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Abstract 1 

Metabotropic glutamate receptor type 3 (mGlu3) controls the sleep/wake architecture which plays a role 2 

in the glutamatergic pathophysiology of schizophrenia. Interestingly, mGlu3 receptors expression is 3 

decreased in the brain of schizophrenic patients. However, little is known about the molecular 4 

mechanisms regulating mGlu3 receptors at the cell membrane. Subcellular receptor localization is 5 

strongly dependent on protein-protein interactions. Here we show that mGlu3 interacts with PICK1 and 6 

that this scaffolding protein is important for mGlu3 surface expression and function in hippocampal 7 

primary cultures. Disruption of their interaction via an mGlu3 C-terminal mimicking peptide or an 8 

inhibitor of the PDZ domain of PICK1 altered the functional expression of mGlu3 receptors in neurons. 9 

We next investigated the impact of disrupting the mGlu3-PICK1 interaction on hippocampal theta 10 

oscillations in vitro and in vivo in wild-type male mice. We found a decreased frequency of theta 11 

oscillations in organotypic hippocampal slices, similar to what was previously observed in mGlu3 KO 12 

mice. In addition, hippocampal theta power was reduced during REM sleep, NREM sleep and wake 13 

states after intra-ventricular administration of the mGlu3 C-terminal mimicking peptide. Targeting the 14 

mGlu3-PICK1 complex could thus be relevant to the pathophysiology of schizophrenia. 15 

 16 

Significance statement 17 

Dysregulation of the glutamatergic system might play a role in the pathophysiology of schizophrenia. 18 

Metabotropic glutamate receptors type 3 (mGlu3) has been proposed as potential targets for 19 

schizophrenia. Understanding the molecular mechanisms regulating mGlu3 receptor at the cell 20 

membrane is critical toward apprehending how their dysfunction contributes to the pathogenesis of 21 

schizophrenia. Here we describe that the binding of the signaling and scaffolding protein PICK1 to 22 

mGlu3 receptors is important for their localization and physiological functions. The identification of 23 

new proteins that associate specifically to mGlu3 receptors will advance our understanding of the 24 

regulatory mechanisms associated with their targeting and function and ultimately might provide new 25 

therapeutic strategies to counter these psychiatric conditions. 26 

 27 

Introduction 28 

As the brain major neurotransmitter, glutamate is critical for central nervous system (CNS) function.  A 29 

number of findings implicate glutamate as an essential contributing factor for theta oscillations (Buzsaki 30 

and Draguhn, 2004; Sohal et al., 2009) and abnormalities in glutamatergic neurotransmission lead to 31 

altered network oscillations in all frequency bands. Pathological alterations of the neurotransmitter 32 

systems involved in the generation and synchronization of neural oscillations are believed to be the cause 33 

of these perturbations (Basar, 2013; Uhlhaas and Singer, 2010). Evidence indicates that dysfunctional 34 

neural oscillations hold a great potential as endophenotype that may underlie deficits of disease (Gandal 35 
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et al., 2012; Lisman, 2016). Glutamate regulates the CNS through the actions of ionotropic and 36 

metabotropic receptors (mGlu). Efforts have been focused on characterizing the clinical implications of 37 

targeting these receptors. For example, inhibiting NMDA receptor (NMDAR) signaling induces a 38 

syndrome in healthy individuals that includes symptoms associated with schizophrenia (Coyle, 2012). 39 

However, excessive direct activation of NMDAR induces epileptic seizures and excitotoxicity-induced 40 

neuronal death (Olney et al., 1991) and cannot be considered as a safe therapeutic avenue. mGlu 41 

receptors finely modulate synaptic transmission by a variety of second messengers. Thus, they represent 42 

attractive alternative therapeutic targets for the treatment of psychiatric disorders. In particular mGlu2/3 43 

receptors, and more specifically mGlu3, have been proposed as potential targets for schizophrenia, 44 

Parkinson’s disease, drug addiction, anxiety (Bruno et al., 2017; Corti et al., 2007; Rouse et al., 2000). 45 

The mGlu2/3 are broadly expressed in the CNS where they control synaptic plasticity including long-46 

term potentiation and long-term depression (LTD) acting mainly at presynaptic sites (Lea et al., 2001; 47 

Yokoi et al., 1996). In parallel, they play important postsynaptic functions. mGlu2/3 share most of their 48 

pharmacology and have been studied as a homogeneous receptor group. Recently, increasing evidence 49 

suggests that postsynaptic mGlu3 receptors display a distinct localization and physiological functions in 50 

the CNS compared to the closely related mGlu2 receptor. Postsynaptic mGlu3 receptors induce a LTD 51 

of excitatory transmission in prefrontal cortex, which is prevented by stress (Joffe et al., 2019). We have 52 

previously shown their involvement in the modulation of theta rhythms (6-14 Hz) in the CA3 area of the 53 

hippocampus, which are altered in a mouse model exhibiting a schizophrenic phenotype (Berry et al., 54 

2018). In the hippocampus, activation of mGlu2/3 promotes the induction of synaptic plasticity by 55 

modifying postsynaptic NMDAR function (Rosenberg et al., 2016; Trepanier et al., 2013). mGlu2 56 

receptors modulate primarily extrasynaptic NMDA receptors while mGlu3 receptors act on both 57 

extrasynaptic and synaptic NMDARs (Rosenberg et al., 2016). These data likely reflect the differential 58 

somatodendritic localization of these receptors, with mGlu3 receptors being located to synaptic active 59 

sites. Despite this evidence, the molecular mechanisms by which mGlu3 receptors participate in the 60 

control of these physiological processes remain largely undetermined.  61 

Interacting proteins are associated with different domains of the receptor, in particular its C-terminal 62 

domain, and form a functional scaffold, or “receptosome”, that regulates the cellular targeting and 63 

specify their coupling to different signal pathways (Bockaert et al., 2010). For example, the interaction 64 

between mGlu1/5 and Homer proteins plays an important role in shaping dendritic spines (Ango et al., 65 

2000) and plasticity (Moutin et al., 2012) as a safeguard of brain physiology (Moutin et al., 2021). Less 66 

is known about mGlu3 interactors. Yeast 2-hybrid studies identified PICK1, GRIP and PP2C as specific 67 

mGlu3-interacting partner (Flajolet et al., 2003; Hirbec et al., 2002). PICK1 (Protein Interacting with C 68 

Kinase 1) is a promising candidate to study the specific localization and function of mGlu3 receptor, 69 

due to its high expression in the brain and its synaptic localization. PICK1 PDZ domain binds to a large 70 

number of proteins thus regulating the subcellular localization and surface expression of its PDZ-binding 71 

partners (Madsen et al., 2005; Xu and Xia, 2006). 72 
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We hypothesize that the binding of PICK1 to mGlu3 receptors could be important for the localization 73 

of mGlu3 and might modulate its physiological functions. 74 

 75 

Material and Methods 76 

Plasmids and peptides   77 

The pRK5 HA-mGlu3 rat cDNA was a kind gift of Jean-Philippe PIN (IGF, Montpellier, France). The 78 

plasmid encoding mGlu3ΔPDZlig was obtained from the pRK5 HA-mGlu3WT cDNA. The C-terminal 79 

sequence TSSL was replaced by a stop codon and a BamHI restriction site by site-directed mutagenesis 80 

using the following primers: 5′-CTGGACTCCACCTGAGGATCCTTGTGATACGCAGTTCA-3′ and 81 

TGCGTATCACAA GGATCC TCA GGTGGAGTCCAGGACTTC. The GFP-PICK1 cDNA was a 82 

kind gift of Oussama El Far (UNIS, Marseille, France). The mGlu3-SSL and –SSD peptides for pull-83 

down experiments were synthesized by Eurogentec, with a purity > 70%. The sequence of  the mGlu3-84 

SSD peptide was AA AQN LYF QGP QKN VVT HRL HLN RFS VSG TAT TYS QSS AST YVP TVC 85 

NGR EVL DST TSS D, and the sequence of the mGlu3-SSL peptide was AA AQN LYF QGP QKN 86 

