uhlhaas and Singer, 2010; Basar, 2013).
Evidence indicates that dysfunctional neural oscillations hold a
great potential as endophenotype that may underlie deficits of
disease (Gandal et al., 2012; Lisman, 2016). Glutamate regulates
the CNS through the actions of ionotropic and metabotropic
receptors (mGlu). Efforts have been focused on characterizing the
clinical implications of targeting these receptors. For example, in-
hibiting NMDAR signaling induces a syndrome in healthy indi-
viduals that includes symptoms associated with schizophrenia
(Coyle, 2012). However, excessive direct activation of NMDAR
induces epileptic seizures and excitotoxicity-induced neuronal
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death (Olney et al., 1991) and cannot be considered as a safe ther-
apeutic avenue. mGluRs finely modulate synaptic transmission
by a variety of second messengers. Thus, they represent attractive
alternative therapeutic targets for the treatment of psychiatric dis-
orders. In particular, mGlu2/3 receptors, and more specifically
mGlu3, have been proposed as potential targets for schizophrenia,
Parkinson’s disease, drug addiction, and anxiety (Rouse et al.,
2000; Corti et al., 2007; Bruno et al., 2017).

The mGlu2/3 are broadly expressed in the CNS where they
control synaptic plasticity, LTP and LTD acting mainly at pre-
synaptic sites (Yokoi et al., 1996; Lea et al., 2001). In parallel,
they play important postsynaptic functions. mGlu2/3 share most
of their pharmacology and have been studied as a homogene-
ous receptor group. Recently, increasing evidence suggests
that postsynaptic mGlu3 receptors display a distinct localiza-
tion and physiological functions in the CNS compared with
the closely related mGlu2 receptor. Postsynaptic mGlu3 recep-
tors induce an LTD of excitatory transmission in PFC, which
is prevented by stress (Joffe et al., 2019). We have previously
shown their involvement in the modulation of theta rhythms
(6-14Hz) in the CA3 area of the hippocampus, which are
altered in a mouse model exhibiting a schizophrenic pheno-
type (Berry et al., 2018). In the hippocampus, activation of
mGlu2/3 promotes the induction of synaptic plasticity by
modifying postsynaptic NMDAR function (Trepanier et al.,
2013; Rosenberg et al., 2016). mGlu2 receptors modulate pri-
marily extrasynaptic NMDARs, while mGlu3 receptors act on
both extrasynaptic and synaptic NMDARs (Rosenberg et al.,
2016). These data likely reflect the differential somatodendritic
localization of these receptors, with mGlu3 receptors being located
to synaptic active sites. Despite this evidence, the molecular mech-
anisms by which mGlu3 receptors participate in the control of
these physiological processes remain largely undetermined.

Interacting proteins are associated with different domains of
the receptor, in particular its C-terminal domain, and form a
functional scaffold, or “receptosome,” that regulates the cellular
targeting and specify their coupling to different signal pathways
(Bockaert et al., 2010). For example, the interaction between
mGlu1/5 and Homer proteins plays an important role in shap-
ing dendritic spines (Ango et al., 2000) and plasticity (Moutin
et al., 2012) as a safeguard of brain physiology (Moutin et al.,
2021). Less is known about mGlu3 interactors. Yeast 2-hybrid
studies identified Protein Interacting with C Kinase 1 (PICK1),
GRIP, and PP2C as specific mGlu3-interacting partner (Hirbec
et al., 2002; Flajolet et al., 2003). PICK1 is a promising candi-
date to study the specific localization and function of mGlu3 re-
ceptor because of its high expression in the brain and its
synaptic localization. PICK1 PDZ domain binds to a large
number of proteins, thus regulating the subcellular localization
and surface expression of its PDZ-binding partners (Madsen
et al., 2005; Xu and Xia, 2006).

We hypothesize that the binding of PICK1 to mGlu3 recep-
tors could be important for the localization of mGlu3 and might
modulate its physiological functions.

Materials and Methods
Plasmids and peptides. The pRK5 HA-mGlu3 rat cDNA was a kind

gift of Jean-Philippe PIN (Institut de Génomique Fonctionnelle). The
plasmid encoding mGlu3DPDZlig was obtained from the pRK5 HA-
mGlu3WT cDNA. The C-terminal sequence TSSL was replaced by a
stop codon and a BamHI restriction site by site-directed mutagenesis
using the following primers: 59-CTGGACTCCACCTGAGGATCC
TTGTGATACGCAGTTCA-39 and TGCGTATCACAA GGATCC TCA

GGTGGAGTCCAGGACTTC. The GFP-PICK1 cDNA was a kind gift of
Oussama El Far (UNIS). The mGlu3-SSL and -SSD peptides for pull-
down experiments were synthesized by Eurogentec, with a purity. 70%.
The sequence of the mGlu3-SSD peptide was AA AQN LYF QGP QKN
VVT HRL HLN RFS VSG TAT TYS QSS AST YVP TVC NGR EVL DST
TSS D, and the sequence of the mGlu3-SSL peptide was AA AQN LYF
QGP QKN VVT HRL HLN RFS VSG TAT TYS QSS AST YVP TVC
NGR EVL DST TSS L.

TAT mGlu3 peptides for ex vivo and in vivo applications were syn-
thesized with a purity. 95% (Eurogentec) with the following sequences:
TAT-control peptide: YGR KKR RQR RRE VLD AAA; TAT-mGlu3
peptide: YGR KKR RQR RRE VLD SSL. Both peptides were diluted to 1
or 10 mM in the appropriate media depending on the type of experiment.

The TAMRA-tagged TAT-mGlu3 peptide was synthesized by Smart
Bioscience, with a purity.95%. The sequence of TAMRA TAT-mGlu3
peptide was TAMRA-YGR KKR RQR RRE VLD SSL.

Drugs. LCCG-1 D-AP5, methacholine chloride (MCh), and TTX were
purchased from Tocris Bioscience and FSC231 from Sigma-Aldrich.
FSC231 was first dissolved in DMSO and then added to the saline solu-
tions (DMSO final concentration, 0.001%).

HEK cell culture and transfection. HEK-293 cells were cultured in
complemented DMEM as previously described (Perroy et al., 2008).
Cells were transfected at 40%-50% confluence using polyethylenimine
(Polysciences) (Dubois et al., 2009) and used 24 h after transfection.

Hippocampal primary cultures and transfection. Postnatal neuronal
cultures were prepared fromWT C57Bl6/J pups (P0-P2) of both sexes as
previously described (Moutin et al., 2020). All animal studies were ethi-
cally reviewed and conducted in accordance with European Directive
2010/63/EEC and the University Policy on the Care (protocol approved
by the veterinary Department of Animal Care of Montpellier). Briefly,
hippocampi were mechanically and enzymatically dissociated with pa-
pain (Sigma-Aldrich) and hippocampal cells were seeded in Neurobasal-
A medium (Invitrogen) supplemented with B-27 (Invitrogen), Glutamax
(Invitrogen), L-glutamine (Invitrogen), antibiotics (Invitrogen), and FBS
(Invitrogen). After 2d in culture, cytosine b -D-arabinofuranoside hydro-
chloride (Sigma-Aldrich) was added to curb glia proliferation. The day after,
75% of the medium was replaced by BrainPhys medium (Stem Cell
Technologies) supplemented with B-27 (Invitrogen), Glutamax (Invitrogen),
and antibiotics (Invitrogen). Neurons were cotransfected with the indicated
plasmids (HA-mGlu3, HA-mGlu3DPDZlig, GFP-PICK1, GFP) by using
Lipofectamine at DIV10.