VVT HRL HLN RFS VSG TAT TYS QSS AST YVP TVC NGR EVL DST TSS L.  87 

TAT mGlu3 peptides for ex-vivo and in vivo applications were synthesized with a purity > 95% 88 

(Eurogentec, Belgium) with the following sequences: TAT-control peptide: YGR KKR RQR RRE VLD 89 

AAA; TAT-mGlu3 peptide: YGR KKR RQR RRE VLD SSL. Both peptides were diluted to 1 or 10 µM 90 

in the appropriate media depending on the type of experiment. 91 

The TAMRA-tagged TAT-mGlu3 peptide was synthesized by Smart Bioscience (France), with a purity 92 

> 95%. The sequence of TAMRA TAT-mGlu3 peptide was TAMRA-YGR KKR RQR RRE VLD SSL. 93 

 94 

Drugs 95 

LCCG-1 D-AP5, methacholine chloride (MCh) and TTX were purchased from Tocris Bioscience 96 

(Bristol, United Kingdom) and FSC231 from Sigma-Aldrich (France). FSC231 was first dissolved in 97 

DMSO and then added to the saline solutions (DMSO final concentration < 0.001 %). 98 

 99 

HEK cells culture and transfection 100 

HEK-293 cells were cultured in complemented Dulbecco’s modified Eagle’s medium (DMEM) as 101 

previously described (Perroy et al., 2008). Cells were transfected at 40-50% confluence using 102 

polyethylenimine (PEI, Polysciences Inc.) (Dubois et al., 2009) and used 24 hours after transfection. 103 

 104 

Hippocampal primary cultures and transfection 105 

Postnatal neuronal cultures were prepared from WT C57Bl6/J pups (P0-P2) of both sexes as previously 106 

described (Moutin et al., 2020). All animal studies were ethically reviewed and carried out in accordance 107 

with European Directive 2010/63/EEC and the University Policy on the Care (protocol approved by the 108 
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veterinary Department of Animal Care of Montpellier). Briefly, hippocampi were mechanically and 109 

enzymatically dissociated with papain (Sigma-aldrich) and hippocampal cells were seeded in 110 

Neurobasal-A medium (Gibco) supplemented with B-27 (Gibco), Glutamax (Gibco), L-glutamine 111 

(Gibco), antibiotics (Gibco) and Fetal Bovine Serum (Gibco). After 2 days in culture, Cytosine β-D-112 

arabinofuranoside hydrochloride (Sigma-aldrich) was added to curb glia proliferation. The day after, 113 

75% of the medium was replaced by BrainPhys medium (Stemcell technologies) supplemented with B-114 

27 (Gibco), Glutamax (Gibco) and antibiotics (Gibco). Neurons were co-transfected with the indicated 115 

plasmids (HA-mGlu3, HA-mGlu3ΔPDZlig, GFP-PICK1, GFP) by using Lipofectamine at DIV10.  116 

 117 

Co-immunoprecipitation experiments 118 

HEK-293 cells were solubilized in a buffer containing 50 mM Tris/HCl, pH 7.4, 100mM NaCl, 2 mM 119 

EDTA, Triton 1%, 2mM DTT, 2mM MgCl2 and a protease inhibitor cocktail (Roche). Samples (1 mg) 120 

were incubated with GFP-Trap beads (Chromotek) or anti-HA antibody Sepharose beads (Sigma-121 

Aldrich, A2095) for 1 hour at 4°C. Beads were washed five times with 50 mM Tris / HCl, pH 7.4, 250 122 

mM NaCl, 2 mM EDTA, Triton 1%, 2mM DTT, 2mM MgCl2 and immunoprecipitated proteins were 123 

analyzed by Western blotting. 124 

  125 

Pull-down experiments  126 

The mGlu3-SSL or –SSD peptides were coupled to activated CnBr-sepharose 4B (GE-Healthcare) 127 

according to the manufacturer's instructions. Hippocampi from male C57BL/6 mice (Janvier Labs) were 128 

extracted, homogenized in lysis buffer containing  50 mM Tris/HCl, pH 7.4, 100mM NaCl, 2 mM 129 

EDTA, Triton 1%, 2mM DTT, 2mM MgCl2 and a protease inhibitor cocktail (Roche) using a Potter 130 

homogenizer and then centrifuged at 10,000 g for 10 min. Solubilized proteins (10 mg per condition) 131 

were incubated at least 2 hours with or without the TAT- conjugated peptide of interest before incubation 132 

overnight at 4 °C with immobilized C terminal peptide. Samples were washed twice with 5 ml of 133 

extraction buffer containing 500 mM Tris-EDTA, 250 mM NaCl (pH 8) and then twice with high sodium 134 

extracting buffer containing 500 mM Tris-EDTA, 500 mM NaCl (pH 8) before elution in SDS sample 135 

buffer. Samples were analyzed by Western blotting.  136 

 137 

Western Blot 138 

Protein concentration in each lysate was determined by the bicinchoninic acid method. Proteins were 139 

resolved on 10% acrylamide gels and transferred electrophoretically onto nitrocellulose membranes 140 

(Amersham). Membranes were incubated in blocking buffer containing: PBS 0.1% Tween-20, and 5% 141 

skimmed dried milk for 1 hour at room temperature and overnight with primary antibodies in blocking 142 

buffer: chicken anti-PICK1 (1:500, NBP1-42829, Novus Biologicals), rat anti-HA (1:500, 143 

11867423001, clone 3F10; Roche) or monoclonal mouse anti-GFP antibody (1:1000, Clontech 144 
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Cat.#632381). Membranes were then washed and incubated with horseradish peroxidase-conjugated 145 

anti-chicken, anti-mouse or anti-rat secondary antibodies (1:4000 in blocking buffer, GE Healthcare) for 146 

1 hour at room temperature. Immunoreactivity was detected with an enhanced chemiluminescence 147 

method (ECL detection reagent, GE Healthcare). Immunoreactive bands were quantified by 148 

densitometry using the Image J software (NIH).  149 

 150 

Endocytosis Experiments  151 

Receptor internalization was evaluated using a fluorescence-based antibody-uptake assay described 152 

elsewhere (Lavezzari et al., 2004). Briefly, transfected neurons (12 DIV) were incubated with anti-HA 153 

primary antibody (Rat monoclonal antibody, clone 3F10; Roche) for 1 hour at 4°C to label surface-154 

expressed mGlu3 receptors and then returned to conditioned media for 15 min at 37°C, enabling 155 

endocytosis of cell-surface mGlu3 receptors bound to rat anti-HA antibody. Then, cells were fixed and 156 

incubated with anti-rat biotin-conjugated secondary antibody (Jackson ImmunoResearch Laboratory, 157 

Cat.#112-066-006) and CF350-streptavidin (blue; Biotium, Cat.#29031) to label the surface population 158 

of receptors. We decided to use a biotin-conjugated secondary antibody to amplify the signal in CF350 159 

(blue) which enables us to increase the signal-to-noise ratio and thus make a better detection of 160 

membrane receptors.  Next, the cells were permeabilized and then incubated with an anti-rat Cy3-161 

conjugated (red, Jackson ImmunoResearch Laboratory, Cat.#712-165-150) secondary antibody to label 162 

the internalized population of receptors. The cells were mounted with Mowiol and imaged on an 163 

epifluorescent microscope equipped for optical sectioning (AxioImager Z1 Zeiss microscope equipped 164 

for optical sectioning Apotome, Zeiss). Internalization was assessed in at least three independent 165 

experiments for each condition. 166 

The fluorescence intensity (pixels) is measured on each channel (CY3 values: endocytosis; CF350: 167 

membrane) in a specific location (ROI) using the Image J software (NIH). The ratio between the 168 

fluorescence intensity value of the CF350 channel and the CY3 channel is calculated. One ROI per 169 

neuron was collected, and colocalization analysis was measured based on the data collected in 3 170 

independent experiments (at least 6 to 20 neurons/condition). 171 

 172 

Biotinylation Experiments 173 

Acute hippocampal slices (350 μm) were prepared from adult male C57BL6/J mice in ice-cold dissection 174 

buffer maintained in 5% CO2/95% O2 and containing in mM: 25 NaHCO3; 1.25 NaH2PO4; 2.5 KCl; 0.5 175 