Coimmunoprecipitation experiments.HEK-293 cells were solubilized
in a buffer containing 50 mM Tris HCl, pH 7.4, 100 mM NaCl, 2 mM

EDTA, Triton 1%, 2 mM DTT, 2 mM MgCl2, and a protease inhibitor
cocktail (Roche). Samples (1mg) were incubated with GFP-Trap beads
(Chromotek) or anti-HA antibody Sepharose beads (Sigma-Aldrich,
A2095) for 1 h at 4°C. Beads were washed 5 times with 50 mM Tris HCl,
pH 7.4, 250 mM NaCl, 2 mM EDTA, Triton 1%, 2 mM DTT, 2 mM

MgCl2, and immunoprecipitated proteins were analyzed by Western
blotting.

Pull-down experiments. The mGlu3-SSL or -SSD peptides were
coupled to activated CnBr-Sepharose 4B (GE Healthcare) according to
the manufacturer’s instructions. Hippocampi from male C57BL/6 mice
(Janvier Labs) were extracted, homogenized in lysis buffer containing
50 mM Tris HCl, pH 7.4, 100 mM NaCl, 2 mM EDTA, Triton 1%, 2 mM

DTT, 2 mM MgCl2 and a protease inhibitor cocktail (Roche) using a
Potter homogenizer, and then centrifuged at 10,000 � g for 10min.
Solubilized proteins (10mg per condition) were incubated at least 2 h
with or without the TAT-conjugated peptide of interest before incuba-
tion overnight at 4°C with immobilized C terminal peptide. Samples
were washed twice with 5 ml of extraction buffer containing 500 mM

Tris-EDTA, 250 mM NaCl, pH 8, and then twice with high sodium
extracting buffer containing 500 mM Tris-EDTA, 500 mM NaCl, pH 8,
before elution in SDS sample buffer. Samples were analyzed by Western
blotting.

Western blot. Protein concentration in each lysate was determined
by the bicinchoninic acid method. Proteins were resolved on 10% acryl-
amide gels and transferred electrophoretically onto nitrocellulose mem-
branes (GE Healthcare). Membranes were incubated in blocking buffer
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containing the following: PBS 0.1% Tween-20, and 5% skimmed dried
milk for 1 h at room temperature and overnight with primary antibod-
ies in blocking buffer: chicken anti-PICK1 (1:500, NBP1-42 829, Novus
Biologicals), rat anti-HA (1:500, 11867423001, clone 3F10; Roche),
or monoclonal mouse anti-GFP antibody (1:1000, Clontech catalog
#632381). Membranes were then washed and incubated with HRP-
conjugated anti-chicken, anti-mouse, or anti-rat secondary antibodies
(1:4000 in blocking buffer, GE Healthcare) for 1 h at room tempera-
ture. Immunoreactivity was detected with an enhanced chemilumines-
cence method (enhanced chemiluminescence detection reagent, GE
Healthcare). Immunoreactive bands were quantified by densitometry
using the ImageJ software (National Institutes of Health).

Endocytosis experiments. Receptor internalization was evaluated
using a fluorescence-based antibody-uptake assay described previously
(Lavezzari et al., 2004). Briefly, transfected neurons (DIV12) were incu-
bated with anti-HA primary antibody (rat monoclonal antibody, clone
3F10; Roche) for 1 h at 4°C to label surface-expressed mGlu3 receptors
and then returned to conditioned media for 15min at 37°C, enabling
endocytosis of cell-surface mGlu3 receptors bound to rat anti-HA anti-
body. Then, cells were fixed and incubated with anti-rat biotin-conju-
gated secondary antibody (Jackson ImmunoResearch Laboratories,
catalog #112-066-006) and CF350-streptavidin (blue; Biotium, catalog
#29031) to label the surface population of receptors. We decided to use
a biotin-conjugated secondary antibody to amplify the signal in CF350
(blue), which enables us to increase the signal-to-noise ratio and thus
make a better detection of membrane receptors. Next, the cells were
permeabilized and then incubated with an anti-rat Cy3-conjugated
(red, Jackson ImmunoResearch Laboratories, catalog #712-165-150)
secondary antibody to label the internalized population of receptors.
The cells were mounted with Mowiol and imaged on an epifluorescent
microscope equipped for optical sectioning (AxioImager Z1 Zeiss
microscope equipped for optical sectioning Apotome, Carl Zeiss).
Internalization was assessed in at least three independent experiments
for each condition.

The fluorescence intensity (pixels) is measured on each channel
(CY3 values: endocytosis; CF350: membrane) in a specific location
(ROI) using the Image J software (National Institutes of Health). The ra-
tio between the fluorescence intensity value of the CF350 channel and
the CY3 channel is calculated. One ROI per neuron was collected, and
colocalization analysis was measured based on the data collected in three
independent experiments (at least 6-20 neurons/condition).

Biotinylation experiments. Acute hippocampal slices (350mm) were
prepared from adult male C57BL6/J mice in ice-cold dissection buffer
maintained in 5% CO2/95% O2 and containing the following (in mM): 25
NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 25 D-glucose,
110 choline chloride, 11.6 ascorbic acid, 3.1 pyruvic acid. Slices were
then transferred to aCSF (composition in mM as follows: 124 NaCl, 3
KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 10 D-glucose, satu-
rated with 95% O2 and 5% CO2). Slices were maintained on filters in a
submersion storage chamber and allowed to recover for at least 1 h
before use. Four or five individual slices were used per condition and
incubated with different treatments (FSC231 25 mM, 1 h; TAT 10 mM,
1 h). Slices were washed once with ice-cold aCSF (5min) and then incu-
bated with 0.5mg/ml EZ-link sulfo-NHS-SS-Biotin (Pierce) for 30min
on ice before four washes in aCSF supplemented with ethanolamine, pH
7.4 (50 mM/5min), to quench free reactive biotin. Tissue lysis was then
performed using a Potter homogenizer followed by incubation 30min at
4°C in cell lysis buffer (100 mM NaCl, 20 mM Tris HCl, pH 7.4, 5 mM

EDTA, 1% Triton X-100) mixed with protease inhibitors. Samples were
centrifuged at 16,000� g for 20min at 4°C, and the protein concentration
of the resulting supernatants was determined using a BCA kit (Sigma). A
fraction of the lysate (30mg of proteins) was kept as a whole input (total)
reference sample. Biotinylated proteins were purified by pull down on
equilibrated Neutradivin-coated magnetic beads (Spherotech) overnight
at 4°C on shaker. Beads were subsequently washed 3 times with lysis
buffer, and biotinylated proteins were eluted in 4� SDS-PAGE denaturant
buffer (Bio-Rad) supplemented with 10% b -mercaptoethanol and heated
for 5min at 60°C. Total and surface mGlu3 expressions as well as actin
control were analyzed by Western blot with specific antibodies (anti-
mGlu3: Abcam #ab166608; anti-Actin: Sigma #A5441).

Organotypic hippocampal slices. Organotypic hippocampal slices
were prepared from 6-d-old WT C57Bl6/J and mGlu3 KO mice pups as
previously described (Stoppini et al., 1991). All animal studies were ethi-
cally reviewed and conducted in accordance with European Directive
2010/63/EEC and the University Policy on the Care (protocol approved
by the veterinary Department of Animal Care of Montpellier). Three to
five mice were used for each slice culture preparation, and each experi-
mental condition was tested over the course of at least three prepara-
tions. Slices were placed on a 30 mm porous membrane (Millipore) and
kept in 100-mm-diameter Petri dishes filled with 5 ml of culture medium
containing 25% heat-inactivated horse serum, 25% HBSS, 50% Opti-
MEM, penicillin 25 units/ml, and streptomycin 25mg/ml (Invitrogen).
Cultures were maintained in a humidified incubator at 37°C and 5%
CO2 until DIV3 and then were kept at 33°C and 5% CO2 until the elec-
trophysiological experiments.

Electrophysiology. After 3 weeks in vitro, slices cultures were trans-
ferred to a recording chamber on an upright microscope (Olympus).
Slices were superfused continuously at 1 ml/min with a solution con-
taining the following (in mM): 125 NaCl, 2.7 KCl, 11.6 NaHCO3, 0.4
NaH2PO4, 1 MgCl2, 2 CaCl2, 5.6 D-glucose, and 0.001% phenol red
(pH 7.4, osmolarity 305 mOsm) at 33°C. Whole-cell recordings were
obtained from cells held at �70mV using a Multiclamp 700B amplifier
(Molecular Devices). Recording electrodes made of borosilicate glass had
a resistance of 4-6 MV (Warner Instruments) and were filled with the fol-
lowing (in mM): 125 K-gluconate, 5 KCl, 10 HEPES, 1 EGTA, 5 Na-phos-
phocreatine, 0.07 CaCl2, 2Mg-ATP, and 0.4 Na-GTP (pH 7.2, osmolarity
310 mOsm). Membrane potentials were corrected for junction potentials.
Pyramidal neurons and interneurons have been distinguished by their
location (stratum pyramidale vs stratum oriens/stratum radiatum) and
their electrophysiological characteristics (firing rate, resting potential)
(Pelkey et al., 2017). For all recording conditions, only cells with access
resistance,18 MV and a change of resistance,25% over the course of
the experiment were analyzed. Data were filtered with a Hum Bug (Quest
Scientific), digitized at 2 kHz (Digidata 1444A, Molecular Devices), and
acquired using Clampex 10 software (Molecular Devices).

Activation of mGlu3 receptor by LCCG-1 (10 mM) induces an inward
current in CA3 pyramidal cells (PCs) in the presence of TTX (1 mM),
D-AP5 (40 mM), and picrotoxin (100 mM) (Ster et al., 2011).
Methacholine (500 nM; 10-20min) induces synaptic theta activity in
CA3 PCs of hippocampal slice cultures (Fischer et al., 1999). We incu-
bated the hippocampal slice culture with different treatments (FSC231
25 mM, 30min; TAT 1 mM, 1 h incubation). For the TAT experiments,
TAT peptides (1 mM) were also added in the intracellular solution.

EEG/EMG recording and peptides administration. WT C57BL6/J
mice (10-12weeks old) were implanted for EEG and EMG recording and
intraventricular peptide administration. All the procedures were con-
ducted in accordance with the European Communities Council Directive
(authorization APAFIS #19302-2019012516391230 v2 by the French
Ministry of Higher Education, Research and Innovation). Mice were
housed in groups of 5 per cage until surgery, and maintained in a 12 h
light/dark cycle (lights on 7:30 A.M. to 7:30P.M.), in stable conditions of
temperature (226 2°C) and humidity (60%), with food and water pro-
vided ad libitum.

For surgery, animals were anesthetized with a mix of ketamine
(100mg/kg, Imalgene 500) and xylazine (10mg/kg, Rompun 2%) plus
a local subcutaneous injection of lidocaine (Xylocaine, AstraZeneca;
4mg/kg in 50 m;l of sterile 0.9% NaCl solution). They were then
placed in a stereotaxic frame using the David Kopf mouse adaptor. A
bipolar tungsten Teflon-isolated torsade electrode was placed in the
CA3 area of the left dorsal hippocampus (AP = �1.85, ML = 2.3, DV
= �1.4 mm from bregma, https://scalablebrainatlas.incf.org). A 4
mm, 26 G canula guide (Phymep) was set into the left ventricle (AP =
0.1, ML = 0.75, DV = �2 mm from bregma). Skull cortical electrodes
were placed on the frontoparietal bone and a reference electrode on
the occipital bone. Two stainless-steel EMG wires were placed in the
neck muscles. All electrodes and the canula were fixed on the skull
with dental acrylic cement. After surgery, mice were individually
housed to minimize the chances of reciprocal injury caused by snatching
of the implants. Freely moving animals were put into individual

Tuduri et al. · mGlu3-PICK1 Complex in the Hippocampal Network J. Neurosci., November 23, 2022 • 42(47):8897–8911 • 8899

https://scalablebrainatlas.incf.org


Plexiglas boxes, and their microconnectors were plugged to an EEG pre-
amplifier circuit close to the head and to the EEG amplifier (Pinnacle
Technology). Mice were allowed 1 h 30 to habituate to the new environ-
ment and to the injection equipment (injection canula and tubing). We
performed a single TAT peptide intracerebroventricular infusion. The
presence of this type of peptides in the brain is transient, as they are read-
ily eliminated by the circulation. We have chosen the time window of 10-
35min based on our previous experience with a closely related peptide tar-
geting mGlu7, for which the peak of activity was observed;20-30min af-
ter infusion (Bertaso et al., 2008). All EEG recordings were performed
during the light period (light ON 7:00 A.M., light OFF 7:00 P.M., between
10:00 A.M. and 12:00 P.M.). TAT peptides were delivered via a pump
operating a micro-syringe (injection volume: 5m;l, 500 mM in 0.9% NaCl,
750 nl/min). The electrical activity was recorded and filtered at 4Hz,
sampled at 200Hz, and recorded by a computer equipped with Sirenia
software (Pinnacle Technology). The EMG signal was filtered and
sampled at 100Hz. EEG recordings were performed together with video
monitoring of the animal behavior. Sleep scoring and periodograms of the
EEG recordings were obtained using Neuroscore (DSI). Awake, non-rapid
eye movement (NREM), and rapid eye movement (REM) periods were
scored and verified by combining video and EMG signal observations.
Power spectra were extracted at the corresponding times for each episode
and averaged for the 30min before and 10-35min after the infusion
(10min were allowed for peptide diffusion). Power spectral density was
calculated using FFT with 2 s temporal and 0.5Hz frequency resolutions.