CaCl2; 7 MgCl2; 25 D-glucose; 110 choline chloride; 11.6 ascorbic acid;3.1 pyruvic acid. Slices were 176 

then transferred to artificial cerebrospinal fluid (ACSF; composition in mM: 124 NaCl; 3 KCl; 26 177 

NaHCO3;1.25 NaH2PO4; 2 CaCl2; 1 MgCl2; 10 D-glucose; saturated with 95% O2 and 5% CO2). Slices 178 

were maintained on filters in a submersion storage chamber and allowed to recover for at least 1h prior 179 

to use. Four-five individual slices were used per condition and incubated with different treatments 180 

(FSC231 25 µM, 1 h; TAT 10µM, 1 h). Slices were washed once with ice-cold ACSF (5 min) then 181 
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incubated with 0,5 mg/ml EZ-link sulfo-NHS-SS-Biotin (Pierce) for 30 min on ice before four washes 182 

in ACSF supplemented with Ethanolamine pH 7.4 (50 mM / 5 min) to quench free reactive biotin. Tissue 183 

lysis was then performed using a Potter homogenizer followed by incubation 30 min at 4°C in cell lysis 184 

buffer (100 mM NaCl, 20 mM Tris HCl pH 7.4, 5 mM EDTA, 1% Triton X-100) mixed with protease 185 

inhibitors. Samples were centrifuged at 16,000g for 20 min at 4°C and the protein concentration of the 186 

resulting supernatants was determined using a BCA kit (SIGMA). A fraction of the lysate (30 μg of 187 

proteins) was kept as a whole input (total) reference sample. Biotinylated proteins were purified by pull 188 

down on equilibrated Neutradivin coated magnetic beads (Spherotech) overnight at 4°C on shaker. 189 

Beads were subsequently washed three times with lysis buffer and biotinylated proteins were eluted in 190 

4X SDS-Page denaturant buffer (BioRad) supplemented with 10% β-mercaptoethanol and heated for 5 191 

min at 60°C. Total and surface mGlu3 expressions as well as actin control were analyzed by Western 192 

blot with specific antibodies (anti-mGlu3: Abcam #ab166608; anti-Actin: Sigma #A5441). 193 

 194 

Organotypic hippocampal slices 195 

Organotypic hippocampal slices were prepared from 6-day-old wild-type (WT) C57Bl6/J and mGlu3 196 

KO mice pups as previously described (Stoppini et al., 1991). All animal studies were ethically reviewed 197 

and carried out in accordance with European Directive 2010/63/EEC and the University Policy on the 198 

Care (protocol approved by the veterinary Department of Animal Care of Montpellier). Three to five 199 

mice were used for each slice culture preparations and each experimental condition was tested over the 200 

course of at least three preparations. Slices were placed on a 30 mm porous membrane (Millipore, 201 

Billerica MA, USA) and kept in 100 mm diameter Petri dishes filled with 5 ml of culture medium 202 

containing 25% heat-inactivated horse serum, 25 % HBSS, 50% Opti-MEM, penicillin 25units/ml, 203 

streptomycin 25 μg/ml (Life technologies). Cultures were maintained in a humidified incubator at 37°C 204 

and 5% CO2 until DIV3 (day in vitro) and then were kept at 33 °C and 5% CO2 until the 205 

electrophysiological experiments. 206 

 207 

Electrophysiology 208 

After 3 weeks in vitro, slices cultures were transferred to a recording chamber on an upright microscope 209 

(Olympus, France). Slices were superfused continuously at 1 ml/min with a solution containing (in mM) 210 

125 NaCl, 2.7 KCl, 11.6 NaHCO3, 0.4 NaH2PO4, 1 MgCl2, 2 CaCl2, 5.6 D-glucose, and 0.001% phenol 211 

red (pH 7.4, osmolarity 305 mOsm) at 33°C. Whole cell recordings were obtained from cells held at -212 

70 mV using a Multiclamp 700B amplifier (Axon Instruments, Union City, CA, USA). Recording 213 

electrodes made of borosilicate glass had a resistance of 4-6 MΩ (Warner Instruments, USA) and were 214 

filled with (in mM) 125 K-gluconate, 5 KCl, 10 Hepes, 1 EGTA, 5 Na-phosphocreatine, 0.07 CaCl2, 2 215 

Mg-ATP, 0.4 Na-GTP (pH 7.2, osmolarity 310 mOsm). Membrane potentials were corrected for 216 

junction potentials. Pyramidal neurons and interneurons have been distinguished by their location 217 

(stratum pyramidale versus stratum oriens/stratum radiatum) and their electrophysiological 218 
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characteristics (firing rate, resting potential) (Pelkey et al., 2017). For all recording conditions, only cells 219 

with access resistance < 18 MΩ and a change of resistance < 25% over the course of the experiment 220 

were analyzed. Data were filtered with a Hum Bug (Quest Scientific, Canada), digitized at 2 kHz 221 

(Digidata 1444A, Molecular Devices, Sunnyvale, CA, USA), and acquired using Clampex 10 software 222 

(Molecular Devices). 223 

Activation of mGlu3 receptor by LCCG-1 (10 µM) induces an inward current in CA3 pyramidal cells 224 

(PCs) in the presence of TTX (1 µM), D-AP5 (40 µM) and picrotoxin (100 µM) (Ster et al., 2011). 225 

Methacholine (500 nM; 10-20 min) induces synaptic theta activity in CA3 pyramidal cells of 226 

hippocampal slice cultures (Fischer et al., 1999). We incubated the hippocampal slice culture with 227 

different treatments (FSC231 25 µM, 30 min; TAT 1µM, 1 hour incubation). For the TAT experiments, 228 

TAT peptides (1µM) were also added in the intracellular solution. 229 

 230 

EEG/EMG recording and peptides administration 231 

Wild-type C57BL6/J mice (10-12 weeks-old) were implanted for electroencephalographic (EEG) and 232 

electromyographic (EMG) recording and intra-ventricular peptide administration. All the procedures 233 

were conducted in accordance with the European Communities Council Directive (authorisation 234 

n°APAFIS#19302-2019012516391230 v2 by the French Ministry of Higher Education, Research and 235 

Innovation). Mice were housed in groups of 5 per cage until surgery, and maintained in a 12 h light/dark 236 

cycle (lights on 7:30 am to 7:30 pm), in stable conditions of temperature (22± 2°C) and humidity (60%), 237 

with food and water provided ad libitum.  238 

For surgery, animals were anesthetised with a mix of ketamine (100 mg/kg, Imalgene 500) and xylazine 239 

(10 mg/kg, Rompun 2%) plus a local subcutaneous injection of lidocaine (Xylocaine, AstraZeneca, 240 

France; 4 mg/kg in 50 l of sterile 0.9% NaCl solution). They were then placed in a stereotaxic frame 241 

using the David Kopf mouse adaptor. A bipolar tungsten teflon-isolated torsade electrode was placed in 242 

the CA3 area of the left dorsal hippocampus (AP = −1.85, ML = +2.3, DV = −1.4 mm from bregma, 243 

https://scalablebrainatlas.incf.org). A 4 mm, 26 G canula guide (Phymep, France) was set into the left 244 

ventricle (AP = +0.1, ML = +0.75, DV = −2 mm from bregma). Skull cortical electrodes were placed 245 

on the frontoparietal bone and a reference electrode on the occipital bone. Two stainless steel EMG 246 

wires were placed in the neck muscles. All electrodes and the canula were fixed on the skull with dental 247 

acrylic cement. After surgery, mice were individually housed in order to minimize the chances of 248 

reciprocal injury caused by snatching of the implants. Freely moving animals were put into individual 249 