Immunohistochemistry. Mice were anesthetized using Euthasol and
transcardially perfused with 4% PFA followed by 24 h of post-fixation in
4% PFA. Thirty-m;m-thick slices were incubated in PBS-T (0.5% Triton)
with BSA (3%) for 1 h and with the primary antibody (mouse anti-
NeuN, Millipore, 1:1000 dilution) for 12 h. Slices were then incubated
for 2 h with a secondary antibody (AlexaFluor-488 anti-mouse 1:1000
dilution) and DAPI (1:10 000 dilution). Acquisition was performed
on an epifluorescence microscope (AxioImager Z1 Zeiss microscope
equipped for optical sectioning Apotome, Carl Zeiss). Laser power and
detector sensitivity were kept constant for each staining to allow com-
parison between samples. At least three slices per animal were processed
and images analyzed using ImageJ software (https://imagej.nih.gov/ij/
index.html).

Statistical data analysis. GraphPad Prism was used for statistical
analyses. Values are mean 6 SEM. For experiments with two groups,
normality of data distribution was determined via the Shapiro–Wilk test.
Except where noted, normally distributed data were analyzed via t tests.
For datasets with non-normal distributions, nonparametric tests were
used (Mann–Whitney U test or Kruskal–Wallis test for independent
samples or Wilcoxon signed-rank test for paired samples). For multiple
comparisons (see Figs. 1, 2, 3C, 4B, 5A, 6D, 7D, 8D), one-way ANOVA
followed by Tukey’s multiple comparisons test was used. In Figure 9,
spectral analysis was analyzed via two-way ANOVA follow by Tukey’s
multiple comparisons tests and, for the histograms, via a Kruskal–Wallis
analysis (multiple pairwise comparisons followed by Dunn’s post hoc
test).

Oscillation analyses were performed after 9min of application of
LCCG-1 or MCh. Calculation of oscillatory activity was performed from
the time of the second peak in the Clampfit autocorrelation function. A
segment was considered rhythmic when the second peak of the autocor-
relation function was at least 0.3 and several regularly spaced peaks
appeared (Ster et al., 2011).

Results
The mGlu3 receptor interacts with PICK1
To characterize the interaction between PICK1 and mGlu3 re-
ceptor, we first used a coimmunoprecipitation approach. We
transiently expressed a GFP-tagged PICK1 (GFP-PICK1) in
the absence or presence of mGlu3 receptor bearing an HA tag in
the extracellular N-terminal domain of the receptor (HA-
mGlu3) in HEK-293 cells and performed coimmunoprecipita-
tion experiments using a GFP nanobody (Fig. 1A). We detected

bands of stronger intensity;200 kDa/100 kDa corresponding to
mGlu3 dimers/monomers in the presence of HA-mGlu3 and
GFP-PICK1, compared with cells expressing HA-mGlu3 and
GFP. As PICK1 contains a single PDZ domain that could inter-
act with the PDZ ligand motif of mGlu3 receptors, we generated
a truncated mGlu3 mutant lacking its “-SSL” PDZ ligand motif,
HA-mGlu3DPDZlig. Deletion of the last three amino acids in the
distal C-terminal of mGlu3 receptors (HA-mGlu3DPDZlig) sig-
nificantly reduced the coimmunoprecipitation between mGlu3
and PICK1 (Fig. 1A). This result indicates that the PDZ-ligand
motif of mGlu3 receptor is necessary for its interaction with
PICK1. We confirmed this interaction by performing a reverse
immunoprecipitation using anti HA- antibody (Fig. 1B). We
observed a trend toward decreased PICK1 binding to the trun-
cated mGlu3 receptor. Given the high sequence homology of
mGlu2 and mGlu3 receptor C-terminal sequences, we addressed
the specificity of the interaction of PICK1 with mGlu3 receptor by
performing a similar coimmunoprecipitation approach as in
Figure 1A using an HA-tagged mGlu2 (HA-mGlu2) construct
(Fig. 1C). No band was detected in cells transfected with HA-
mGlu2 and GFP-PICK1, indicating that PICK1 interacts with
mGlu3 but not mGlu2, despite the identical PDZ binding motif.

To further demonstrate a direct interaction between mGlu3
and PICK1, we conducted pull-down experiments of cytosolic
PICK1 with synthetic peptides encompassing the C-terminal do-
main of the mGlu3 receptor conjugated to Sepharose beads. Two
different synthetic peptides were generated: one corresponding
to the last 60 amino acids in the C-terminal of mGlu3 receptor
(mGluR3ctWT) and a similar peptide in which the C-terminal
leucine was replaced by a glutamate (mGluR3ctSSD), to hinder
the interaction. Lysates of cells expressing or not PICK1 were
incubated with these peptides (Fig. 2A). As expected, we detected
a stronger interaction with GFP-PICK1 when using mGlu3ctWT
beads (;75 kDa band, detected with both anti-GFP and anti-
PICK1 antibodies) consistent with a direct interaction between
mGlu3 and PICK1. We then tested the mGluR3ctWT and
mGluR3ctSSD beads on mouse hippocampi lysates (Fig. 2B).
The mGlu3 C-terminal coimmunoprecipitated with the native
PICK1 (50 kDa) expressed in mice brain, indicating that they
may form a complex. We also found that the mutant bearing a
point of mutation in the ligand PDZ domain (mGlu3RctSSD)
tended to decrease the interaction with PICK1. Together, these
results show that mGlu3 directly interacts specifically via its C
terminal to the PDZ domain of endogenous PICK1.

Peptidic and pharmacological tools to uncouple binding of
mGlu3 to PICK1
To determine the functional role of the mGlu3-PICK1 coupling,
we used and engineered tools to disrupt their interaction. First,
we designed a competitive peptide encompassing the last 10 C-
terminal amino acids of the mGlu3 receptor, which included the
PDZ ligand motif SSL, conjugated to the cell-membrane trans-
duction domain of the HIV-1 Tat protein (TAT-mGlu3, Fig.
3A). A control peptide was prepared bearing the same overall
sequence with the exception of the last three amino acids of the
PDZ ligand motif, SSL, which were mutated to alanine (AAA).
To evaluate the binding of PICK1 to mGlu3 receptors in the
presence of the TAT-mGlu3, we used a coimmunoprecipitation
approach as in Figure 1A (see Fig. 3B). There was a strong reduc-
tion in the intensity of band corresponding to the receptor
(;200 kDa) in cells cotransfected with HA-mGlu3 and GFP-
PICK1 in the presence of TAT-mGlu3 compared with TAT-
control.
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Figure 1. Specific interaction of HA-mGlu3 receptor with GFP-PICK1 in HEK-293 cells. HEK-293 cells were transfected with plasmids encoding either HA-mGlu3 or HA-mGlu3DPDZlig and
cotransfected with GFP-PICK1 or GFP. Proteins were immunoprecipitated with either GFP-Trap beads (A) or monoclonal anti-HA antibody (B). mGlu3 receptor and PICK1 expression in inputs
and immunoprecipitates were analyzed by Western blotting using anti-HA and anti-GFP antibody, respectively. Histogram represents the amount of mGlu3/PICK1 binding (IP/Input ratio;
A: quantification WB anti-HA, B: quantification WB anti-GFP). Results are mean6 SEM for densitometry analyses of blots obtained in three independent experiments performed on different
sets of cultured cells. C, HA-tagged mGlu2 receptors coexpressed with GFP-PICK1 or GFP alone were immunoprecipitated using anti-HA agarose antibody and detected using an anti-GFP anti-
body. C, Representative of two independent experiments. Mw, Molecular mass (indicated in kDa); IP, immunoprecipitation; d.mGlu3, dimer mGlu3; m.mGlu3, monomer mGlu3. Data are mean
6 SEM. *p, 0.05. **p, 0.01.
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To confirm the specificity of the TAT-mGlu3 to mGlu3 re-
ceptor, we performed a similar coimmunoprecipitation targeting
the mGlu7 receptor, which also interacts with PICK1 (Hirbec
et al., 2002) (Fig. 3C). We observed that binding of PICK1 to the
mGlu7 receptor was prevented by neither peptide. The specificity
of the TAT peptides was further characterized by pull-down
experiments. We detected a dose-dependent decrease in native
PICK1 binding to mGlu3 only when TAT-mGlu3 was added to
the mouse brain lysate (Fig. 3D). Together, these data confirmed
the specific competition between TAT-mGlu3 and mGlu3 for its
receptosome. The second strategy was to perform coimmuno-
precipitation experiments using a small PICK1 PDZ-binding
molecule, FSC231, which is known to prevent PICK interactions
(Thorsen et al., 2010). This compound altered the binding of
PICK1 to mGlu3 receptor compared with the control (DMSO,
Fig. 3E).

PICK1 regulates mGlu3 receptor surface expression via the
PDZ ligand motif
Membrane protein localization depends on interactions with
intracellular binding partners. We tested whether this was the
case for mGlu3 receptor and PICK1, first in the heterologous
expression system HEK293 cells. We monitored the constitu-
tive trafficking of an HA-tagged version of the receptor to-
gether with either GFP-PICK1 or GFP (Fig. 4A). We visualized
HA antibody-labeled surface receptors before permeabilization
(CF350-streptavidin) and internalized receptors after perme-
abilization (Cy3 tagged secondary antibody). When transfected
with GFP, the receptor was diffusely distributed throughout
the cell (ratio surface vs cytoplasm= 1.646 0.08). Internalized
mGlu3 receptors formed clusters in the cytoplasm. By contrast, when
the receptor was cotransfected with GFP-PICK1, surface expression
of HA-mGlu3 was significantly increased (ratio surface

Figure 2. The mGlu3 C-terminus associates with native PICK1. A, HEK lysates expressing GFP-PICK1 or GFP were incubated with Sepharose-immobilized synthetic peptides
that incorporated either the 20 C-terminal residues of the WT (mGlu3RctWT) or mutated mouse mGlu3 receptor (mGlu3ctSSD) or with Sepharose beads only. B, Protein
extracts from mouse brain were incubated with the indicated Sepharose-immobilized peptides, and bound proteins were analyzed by Western blotting with an anti-PICK1
antibody. Native PICK1 expressed in mice brain coimmunoprecipitates with the mGlu3 receptor C-terminal. Representative data of three independent experiments are illus-
trated. Data are mean 6 SEM. *p , 0.05. ***p , 0.001.
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Figure 3. Pharmacological tools uncoupling mGlu3 PICK1 interaction in vitro. A, Schematic representation of the action of TAT peptides on PDZ interaction with mGlu3
C-terminal. Coimmunoprecipitation of HA-mGlu3 (anti-HA antibody) and PICK1 from HEK-293 lysates with either no drug, with TAT peptides (10 mM each; B), FSC231 (25
mM) or DMSO (25 mM; E). HEK-293 cells were cotransfected with plasmids encoding HA-mGlu3 and GFP-PICK1. Proteins were immunoprecipitated with GFP-Trap beads.
Total protein extracts were analyzed by Western blotting using anti-HA antibody. C, HA-tagged mGlu7 receptor coexpressed with GFP-PICK1 or GFP alone was immuno-
precipitated using GFP-Trap beads and detected using an anti-HA antibody. D, Pull-down experiment conducted using mouse brain extracts supplemented with no TAT
peptide, 10 or 50 mM TAT-control peptide, and 10 or 50 mM TAT-mGlu3 peptide. B–E, Representative of three independent experiments. B, C, E, Histograms represent the
amount of mGlu3-PICK1 binding. Results are mean 6 SEM for densitometry analyses of blots obtained in three independent experiments performed on different sets of
cultured cells. *p , 0.05, **p , 0.01, ****p , 0.0001.
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vs cytoplasm = 2.326 0.28). Moreover,
most of the internalized receptors were
located near the cell membrane. These
results indicated that the localization of
mGlu3 receptors depends on PICK1
expression in HEK-293 cells.

To deepen this characterization, we
studied the localization of mGlu3 and
PICK1 in primary hippocampal neu-
rons and found similar results to those
observed in HEK-293 cells (Fig. 4B).
In neurons cotransfected with HA-mGlu3
and GFP-PICK1, surface levels of mGlu3
receptors were higher than in neurons
transfected with HA-mGlu3 alone.
Previous studies have shown that the
PDZ ligand residues of the intracel-
lular C terminus of mGluRs are criti-
cal for their synaptic localization (Boudin
et al., 2000). We tested whether the PDZ
ligand also plays a role in mGlu3 receptor
endocytosis. The surface expression of
the HA-mGlu3DPDZlig receptor lacking
the PDZ ligand motif was significantly
decreased compared with the WT re-
ceptor (Fig. 4B; ratio surface/internal-
ized: GFP-PICK1/HA-mGlu3 = 1.846
0.15; GFP/HA-mGlu3=1.436 0.18; GFP-
PICK1/HA-mGlu3DPDZlig=0.956 0.04).

Binding to PICK1 is essential for the
functional expression of the mGlu3
receptor
We reasoned that an alteration of
mGlu3-PICK1 interaction could alter
the subcellular localization of the
receptors. We examined the effect of
an acute treatment with TAT-mGlu3
(1 h at 1 mM; Fig. 5A,B) or FSC231 (1 h
at 25 mM; Fig. 5C,D) on the subcellular
localization of mGlu3 receptors in neu-
rons. Both treatments induced a signi-
ficant reduction in mGlu3 receptor
surface expression (Fig. 5B,D; ratio
surface/internalized: TAT-control = 1.166 0.06; TAT-mGlu3=
16 0.03; DMSO= 16 0.03; FSC231 = 0.846 0.06). Conversely,
no significant effect was induced by the TAT-control peptide
(Fig. 5).

To confirm that PICK-1 promotes the expression of endoge-
nous receptors at the neuronal membrane, we tagged surface
proteins via biotin labeling in hippocampal acute slices after
treatment with FSC-231 or the TAT-mGlu3 (Fig. 6). Both
treatments induced a significant reduction in mGlu3 receptor
surface expression (Fig. 6; purified cell surface fractions of
mGlu3 receptors are normalized to the total mGlu3 receptor).
Conversely, no significant effect was induced by the TAT-con-
trol peptide (Fig. 6). Together, these results show that PICK1
promotes the expression of mGlu3 receptors at the neuronal
membrane.