Plexiglass boxes, and their microconnectors were plugged to an EEG preamplifier circuit close to the 250 

head and to the EEG amplifier (Pinnacle Technology Inc., Lawrence, KS, USA). Mice were allowed 1 251 

h 30 to habituate to the new environment and to the injection equipment (injection canula and tubing). 252 

We performed a single TAT peptide i.c.v. infusion. The presence of this type of peptides in the brain is 253 

transient, as they are readily eliminated by the circulation. We have chosen the time window of 10 to 35 254 

min based on our previous experience with a closely related peptide targeting mGlu7, for which the peak 255 

https://scalablebrainatlas.incf.org/
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of activity was observed around 20-30 min after infusion (Bertaso et al., 2008). All EEG recordings 256 

were performed during the light period (light ON 7:00 AM, light OFF 7:00 PM, between 10:00 AM and 257 

12:00 PM). TAT peptides were delivered via a pump operating a micro-syringe (injection volume: 5 µl, 258 

500 µM in 0.9% NaCl, 750 nl / min).  The electrical activity was recorded and filtered at 4 Hz, sampled 259 

at 200 Hz and recorded by a computer equipped with Sirenia® software (Pinnacle Technology Inc.). 260 

The electromyogram signal was filtered and sampled at 100 Hz. EEG recordings were performed 261 

together with video monitoring of the animal behavior. Sleep scoring and periodograms of the EEG 262 

recordings were obtained using Neuroscore (DSI, St. Paul, MN).. Awake, NREM and REM periods 263 

were scored and verified by combining video and EMG signal observations. Power spectra were 264 

extracted at the corresponding times for each episodes and averaged for the 30 min before and 10 to 35 265 

min after the infusion (10 min were allowed for peptide diffusion). Power spectral density was calculated 266 

using Fast-Fourrier Transform with 2 sec temporal and 0.5 Hz frequency resolutions. 267 

 268 

Immunohistochemistry 269 

Mice were anesthetized using Euthasol® and transcardially perfused with 4% paraformaldehyde (PFA) 270 

followed by 24 h of post-fixation in 4% PFA. Thirty m-thick slices were incubated in PBS-T (0.5 % 271 

Triton) with bovine serum albumin (3%) for 1 h and with the primary antibody (mouse anti-NeuN, 272 

Millipore, France, 1:1000 dilution) for 12 h. Slices were then incubated for 2 h with a secondary antibody 273 

(AlexaFluor 488 anti-mouse 1:1000 dilution) and DAPI (1:10,000 dilution). Acquisition was performed 274 

on an epifluorescence microscope (AxioImager Z1 Zeiss microscope equipped for optical sectioning 275 

Apotome, Zeiss). Laser power and detector sensitivity were kept constant for each staining to allow 276 

comparison between samples. At least 3 slices per animal were processed and images analysed using 277 

ImageJ software (https://imagej.nih.gov/ij/index.html).  278 

 279 

Statistical Data Analysis 280 

GraphPad Prism were used for statistical analyses. Values are represented as mean ± SEM. For 281 

experiments with two groups, normality of data distribution was determined via the Shapiro-Wilk test. 282 

Except where noted, normally distributed data were analyzed via t-tests. For data sets with non-normal 283 

distributions, non-parametric tests were used (Mann-Whitney U test or Kruskal-Wallis test for 284 

independent samples or Wilcoxon signed-rank test for paired samples). For multiple comparaisons 285 

(Figures  1, 2, 3C, 4B, 5A, 6D, 7D, 8D), one-way Anova followed by Tukey’s multiple comparisons test 286 

were used. In the Figure 9 spectral analysis were analyzed via two-way Anova follow by Tukey’s 287 

multiple comparisons tests and, for the histograms, via a Kruskal-Wallis analysis (multiple pairwise 288 

comparisons followed by Dunn's posthoc test). Significance was defined as *P < 0.05, **P < 0.01, ***P 289 

< 0.001.  290 
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Oscillation analyses were performed after 9 min of application of LCCG-1 or MCh. Calculation of 291 

oscillatory activity was performed from the time of the second peak in the Clampfit autocorrelation 292 

function. A segment was considered rhythmic when the second peak of the autocorrelation function was 293 

at least 0.3 and several regularly spaced peaks appeared (Ster et al., 2011).  294 

 295 

Results 296 

The mGlu3 receptor interacts with PICK1 297 

To characterize the interaction between PICK1 and mGlu3 receptor, we first used a co-298 

immunoprecipitation approach. We transiently expressed a GFP-tagged PICK1 (GFP-PICK1) in the 299 

absence or presence of mGlu3 receptor bearing an HA tag in the extracellular N-terminal domain of the 300 

receptor (HA-mGlu3) in HEK-293 cells and performed co-immunoprecipitation experiments using a 301 

GFP nanobody (Figure 1A). We detected bands of stronger intensity around 200 kDa /100 kDa 302 

corresponding to mGlu3 dimers / monomers in presence of HA-mGlu3 and GFP-PICK1, compared to 303 

cells expressing HA-mGlu3 and GFP. As PICK1 contains a single PDZ domain that could interact with 304 

the PDZ ligand motif of mGlu3 receptors, we generated a truncated mGlu3 mutant lacking its “-SSL” 305 

PDZ ligand motif, HA-mGlu3ΔPDZlig. Deletion of the last three amino acids in the distal C-terminal 306 

of mGlu3 receptors (HA-mGlu3ΔPDZlig) significantly reduced the co-IP between mGlu3 and PICK1 307 

(Figure 1A). This result indicates that the PDZ-ligand motif of mGlu3 receptor is necessary for its 308 

interaction with PICK1. We confirmed this interaction by performing a reverse immunoprecipitation 309 

using anti HA- antibody (Figure 1B). We observed a trend towards decreased PICK1 binding to the 310 

truncated mGlu3 receptor. Given the high sequence homology of mGlu2 and mGlu3 receptor C-terminal 311 

sequences, we addressed the specificity of the interaction of PICK1 with mGlu3 receptor by performing 312 

a similar co-immunoprecipitation approach as in Fig.1A using an HA-tagged mGlu2 (HA-mGlu2) 313 

construct (Figure 1C). No band was detected in cells transfected with HA-mGlu2 and GFP-PICK1, 314 

indicating that PICK1 interacts with mGlu3 but not mGlu2, despite the identical PDZ binding motif.  315 

To further demonstrate a direct interaction between mGlu3 and PICK1, we carried out pull-down 316 

experiments of cytosolic PICK1 with synthetic peptides encompassing the C-terminal domain of the 317 

mGlu3 receptor conjugated to Sepharose beads. Two different synthetic peptides were generated: one 318 

corresponding to the last 60 amino acids in the C-terminal of mGlu3 receptor (mGluR3ctWT) and a 319 

similar peptide in which the C-terminal leucine was replaced by a glutamate (mGluR3ctSSD), to hinder 320 

the interaction. Lysates of cells expressing or not PICK1 were incubated with these peptides (Figure 321 

2A). As expected, we detected a stronger interaction with GFP-PICK1 when using mGlu3ctWT beads 322 

(~75 kDa band, detected with both anti-GFP and anti-PICK1 antibodies) consistent with a direct 323 

interaction between mGlu3 and PICK1. We then tested the mGluR3ctWT and mGluR3ctSSD beads on 324 

mouse hippocampi lysates (Figure 2B). The mGlu3 C-terminal co-immunoprecipitated with the native 325 

PICK1 (50 kD) expressed in mice brain, indicating that they may form a complex. We also found that 326 
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the mutant bearing a point of mutation in the ligand PDZ domain (mGlu3RctSSD) tended to decrease 327 

the interaction with PICK1. Altogether, these results show that mGlu3 directly interacts specifically via 328 

its C terminal to the PDZ domain of endogenous PICK1. 329 

 330 

Peptidic and pharmacological tools to uncouple binding of mGlu3 to PICK1 331 

To determine the functional role of the mGlu3-PICK1 coupling, we used and engineered tools to disrupt 332 

their interaction. First, we designed a competitive peptide encompassing the last ten C-terminal amino 333 

acids of the mGlu3 receptor, which included the PDZ ligand motif SSL, conjugated to the cell-membrane 334 

transduction domain of the HIV-1 Tat protein (TAT-mGlu3, Figure 3A). A control peptide was prepared 335 

bearing the same overall sequence with the exception of the last 3 amino acid of the PDZ ligand motif, 336 