Next, to determine the physiological significance of the
mGlu3-PICK1 interaction, we performed patch-clamp recording
of CA3 PCs and interneurons in organotypic hippocampal slice
cultures in the presence of TAT-mGlu3 peptide or FSC231. As

previously reported (Ster et al., 2011), the activation of mGlu3
receptors by LCCG-1 (10 mM) induced a significant inward cur-
rent in CA3 PCs, which is obvious under conditions of synaptic
transmission block (TTX/D-AP5/picrotoxin; Fig. 7A). The
LCCG-1-induced inward current was blocked in the presence of
TAT-mGlu3 (10 mM, incubation 1 h/1 mM intracellular medium;
�6.636 2.89 pA, *p, 0.01, Fig. 7A,B) in CA3 PCs as well as in
interneurons (�2.16 1.86 pA, **p, 0.01, Fig. 7C). The TAT-
control peptide had no effect in PCs (10 mM, 1 h incubation/1 mM in-
tracellular medium, CA3 PCs: control = �23.296 1.00pA, TAT-
control = �23.866 3.56pA) and interneurons (CA3 interneuron:
control = �21.756 4.60pA, TAT-control = �156 1.93pA; Fig.
7A–C). Similar results were obtained in the presence of the
PDZ domain inhibitor FSC231: the LCCG-1-induced inward
current was blocked in CA3 PCs and interneurons (PCs:
DMSO = �27.006 4.40pA, FSC231=5.866 3.48pA, **p, 0.01;
CA3 interneurons: DMSO = �20.766 5.66pA, FSC231=2.106
2.00pA, **p, 0.01; Fig. 7A–C). Moreover, the spontaneous synap-
tic activity is not altered by treatment with the TAT peptides, sug-
gesting that AMPA function is preserved (Fig. 7D; control =

Figure 4. mGlu3 receptor internalization is regulated by PICK1. A, HEK-293 cells expressing WT mGlu3 receptor in the pres-
ence or absence of PICK1. mGlu3 receptors were labeled with an anti-HA antibody (pink represents internalized proteins; green
represents surface-expressed receptor). Summary histogram quantifying the internalization of mGlu3 receptors. B, Hippocampal
neurons were transiently cotransfected with HA-mGlu3 and GFP-PICK1 or with HA-mGlu3DPDZlig and GFP-PICK1. Summary
histogram quantifying internalization of mGlu3 receptors. Data are mean 6 SEM. *p , 0.05. ***p, 0.001. Scale bars,
10mm.
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�28.346 4.83 pA, TAT-control = �24.126 5.33 pA; TAT-
mGlu3 = �25.266 3.98 pA).

Theta oscillations in the CA3 area of the hippocampus are
altered by impairing the mGlu3 -PICK1 interaction
Cholinergic activation of CA3 network in the hippocampus
results in cycles of rhythmicity (Fischer et al., 1999; Buzsaki,
2002). The mGlu3-dependent inward current contributes to the
theta oscillations in hippocampal organotypic slices (Ster et al.,
2011). As we have shown that this current is also dependent on
PICK1 binding to the receptor (Fig. 7), we hypothesized that the
mGlu3-PICK1 complex could modulate the hippocampal net-
work activity. Methacholine (the muscarinic receptor agonist)
induces synaptic theta activity in CA3 PCs of hippocampal slice
cultures (Fischer et al., 1999). Theta oscillations were induced
in organotypic hippocampal slices by applying 500 nM MCh
(20min; frequency= 12.96 0.38Hz, episodes/min= 10.86 2.60)

(Fischer et al., 2002). The frequency of theta oscillations was sig-
nificantly reduced in the presence of the TAT-mGlu3 peptide
compared with TAT-control (frequency: TAT-mGlu3= 9.976
0.42Hz, TAT-control = 12.646 0.75Hz, n=6, **p, 0.01; Fig.
8A,B). A similar reduction in theta frequency was observed when
applying FSC231 (frequency: DMSO=14.156 0.64, DMSO/
FSC231= 10.546 1.11, *p, 0.05; Fig. 8A,B). The occurrence of
theta episodes was not significantly altered in the presence of these
treatments (episodes/min: TAT-mGlu3 = 11.406 2.60, TAT-
control = 10.336 1.67; DMSO= 116 4.44, DMSO/FSC231 =
7.86 1.98; Fig. 8C). Hippocampal slice cultures respond to
MCh by generating a high level of spontaneous synaptic activ-
ity that oscillates at theta frequencies. Analysis of spontaneous
synaptic activity shows no significant difference in the ampli-
tude of synaptic responses (EPSCs, IPSCs) during theta activ-
ity between TAT conditions (EPSCs: No peptide = �48.80 6
13.21 pA; TAT-control = �55.67 6 18.13 pA, TAT-mGlu3 =

Figure 5. Effect of the TAT-mGlu3 peptide or FSC231 on the cell surface localization of mGlu3 receptors. A, C, Hippocampal neurons were transiently cotransfected with HA-mGlu3 and PICK1. B and
D, Summary histograms quantify the internalization ratio from A and C, respectively. Neurons were treated with DMSO alone, FSC231 (25 mM), TAT-mGlu3 (10 mM), or TAT-control (10 mM) peptides at 37°
C for 1 h. Then neurons were labeled with anti-HA antibody, washed, and returned to conditioned media containing the same treatment at 37° for 15min. The cells were stained and images acquired as
described in Figure 4. Scale bar, 10mm. C, Summary histogram quantifies the internalization ratio from A and B. Data are mean6 SEM. *p, 0.05.
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�40.94 6 7.38 pA; IPSCs: No peptide =
�53.066 14.79pA; TAT-control = 53.556
19.56pA, TAT-mGlu3= 58.326 12.37 pA;
Fig. 8D). Together, these results suggest
the following: (1) a contribution of mGlu3-
PICK1 to hippocampal theta oscillations
(HTOs) in CA3 area and (2) no role in the
generation of hippocampal theta rhythms.

Effect of TAT-mGlu3 peptide on theta
rhythms during sleep/wake states
During REM sleep and wake periods of
increased attention in mice and rat, theta
oscillations are observed in local field
potential recordings from cortical struc-
tures, including the hippocampus (Robinson
et al., 1977; Buzsaki, 2002). We asked what is
the impact of the mGlu3-PICK1 complex on
theta rhythms during sleep/wake states in
vivo. We performed EEG recordings in mice
injected with the TAT peptides via a cannula
placed in the lateral ventricle. We confirmed
the diffusion of the peptides in the hippo-
campus by detecting a fluorescent TAMRA-
tagged version of TAT-mGlu3 35min after
injection (Fig. 9A). No peptide was detected
in other regions, including the cortex. We
tested the effect of the TAT-mGlu3 during
sleep/wake states in freely behaving mice. By
using a sleep scoring procedure based on
movement detection and EMG signal anal-
ysis, we distinguished three different states:
wake, NREM sleep, and REM sleep (Fig.
9B). Two-way ANOVA revealed signifi-
cant alteration in low-frequency EEG
power in the presence of the TAT pep-
tides (F(2,266) = 5.510, p = 0.0045). We
focused on the period between 10 and
35 min after injection as the optimal
time for peptide diffusion (Bertaso et
al., 2008). The injection of TAT-mGlu3
resulted in significant reduction of REM
sleep theta power measured in the dorsal
hippocampal CA3 area (Fig. 9B; relative
power low theta: baseline=3.336 0.33, post
TAT-control=3.456 0.15, post TAT-mGlu3=2.256 0.18; relative
power high theta: baseline=1.246 0.09, post TAT-control=1.526
0.19, post TAT-mGlu3=0.976 0.07). A decrease of theta power
was also observed during NREM sleep (Fig. 9B; relative power low
theta: baseline= 2.596 0.12, post TAT-control= 2.356 0.36,
post TAT-mGlu3 = 1.966 0.15; relative power high theta:
baseline = 1.356 0.15, post TAT-control=1.46 0.2, post TAT-
mGlu3=16 0.16) and wake states. No other frequency band was
affected and the spectra profile returned to the baseline ,1 h after
peptide injection. The TAT-control peptide had no detectable effect
on the EEG recordings.

Discussion
In this study, we demonstrated that the PDZ ligand domain-con-
taining mGlu3 receptor interacts with PICK1 and that this do-
main is required for their physical and functional interactions
both in vitro and in vivo. In addition, we showed that such

interaction contributes to the targeting of receptors into the sur-
face membrane of postsynaptic neurons, and significantly modu-
lates the hippocampal network activity in vitro and in vivo.

The functional significance of the specific interaction of
mGlu3 receptor and PICK1
Protein interactions mediated by PDZ domains show great ver-
satility, as PDZ domains bind to small C-terminal peptides
(through Class I, II, and III binding motifs), internal protein seg-
ments, other PDZ domains, or even lipids (Nourry et al., 2003).
mGlu2 and mGlu3 receptors possess the same and common
(S/T)x(V/L) motif “SSL” that belongs to the Class I PDZ bind-
ing motifs. Yet, only the mGlu3 receptor binds to PICK1 as con-
firmed by our coimmunoprecipitation experiments, where PICK1
binds specifically to mGlu3 receptor and not the closely related
mGlu2 receptor. The interaction between mGlu3 and PICK1 is dis-
turbed by a TAT-mGlu3 peptide, which allows to distinguish
the functions performed specifically by mGlu3 versus mGlu2.
Therefore, a sequence of mGlu3 receptor outside its PDZ binding

Figure 6. Cell-surface biotinylation of mGlu3 is modulated by the TAT-mGlu3 peptide or FSC231. A, Cell-surface biotinylation
shows a decrease in mGlu3 receptor surface expression by using FSC231 (25 mM, 30 min) compared with the DMSO control. No
changes were found in the total mGlu3 receptor protein amount (Input). Densitometric quantification of Western blots of mGlu3
receptor surface biotinylation (right). Data are mean6 SEM (n=4). **p, 0.01. B, TAT-control (10 mM, 1 h incubation) shows
no effect on mGlu3 receptor surface expression compared with the TAT-mGlu3 (10 mM, 1 h incubation), which significantly
decreases mGlu3 receptor surface expression. TAT-peptide treatments show no effect on mGlu3 receptor amount. Densitometric
quantification of Western blots on mGlu3 receptor surface biotinylation (right). Data are mean6 SEM (n=4). *p, 0.05.
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motif could contribute to the specificity of interaction with
PICK1. Intriguingly, the total deletion of the last three amino
acids corresponding to the PDZ-ligand domain of mGlu3
(mGlu3DPDZlig) impairs the interaction with PICK1, whereas a

point of mutation of the last amino acid of
the PDZ motif of mGlu3 receptors only
reduces this interaction suggesting that the
entire PDZ binding motif of mGlu3 recep-
tor is required.

Protein–receptor interactions influ-
ence signal transduction mechanisms,
trafficking, and localization of the re-
ceptor proteins (Xiao et al., 2000; Kim
and Sheng, 2004). A large number of
studies have established the importance
of PDZ domain-mediated interactions
in the localization and compartmen-
talization of several receptors and chan-
nels (Sheng and Wyszynski, 1997). To
date, little is known about the molecu-
lar factors that govern the regulatory
mechanisms associated with cell sur-
face expression of mGlu3 receptors.
Proteins that specifically interact with
the PDZ ligand domain of mGlu3 recep-
tor have not been clearly characterized.
Removal of the PDZ ligand on mGlu3 re-
ceptor or absence of PICK1 in cultured
transfected neurons considerably reduces
surface localization of mGlu3 receptor,
indicating that mGlu3-PICK1 interaction
regulates receptor surface expression.
These findings confirmed a key role
for PICK1 in synaptic regulation, by
adding the mGlu3 receptor to the list
of its interacting partners. Indeed, in
the brain, PICK1 is expressed in both
the presynaptic and postsynaptic ele-
ments, where it serves different roles.
For example, PICK1 is a key regulator
of postsynaptic GluA2 AMPAR during
plasticity (Kim et al., 2001; Steinberg et
al., 2006). At the presynapse, PICK1
regulates the synaptic localization and
function of the mGlu7 receptor and of
dopamine and norepinephrine trans-
porters (Torres et al., 2001; Perroy et al.,
2002). Our electrophysiological data sup-
port the notion that postsynaptic mGlu3
receptors and PICK1 form a functional
protein complex at the neuronal surface.
Using the TAT-mGlu3 peptide, designed
to disturb the endogenous interaction
between mGlu3 and PICK1, we observed
a decrease (40%-50% reduction) in mem-
brane expression of mGlu3 receptors.
However, we detected an almost complete
reduction of the mGlu3 current. Several
reasons could explain this apparent dis-
crepancy. In Figure 5 we are working with
cells that overexpress mGlu3 and PICK1,
while in Figure 7 we used organotypic sli-
ces (i.e., endogenous proteins). The effect
of the peptides could be strongly influ-

enced by the amount of PICK1 that needs to be displaced
from the receptor. In native conditions, PICK1 is not in
excess compared with other mGlu3 binding partners. One

Figure 7. TAT-mGlu3 peptide or FSC231 disrupts the functional mGlu3 receptor in hippocampal organotypic slices. A, Bath applica-
tion of the LCCG1 in the presence of TTX (1 mM), picrotoxin (100 mM), and D-AP5 (40 mM) induces inward current in voltage-clamped
CA3 PCs with or without TAT-control (gray trace and black trace, respectively). The inward current is not detected in CA3 PCs in the
presence of TAT-mGlu3 peptide (orange trace) or FSC231 (dark green trace). Histograms represent the mean I mGlu3 current to illus-
trate the effect of TAT-mGlu3 peptides or FSC231 in PCs (B) and in interneurons (C). D, Representative activity recorded in a CA3 PCs
(voltage-clamped at –70 mV) in the presence of TAT-mGlu3 peptides. Data are mean6 SEM. **p, 0.01.
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could imagine that membrane localization could be affected
partially by the disruption of PICK1 binding over other part-
ners. On the other hand, the mGlu3 current (I mGlu3) could
be more strongly dependent (and we could argue, completely
dependent) on PICK1 binding and signaling; therefore, dis-
ruption of the complex would lead to a total wipe out of the
current. These data suggest that the alteration of the mGlu3-
PICK1 interaction reduces functional mGlu3 receptors at the
neuronal cell surface and point to the physiological relevance
for the interaction of postsynaptic mGlu3 receptor and
PICK1.