SSL, which were mutated to alanine (AAA). To evaluate the binding of PICK1 to mGlu3 receptors in 337 

presence of the TAT-mGlu3, we used a co-immunoprecipitation approach as Fig.1A (Figure 3B). There 338 

was a strong reduction in the intensity of band corresponding to the receptor (around 200 kDa) in cells 339 

co-transfected with HA-mGlu3 and GFP-PICK1 in presence of TAT-mGlu3 compared to TAT-control.  340 

To confirm the specificity of the TAT-mGlu3 to mGlu3 receptor, we performed a similar co-341 

immunoprecipitation targeting the mGlu7 receptor, which also interacts with PICK1 (Hirbec et al., 342 

2002), Figure 3C). We observed that binding of PICK1 to the mGlu7 receptor was prevented by neither 343 

peptide. The specificity of the TAT peptides was further characterized by pull-down experiments. We 344 

detected a dose-dependent decrease in native PICK1 binding to mGlu3 only when TAT-mGlu3 was 345 

added to the mouse brain lysate (Figure 3D). Taken together these data confirmed the specific 346 

competition between TAT-mGlu3 and mGlu3 for its receptosome. The second strategy was to perform 347 

co-immunoprecipitation experiments using a small PICK1 PDZ-binding molecule, FSC231, which is 348 

known to prevent PICK interactions (Thorsen et al., 2010). This compound altered the binding of PICK1 349 

to mGlu3 receptor compared to the control (DMSO, Figure 3E). 350 

 351 

PICK1 regulates mGlu3 receptor surface expression via the PDZ ligand motif. 352 

Membrane proteins localization depends on interactions with intracellular binding partners. We tested 353 

whether this was the case for mGlu3 receptor and PICK1, first in the heterologous expression system 354 

HEK293 cells. We monitored the constitutive trafficking of an HA-tagged version of the receptor 355 

together with either GFP-PICK1 or GFP (Figure 4A). We visualized HA antibody-labeled surface 356 

receptors before permeabilization (CF350-streptavidin) and internalized receptors after permeabilization 357 

(Cy3 tagged secondary antibody). When transfected with GFP, the receptor was diffusely distributed 358 

throughout the cell (ratio surface vs. cytoplasm = 1.64 ± 0.08). Internalized mGlu3 receptors formed 359 

clusters in the cytoplasm. By contrast, when the receptor was co-transfected with GFP-PICK1, surface 360 

expression of HA-mGlu3 was significantly increased (ratio surface vs. cytoplasm = 2.32 ± 0.28). 361 

Moreover, most of the internalized receptors were located near the cell membrane. These results 362 

indicated that the localization of mGlu3 receptors depends on PICK1 expression in HEK-293 cells. 363 
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To deepen this characterization, we studied the localization of mGlu3 and PICK1 in primary 364 

hippocampal neurons and found similar results to those observed in HEK-293 cells (Figure 4B, 4C). In 365 

neurons co-transfected with HA-mGlu3 and GFP-PICK1, surface levels of mGlu3 receptors were higher 366 

than in neurons transfected with HA-mGlu3 alone. Previous studies have shown that the PDZ ligand 367 

residues of the intracellular C terminus of mGlu receptors are critical for their synaptic localization 368 

(Boudin et al., 2000). We tested whether the PDZ ligand also plays a role in mGlu3 receptor endocytosis. 369 

The surface expression of the HA-mGlu3ΔPDZlig receptor lacking the PDZ ligand motif was 370 

significantly decreased compared to the wild type receptor (Figure 4C; ratio surface / internalized:  371 

GFP-PICK1 / HA-mGlu3 = 1.84 ± 0.15; GFP / HA-mGlu3 = 1.43 ± 0.18; GFP-PICK1 / HA-372 

mGlu3ΔPDZlig = 0.95 ± 0.04).  373 

 374 

Binding to PICK1 is essential for the functional expression of the mGlu3 receptor 375 

We reasoned that an alteration of mGlu3-PICK1 interaction could alter the subcellular localization of 376 

the receptors. We examined the effect of an acute treatment with TAT-mGlu3 (1 hour at 1 µM; Figure 377 

5A, B) or FSC231 (1 hour at 25 µM; Figure 5C, D) on the subcellular localization of mGlu3 receptors 378 

in neurons.   Both treatments induced a significant reduction in mGlu3 receptor surface expression 379 

(Figure 5B, D; ratio surface / internalized: TAT-control = 1.16 ± 0.06; TAT-mGlu3 = 1 ± 0.03; DMSO 380 

= 1 ± 0.03; FSC231 = 0.84 ± 0.06). Conversely, no significant effect was induced by the TAT-control 381 

peptide (Figure 5).  382 

To confirm that PICK-1 promotes the expression of endogenous receptors at the neuronal membrane, 383 

we tagged surface proteins via biotin labeling in hippocampal acute slices after treatment with FSC-231 384 

or the TAT-mGlu3 (Figure 6). Both treatments induced a significant reduction in mGlu3 receptor 385 

surface expression (Figure 6; purified cell surface fractions of mGlu3 receptors are normalized to the 386 

total mGlu3 receptor). Conversely, no significant effect was induced by the TAT-control peptide 387 

(Figure 6). Altogether, these results show that PICK1 promotes the expression of mGlu3 receptors at 388 

the neuronal membrane. 389 

Next, to determine the physiological significance of the mGlu3-PICK1 interaction, we performed patch-390 

clamp recording of CA3 pyramidal cells (PCs) and interneurons in organotypic hippocampal slice 391 

cultures in the presence of TAT-mGlu3 peptide or FSC231. As previously reported (Ster et al., 2011), 392 

the activation of mGlu3 receptors by LCCG-1 (10 µM) induced a significant inward current in CA3 393 

pyramidal cells (PCs) which is obvious under conditions of synaptic transmission block (TTX /D-394 

AP5/picrotoxin; Figure 7A). The LCCG-1-induced inward current was blocked in presence of TAT-395 

mGlu3 (10 µM, incubation 1h/1µM intracellular medium; -6.63 ± 2.89 pA, *p<0.01, Figure 7A, B) in 396 

CA3 PCs as well as in interneurons (-2.1 ± 1.86 pA, **p<0.01, Figure 7C). The TAT-control peptide 397 

had no effect in PCs (10 µM, 1h incubation /1µM intracellular medium, CA3 PCs: control=-23.29 ± 398 

1.00 pA, TAT-control = -23.86 ± 3.56 pA) and interneurons (CA3 interneuron: control = -21.75 ± 4.60 399 

pA, TAT-control = -15 ± 1.93 pA; Figure 7A, B, C). Similar results were obtained in presence of the 400 
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PDZ domain inhibitor FSC231: the LCCG-1-induced inward current was blocked in CA3 PCs and 401 

interneurons (PCs: DMSO = -27.00 ± 4.40 pA, FSC231 = 5.86 ± 3.48 pA, **p<0.01; CA3 interneurons: 402 

DMSO= -20.76 ± 5.66 pA, FSC231 = 2.10 ± 2.00 pA, **p<0.01; Figure 7A, B, C). Moreover, the 403 

spontaneous synaptic activity is not altered by treatment with the TAT peptides, suggesting that AMPA 404 

function is preserved (Figure 7D; control = -28.34 ± 4.83 pA, TAT-control = -24.12 ± 5.33 pA; TAT-405 

mGlu3 = -25.26 ± 3.98 pA). 406 

 407 

Theta oscillations in the CA3 area of the hippocampus are altered by impairing the mGlu3 -PICK1 408 

interaction 409 

Cholinergic activation of CA3 network in the hippocampus results in cycles of rhythmicity (Buzsaki, 410 

2002; Fischer et al., 1999). The mGlu3-dependent inward current contributes to the theta oscillations in 411 

hippocampal organotypic slices (Ster et al., 2011). As we have shown that this current is also dependent 412 

on PICK1 binding to the receptor (Figure 7), we hypothesized that the mGlu3-PICK1 complex could 413 

modulate the hippocampal network activity. Methacholine (the muscarinic receptor agonist) induces 414 

synaptic theta activity in CA3 pyramidal cells of hippocampal slice cultures (Fischer et al., 1999). Theta 415 

oscillations were induced in organotypic hippocampal slices by applying 500 nM MCh (20 min; 416 

frequency  = 12.9 ± 0.38 Hz, episodes / min = 10.8 ± 2.60) (Fischer et al., 2002). The frequency of theta 417 

oscillations was significantly reduced in presence of the TAT-mGlu3 peptide compared to TAT-control 418 

(frequency: TAT-mGlu3 = 9.97 ± 0.42 Hz, TAT-control = 12.64 ± 0.75 Hz, n = 6, **P<0.01; Figure 419 

8A, B). A similar reduction in theta frequency was observed when applying FSC231 (frequency: DMSO 420 

= 14.15 ± 0.64, DMSO / FSC231 = 10.54 ± 1.11, *P < 0.05; Figure 8A, B). The occurrence of theta 421 

episodes was not significantly altered in presence of these treatments (episodes / min: TAT-mGlu3 = 422 

11.40 ± 2.60, TAT-control = 10.33 ± 1.67; DMSO = 11 ± 4.44, DMSO / FSC231= 7.8 ± 1.98; Figure 423 

8C). Hippocampal slice cultures respond to MCh by generating a high level of spontaneous synaptic 424 

activity that oscillates at theta frequencies. Analysis of spontaneous synaptic activity shows no 425 

significant difference in the amplitude of synaptic responses (EPSCs, IPSCs) during theta activity 426 

between TAT conditions (EPSCs: No peptide= -48.80 +/- 13.21pA; TAT-control= -55.67 +/- 18.13 pA, 427 

TAT-mGlu3= -40.94 +/- 7.38 pA; IPSCs : No peptide= -53.06 +/- 14.79 pA; TAT-control= 53.55 +/- 428 

19.56 pA, TAT-mGlu3= 58.32 +/- 12.37 pA; Figure 8D). Altogether, these results suggest: 1) a 429 

contribution of mGlu3-PICK1 to hippocampal theta oscillations in CA3 area and 2) no role in the 430 

generation of hippocampal theta rhythms. 431 

 432 

Effect of TAT-mGlu3 peptide on theta rhythms during sleep / wake states 433 

During rapid eye movement sleep (REMs) and wake periods of increased attention in mice and rat, theta 434 

oscillations are observed in local field potential recordings from cortical structures, including the 435 

hippocampus (Buzsaki, 2002; Robinson et al., 1977). We asked what is the impact of the mGlu3-PICK1 436 

complex on theta rhythms during sleep / wake states in vivo. We performed EEG recordings in mice 437 
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injected with the TAT peptides via a cannula placed in the lateral ventricle. We confirmed the diffusion 438 

of the peptides in the hippocampus by detecting a fluorescent TAMRA-tagged version of TAT-mGlu3 439 

35 minutes post-injection (Figure 9A). Note that no peptide was detected in other regions, including the 440 

cortex. We tested the effect of the TAT-mGlu3 during sleep / wake states in freely behaving mice. By 441 

using a sleep scoring procedure based on movement detection and electromyogram (EMG) signal 442 

analysis, we distinguished three different states: wake, non-REM sleep (NREM) and REM sleep (Figure 443 

9B). Two-way ANOVA revealed significant alteration in low frequency EEG power in the presence of 444 

the TAT peptides (F (2,266) = 5.510, P = 0.0045). We focused on the period between 10 and 35 minutes 445 

post-injection as the optimal time for peptide diffusion (Bertaso et al., 2008). The injection of TAT-446 

mGlu3 resulted in significant reduction of REM sleep theta power measured in the dorsal hippocampal 447 

CA3 area (Figure 9B; relative power low theta: baseline = 3.33 ± 0.33, post TAT-control = 3.45 ± 0.15, 448 

post TAT-mGlu3 = 2.25 ± 0.18; relative power high theta:  baseline = 1.24 ± 0.09, post TAT-control = 449 

1.52 ± 0.19, post TAT-mGlu3 = 0.97 ± 0.07). A decrease of theta power was also observed during 450 

NREM sleep (Figure 9B; relative power low theta: baseline = 2.59 ± 0.12, post TAT-control = 2.35 ± 451 

0.36, post TAT-mGlu3 = 1.96 ± 0.15; relative power high theta:  baseline = 1.35 ± 0.15, post TAT-452 

control = 1.4 ± 0.2, post TAT-mGlu3 = 1 ± 0.16) and wake states. No other frequency band was affected 453 

and the spectra profile returned to the baseline less than 1 hour after peptide injection.  The TAT-control 454 

peptide had no detectable effect on the EEG recordings. 455 

 456 

Discussion 457 

In this study, we demonstrated that the PDZ ligand domain–containing mGlu3 receptor interacts with 458 

PICK1 and that this domain is required for their physical and functional interactions both in vitro and in 459 

vivo. In addition, we showed that such interaction contributes to the targeting of receptors into the surface 460 

membrane of postsynaptic neurons, and significantly modulates the hippocampal network activity in 461 

vitro and in vivo. 462 

 463 

The functional significance of the specific interaction of mGlu3 receptor and 464 

PICK1  465 

Protein interactions mediated by PDZ-domains show great versatility, as PDZ domains bind to small C-466 

terminal peptides (through class I, II and III binding motifs), internal protein segments, other PDZ 467 

domains or even lipids (Nourry et al., 2003). mGlu2 and mGlu3 receptors possess the same and common 468 

(S/T)x(V/L) motif “SSL” that belongs to the class I PDZ binding motifs. Yet, only the mGlu3 receptor 469 

binds to PICK1 as confirmed by our co-immunoprecipitation experiments, where PICK1 binds 470 

specifically to mGlu3 receptor and not the closely related mGlu2 receptor. The interaction between 471 

mGlu3 and PICK1 is disturbed by a TAT-mGlu3 peptide, which allows to distinguish the functions 472 

performed specifically by mGlu3 versus mGlu2. Therefore, a sequence of mGlu3 receptor outside its 473 
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PDZ binding motif could contribute to the specificity of interaction with PICK1. Intriguingly, the total 474 

deletion of the last 3 aa corresponding to the PDZ-ligand domain of mGlu3 (mGlu3ΔPDZlig) impairs 475 

the interaction with PICK1 whereas a point of mutation of the last amino acid of the PDZ motif of mGlu3 476 

receptors only reduces this interaction suggesting that the entire PDZ binding motif of mGlu3 receptor 477 

is required.  478 

Protein–receptor interactions influence signal transduction mechanisms, trafficking and localization of 479 

the receptor proteins (Kim and Sheng, 2004; Xiao et al., 2000). A large number of studies have 480 

established the importance of PDZ domain-mediated interactions in the localization and 481 

compartmentalization of several receptors and channels (Sheng and Wyszynski, 1997). To date, little is 482 

known about the molecular factors that govern the regulatory mechanisms associated with cell surface 483 

expression of mGlu3 receptors. Proteins that specifically interact with the PDZ ligand domain of mGlu3 484 

receptor have not been clearly characterized. Removal the PDZ ligand on mGlu3 receptor or absence of 485 