Our data do not exclude an interaction of the two proteins at
the presynaptic site, where it could potentially modulate the exci-
tatory/inhibitory neurotransmitter release.

Likewise, we cannot rule out the possibility that PICK1 could
also influence and/or participate to mGlu3 signal transduction
mechanisms, as it does for other glutamate receptors, including
GluA2 and mGlu7 (Kim et al., 2001; Perroy et al., 2002). PICK1
bind PKC a-subunit and mGlu3 receptors could signal through
activation of a PLC-PKC-dependent pathway (Rosenberg et al.,
2016). Additional investigation of such molecular mechanisms
would be interesting.

The physiological relevance of the mGlu3-PICK1 complex
HTOs are prominent local field potentials occurring in the 4-
14Hz frequency range and generated essentially by the hippo-
campus (Buzsaki, 2002). Increasing evidence implicates Group II
mGluRs in HTO both in vitro and in vivo (Feinberg et al., 2005;

Figure 8. Methacholine-induced oscillations in the CA3 network are altered when PICK1 binding to mGlu3 is disrupted. A, Methacholine (500 nM; 10-20min) induces synaptic theta activity in CA3
PCs of hippocampal slice cultures (Fischer et al., 1999). Representative traces of methacholine-induced theta oscillation recorded in CA3 PCs voltage-clamped at –70 mV in control condition (black trace)
and in the presence of TAT-control (gray trace), TAT-mGlu3 (orange trace), or FSC231 (green trace). B, Theta frequency was significantly decreased by the incubation with TAT-mGlu3 (10 mM, 1 h incu-
bation), but not by the incubation of TAT-control. The FSC231 (25 mM, 30min) also reduced the theta frequency similarly to the TAT-mGlu3. C, The occurrence of theta episodes was not altered in the
presence of TAT-mGlu3 or FSC231 nor in the presence of TAT-control or DMSO. D, Representative spontaneous synaptic activity recorded in CA3 PCs (voltage-clamped at –70 mV) in the presence of
TAT-mGlu3 peptides. Data are mean6 SEM. *p, 0.05. **p, 0.01.
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Figure 9. Effect of TAT-mGlu3 peptide on theta rhythms during sleep and wake states. A, TAT-mGlu3 TAMRA peptide was injected into the ventricle of C57Bl6/J adult mice
and visualized by immunohistochemistry. TAMRA expression (red) was detected in hippocampal cells but not in the cortex (green represents neuronal marker NeuN; blue rep-
resents nuclear marker DAPI). B, Effect of intraventricular injection of the TAT-control or TAT-mGlu3 peptides (5 ml, 500 mM, 750 nl/ml) on the power spectrum during REM
sleep, NREM sleep, and wake (n = 5). Middle panels, Zoom on theta frequencies. Right panels, Sum of low and theta frequency power. Data are mean 6 SEM. *p , 0.05.
**p , 0.001.
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Ster et al., 2011; Ahnaou et al., 2014). Modulation of mGlu2
and mGlu3 receptors influences theta oscillations in vivo
using different rat strains (Wood et al., 2018). We have
examined whether disrupting the mGlu3-PICK1 complex
could affect theta rhythms. In organotypic hippocampal sli-
ces, Mch-mediated theta oscillations are decreased by treat-
ment with the TAT-mGlu3 peptide and the PICK1 binding
molecule, FSC231. In vivo, theta oscillations are most promi-
nent during wake periods of increased attention and REM
sleep (Buzsaki, 2002). mGlu2/3-modulating drugs (agonist,
antagonist) profoundly influence theta oscillation, suggest-
ing involvement of both receptor types in the control of theta
oscillations (Feinberg et al., 2002, 2005; Siok et al., 2012;
Ahnaou et al., 2014; Wood et al., 2018). Indeed, pharmaco-
logical studies using orthosteric compounds have suggested
the involvement of mGlu2/3 receptors in oscillatory activity,
with reduction of theta oscillations by mGlu2/3 agonism
(Feinberg et al., 2002; Jones et al., 2012) and an activation of
the same oscillations following mGlu2/3 antagonism (Feinberg
et al., 2005; Ahnaou et al., 2014). Unfortunately, currently avail-
able orthosteric compounds act on both mGlu2 and mGlu3
subtypes. Thus, to clarify the specific function of each recep-
tor, studies in KO mice have been useful to distinguish the
role of mGlu2 and mGlu3 receptors. However, some mixed
results have been observed, possibly related to their genetic
background and compensatory expression (Higgins et al.,
2004; Lyon et al., 2011; Ahnaou et al., 2014; De Filippis et al.,
2015). Thus, at present, it is not easy to determine the role of
mGlu3 or mGlu2 specifically/independently in theta oscilla-
tions. However, our study shows a major role of mGlu3 recep-
tors in theta rhythms via the specific interaction between
mGlu3 and PICK1 (not mGlu2) and suggests a completely dif-
ferent effect of mGlu3 (compared with mGlu2) receptors on
HTOs.

In freely moving mice, we observed a significant reduction of
the theta frequency power during REM sleep, NREM sleep, and
wake states on intracerebral injection of the TAT-mGlu3 pep-
tide. HTO controls the timing of activity across neuronal popula-
tions in the hippocampus, PFC, and amygdala and coordinate g
oscillatory activity. Consequently, theta oscillations are suggested
to be important in cognitive functions (Basar et al., 2001; Jones
and Wilson, 2005). Thus, even small changes in baseline HTO
frequencies during REM sleep and quiet waking are likely to alter
neural activity across large distributed brain networks, ultimately
generating modifications in behavioral processes. Our data sug-
gest that alteration of mGlu3-PICK1 interaction modifies HTO
during sleep/wake states and could predict a deficit in learning
rates.

Opening on schizophrenia
Disruption of neural oscillations and synchrony may play
an important role in the pathophysiology of schizophrenia,
a neurodevelopmental disorder marked by abnormalities in
sensory processing and cognition. Although recent research
is primarily focusing on high-frequency oscillations, there
is also evidence of disturbances in slow rhythms in the d
and theta bands in schizophrenia (Koenig et al., 2001; Ford
et al., 2002; Basar-Eroglu et al., 2008; Bates et al., 2009). To
date, Group II mGluRs draw a great interest as targets to
treat such psychiatric conditions (Maksymetz et al., 2017).
Identification of new proteins that associate specifically to
mGlu3 receptors will advance our understanding of the regu-
latory mechanisms associated with their targeting and function

and ultimately might provide new therapeutic strategies to coun-
ter these psychiatric conditions.
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