PICK1 in cultured transfected neurons considerably reduces surface localization of mGlu3 receptor, 486 

indicating that mGlu3-PICK1 interaction regulates receptor surface expression. These findings 487 

confirmed a key role for PICK1 in synaptic regulation, by adding the mGlu3 receptor to the list of its 488 

interacting partners. Indeed, in the brain, PICK1 is expressed in both the pre- and postsynaptic elements, 489 

where it serves different roles.  For example, PICK1 is a key regulator of postsynaptic GluA2 AMPA 490 

receptor during plasticity (Kim et al., 2001; Steinberg et al., 2006). At the presynapse, PICK1 regulates 491 

the synaptic localization and function of the mGlu7 receptor and of dopamine and norepinephrine 492 

transporters (Perroy et al., 2002; Torres et al., 2001). Our electrophysiological data support the notion 493 

that postsynaptic mGlu3 receptors and PICK1 form a functional protein complex at the neuronal surface. 494 

Using the TAT-mGlu3 peptide, designed to disturb the endogenous interaction between mGlu3 and 495 

PICK1, we observed a decrease (40-50% reduction) in membrane expression of mGlu3 receptors. 496 

However, we detected an almost complete reduction of the mGlu3 current. Several reasons could explain 497 

this apparent discrepancy. In Figure 5, we are working with cells that overexpress mGlu3 and PICK1, 498 

while in Figure 7 we used organotypic slices, i.e., endogenous proteins. The effect of the peptides could 499 

be strongly influenced by the amount of PICK1 that needs to be displaced from the receptor. In native 500 

conditions, PICK1 is not in excess compared to other mGlu3 binding partners. One could imagine that 501 

membrane localization could be affected partially by the disruption of PICK1 binding over other 502 

partners. On the other hand, the mGlu3 current (I mGlu3) could be more strongly dependent (and we 503 

could argue, completely dependent) on PICK1 binding and signaling, and therefore disruption of the 504 

complex would lead to a total wipe out of the current. These data suggest that the alteration of the mGlu3-505 

PICK1 interaction reduces functional mGlu3 receptors at the neuronal cell surface and point to the 506 

physiological relevance for the interaction of postsynaptic mGlu3 receptor and PICK1.  507 

Our data do not exclude an interaction of the two proteins at the presynaptic site, where it could 508 

potentially modulate the excitatory / inhibitory neurotransmitter release. 509 
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Likewise, we cannot rule out the possibility that PICK1 could also influence and / or participate to 510 

mGlu3 signal transduction mechanisms, as it does for other glutamate receptors including GluA2 and 511 

mGlu7 (Kim et al., 2001; Perroy et al., 2002). PICK1 bind protein kinase C α-subunit (PKCα) and mGlu3 512 

receptors could signal through activation of a PLC-PKC-dependent pathway (Rosenberg et al., 2016). 513 

Additional investigation of such molecular mechanisms would be interesting. 514 

 515 

The physiological relevance of the mGlu3-PICK1 complex  516 

Hippocampal theta oscillations (HTO) are prominent local field potentials occurring in the 4–14 Hz 517 

frequency range and generated essentially by the hippocampus (Buzsaki, 2002).  Increasing evidence 518 

implicates group II metabotropic glutamate receptors in HTO both in vitro and in vivo (Ahnaou et al., 519 

2014; Feinberg et al., 2005; Ster et al., 2011). Modulation of mGlu2 and mGlu3 receptors influences 520 

theta oscillations in vivo using different rat strains (Wood et al., 2018). We have examined whether 521 

disrupting the mGlu3-PICK1 complex could affect theta rhythms. In organotypic hippocampal slices, 522 

Mch-mediated theta oscillations are decreased by treatment with the TAT-mGlu3 peptide and the PICK1 523 

binding molecule, FSC231. In vivo, theta oscillations are most prominent during wake periods of 524 

increased attention and rapid-eye-movement (REM) sleep (Buzsaki, 2002). mGlu2/3-modulating drugs 525 

(agonist, antagonist) profoundly influence theta oscillation suggesting involvement of both receptor 526 

types in the control of theta oscillations (Ahnaou et al., 2014; Feinberg et al., 2002; Feinberg et al., 2005; 527 

Siok et al., 2012; Wood et al., 2018). Indeed, pharmacological studies using orthosteric compounds have 528 

suggested the involvement of mGlu2/3 receptors in oscillatory activity, with reduction of theta 529 

oscillations by mGlu2/3 agonism (Feinberg et al., 2002; Jones et al., 2012) and an activation of the same 530 

oscillations following mGlu2/3 antagonism (Ahnaou et al., 2014; Feinberg et al., 2005). Unfortunately, 531 

currently available orthosteric compounds act on both mGlu2 and mGlu3 subtypes. Thus, to clarify the 532 

specific function of each receptor, studies in knockout mice have been useful to distinguish the role of 533 

mGlu2 and mGlu3 receptors. However, some mixed results have been observed, possibly related to their 534 

genetic background and compensatory expression (Ahnaou et al., 2014; De Filippis et al., 2015; Higgins 535 

et al., 2004; Lyon et al., 2011). Thus, at present it is not easy to determine the role of mGlu3 or mGlu2 536 

specifically/independently in theta oscillations. However, our study shows a major role of mGlu3 537 

receptors in theta rhythms via the specific interaction between mGlu3 and PICK1 (not mGlu2) and 538 

suggests a completely different effect of mGlu3 (compared to mGlu2) receptors on hippocampal theta 539 

oscillations. 540 

In freely moving mice, we observed a significant reduction of the theta frequency power during REM 541 

sleep, NREM sleep and wake states upon intracerebral injection of the TAT-mGlu3 peptide.  HTO 542 

control the timing of activity across neuronal populations in the hippocampus, prefrontal cortex, and 543 

amygdala and coordinate gamma oscillatory activity. Consequently, theta oscillations are suggested to 544 

be important in cognitive functions (Basar et al., 2001; Jones and Wilson, 2005). Thus, even small 545 

changes in baseline HTO frequencies during REM sleep and quiet waking are likely to alter neural 546 
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activity across large distributed brain networks, ultimately generating modifications in behavioral 547 

processes. Our data suggest that alteration of mGlu3-PICK1 interaction modifies HTO during sleep / 548 

wake states and could predict a deficit in learning rates.  549 

 550 

Opening on schizophrenia 551 

Disruption of neural oscillations and synchrony may play an important role in the pathophysiology of 552 

schizophrenia, a neurodevelopmental disorder marked by abnormalities in sensory processing and 553 

cognition. Although recent research is primarily focusing on high frequency oscillations, there is also 554 

evidence of disturbances in slow rhythms in the delta and theta bands in schizophrenia (Basar-Eroglu et 555 

al., 2008; Bates et al., 2009; Ford et al., 2002; Koenig et al., 2001). To date, group II mGlu receptors 556 

draw a great interest as targets to treat such psychiatric conditions (Maksymetz et al., 2017). 557 

Identification of new proteins that associate specifically to mGlu3 receptors will advance our 558 

understanding of the regulatory mechanisms associated with their targeting and function and ultimately 559 

might provide new therapeutic strategies to counter these psychiatric conditions.  560 

 561 
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 721 

Figure legends 722 

Figure 1. Specific interaction of HA-mGlu3 receptor with GFP-PICK1 in HEK-293 cells. 723 

HEK-293 cells were transfected with plasmids encoding either HA-mGlu3 or HA-mGlu3ΔPDZlig and 724 

co-transfected with GFP-PICK1 or GFP. Proteins were immunoprecipitated with either GFP-Trap® 725 

beads (A) or monoclonal anti-HA antibody (B). mGlu3 receptor and PICK1 expression in inputs and 726 

immunoprecipitates were analyzed by Western blotting using anti-HA and anti-GFP antibody 727 

respectively. The histogram represents the amount of mGlu3/PICK1 binding (IP/ Input ratio; A: 728 

quantification WB anti-HA, B: quantification WB anti-GFP). Results are means ± SEM for densitometry 729 

analyses of blots obtained in three independent experiments performed on different sets of cultured cells. 730 

C, HA-tagged mGlu2 receptors co-expressed with GFP-PICK1 or GFP alone were immunoprecipitated 731 

using anti-HA agarose antibody and detected using an anti-GFP antibody. Panel C is representative of 732 

two independent experiments. Mw, molecular mass (indicated in kDa). IP, immunoprecipitation. 733 

d.mGu3, dimer mGlu3; m.mGlu3, monomer mGlu3. Data represent means ± SEM; *p< 0.05, **p< 0.01. 734 

 735 

Figure 2. The mGlu3 C-terminus associates with native PICK1. 736 

A, HEK lysates expressing GFP-PICK1 or GFP were incubated with Sepharose-immobilized synthetic 737 

peptides that incorporated either the 20 C-terminal residues of the WT (mGlu3RctWT) or mutated mouse 738 

mGlu3 receptor (mGlu3ctSSD) or with Sepharose beads only. B, Protein extracts from mouse brain were 739 

incubated with the indicated Sepharose-immobilized peptides, and bound proteins were analyzed by 740 

Western blotting with an anti-PICK1 antibody. Note that native PICK1 expressed in mice brain co-741 
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immunoprecipitates with the mGlu3 receptor C-terminal. Representative data of three independent 742 

experiments are illustrated. Data represent means ± SEM; *p< 0.05, ***p< 0.001. 743 

 744 

Figure 3. Pharmacological tools uncoupling mGlu3 - PICK1 interaction in vitro. 745 

A, schematic representation of the action of TAT peptides on PDZ interaction with mGlu3 C-terminal.  746 

Co-immunoprecipitation of HA-mGlu3 (anti-HA antibody) and PICK1 from HEK-293 lysates with 747 

either no drug, with TAT peptides (10 μM each; B), FSC231 (25 µM) or DMSO (25 µM; E).  HEK-293 748 

cells were co-transfected with plasmids encoding HA-mGlu3 and GFP-PICK1. Proteins were 749 

immunoprecipitated with GFP-Trap® beads. Total protein extracts were analyzed by Western blotting 750 

using anti-HA antibody. C, HA-tagged mGlu7 receptor co-expressed with GFP-PICK1 or GFP alone 751 

was immunoprecipitated using GFP-Trap® beads and detected using an anti-HA antibody. D, Pull-down 752 

experiment carried out using mouse brain extracts supplemented with no TAT peptide, 10 or 50 μM 753 

TAT-control peptide and 10 or 50 μM TAT-mGlu3 peptide.  754 

 B, C, D, E are representative of three independent experiments. B, C, E, the histograms represent the 755 

amount of mGlu3-PICK1 binding. Results are means ± SEM for densitometry analyses of blots obtained 756 

in three independent experiments performed on different sets of cultured cells.   757 

 758 

Figure 4. mGlu3 receptor internalization is regulated by PICK1. 759 

A, HEK-293 cells expressing wild-type mGlu3 receptor in presence or absence of PICK1. mGlu3 760 

receptors were labeled with an anti-HA antibody (pink, internalized proteins, green, surface-expressed 761 

receptor). Summary histogram quantifying the internalization of mGlu3 receptors. B, Hippocampal 762 

neurons were transiently co-transfected with HA-mGlu3 and GFP-PICK1 or with HA-mGlu3ΔPDZlig 763 

and GFP-PICK1. Summary histogram quantifying internalization of mGlu3 receptors. Data represent 764 

means ± SEM; *p< 0.05, ***p < 0.001. Scale bars =10 µm. 765 

 766 

Figure 5. Effect of the TAT-mGlu3 peptide or FSC231 on the cell surface localization of mGlu3 767 

receptors. 768 

A, B Hippocampal neurons were transiently co-transfected with HA-mGlu3 and PICK1. Neurons were 769 

treated with DMSO alone, FSC231 (25 µM), TAT-mGlu3 (10 µM) or TAT-control (10 µM) peptides at 770 

37°C for 1 hour. Then neurons were labelled with anti-HA antibody, washed and returned to conditioned 771 

media containing the same treatment at 37° for 15 min. The cells were stained and images acquired as 772 

described in Fig.4. Scale bar, 10 µm. C, summary histogram quantifying the internalization ratio from 773 

panel A and B. Data represent means ± SEM; *p< 0.05. 774 

 775 

Figure 6. Cell-surface biotinylation of mGlu3 is modulated by the TAT-mGlu3 peptide or FSC231. 776 

 A, Cell-surface biotinylation shows a decrease in mGlu3 receptor surface expression by using FSC-231 777 

(25 µM, 30 min) compared with the DMSO control. No changes were found in the total mGlu3 receptor 778 
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protein amount (Input). Densitometric quantification of western blots of mGlu3 receptor surface 779 

biotinylation (right panel). Data represent means +/- SEM (n=4; **p< 0.01.). B, TAT-control (10 µM, 780 

1 hour incubation) shows no effect on mGlu3 receptor surface expression compared to the TAT-mGlu3 781 

(10 µM, 1 hour incubation) which significantly decreases mGlu3 receptor surface expression. TAT-782 

peptide treatments show no effect on mGlu3 receptor amount. Densitometric quantification of western 783 

blots on mGlu3 receptor surface biotinylation (right panel). Data represent means +/- SEM (n=4; *p< 784 

0.05). 785 

 786 

Figure 7. TAT-mGlu3 peptide or FSC231 disrupt the functional mGlu3 receptor in hippocampal 787 

organotypic slices. 788 

A, Bath application of the LCCG1 in presence of TTX (1 μM), picrotoxin (100 μM), and D-AP5 (40 789 

μM) induces inward current in voltage-clamped CA3 PCs with or without TAT-control (grey trace, black 790 

trace respectively). The inward current is not detected in CA3 PCs in presence of TAT-mGlu3 peptide 791 

(orange trace) or FSC231 (dark green trace). Histograms represent the mean ImGlu3 current to illustrate 792 

the effect of TAT-mGlu3 peptides or FSC231 in PCs (B) and in interneurons (C). D, Representative 793 

activity recorded in a CA3 PCs (voltage-clamped at -70mV) in presence of TAT-mGlu3 peptides. Data 794 

represent means ± SEM; **p< 0.01. 795 

 796 

Figure 8. Methacholine-induced oscillations in the CA3 network are altered when PICK1 binding 797 

to mGlu3 is disrupted. 798 

A, Methacholine (500 nM; 10-20 min) induces synaptic theta activity in CA3 pyramidal cells of 799 

hippocampal slice cultures (Fischer et al., 1999). Representative traces of methacholine-induced theta 800 

oscillation recorded in CA3 pyramidal cells voltage clamped at -70mV in control condition (black trace) 801 

and in presence of TAT-control (grey trace), TAT-mGlu3 (orange trace) or FSC231 (green trace). B, 802 

theta frequency was significantly decreased by the incubation with TAT-mGlu3 (10 µM, 1 hour 803 

incubation), but not by the incubation of TAT-control. The FSC231 (25 µM, 30 min) also reduced the 804 

theta frequency similarly to the TAT-mGlu3. C, the occurrence of theta episodes was not altered in 805 

presence of TAT-mGlu3 or FSC231 nor in presence of TAT-control or DMSO. D, Representative 806 

spontaneous synaptic activity recorded in a CA3 PCs (voltage-clamped at -70mV) in presence of TAT-807 

mGlu3 peptides. Data represent means ± SEM; *p< 0.05, **p< 0.01. 808 

 809 

Figure 9. Effect of TAT-mGlu3 peptide on theta rhythms during sleep and wake states. 810 

A, TAT-mGlu3 TAMRA peptide was injected into the ventricle of C57Bl6/J adult mice and visualized 811 

by immunohistochemistry. TAMRA expression (red) was detected in hippocampal cells but not in the 812 

cortex (neuronal marker NeuN, green; nuclear marker DAPI, blue). B, Effect of intra-ventricular 813 

injection of the TAT-control or TAT-mGlu3 peptides (5 µl, 500 µM, 750 nl / ml) on the power spectrum 814 
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during REM sleep, NREM sleep and wake (n=5). Centre panels, zoom on theta frequencies. Right 815 

panels, sum of low and theta frequency power. Data represent means ± SEM; *p< 0.05, **p< 0.001. 816 

 817 
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