
ORIGINAL RESEARCH
published: 03 December 2018

doi: 10.3389/fnmol.2018.00439

New Features on the Expression and
Trafficking of mGluR1 Splice Variants
Exposed by Two Novel Mutant Mouse
Lines
Rika Naito1,2†, Hidetoshi Kassai1,3†, Yusuke Sakai1, Sabine Schönherr2, Masahiro
Fukaya4, Christoph Schwarzer2, Hiroyuki Sakagami4, Kazuki Nakao1,5, Atsu Aiba1,3*
and Francesco Ferraguti2*

1Laboratory of Animal Resources, Center for Disease Biology and Integrative Medicine, Graduate School of Medicine, The
University of Tokyo, Tokyo, Japan, 2Department of Pharmacology, Medical University of Innsbruck, Innsbruck, Austria,
3Division of Molecular Genetics, Kobe University Graduate School of Medicine, Kobe, Japan, 4Department of Anatomy,
Kitasato University School of Medicine, Sagamihara, Japan, 5Laboratory for Animal Resources and Genetic Engineering,
RIKEN Center for Developmental Biology, Kobe, Japan

Edited by:
Jaewon Ko,

Daegu Gyeongbuk Institute of
Science and Technology (DGIST),

South Korea

Reviewed by:
Chiara Verpelli,

Istituto di Neuroscienze (IN), Italy
Jong-Woo Sohn,

Korea Advanced Institute of Science
& Technology (KAIST), South Korea

*Correspondence:
Atsu Aiba

aiba@m.u-tokyo.ac.jp
Francesco Ferraguti

francesco.ferraguti@i-med.ac.at

†These authors have contributed
equally to this work

Received: 10 September 2018
Accepted: 13 November 2018
Published: 03 December 2018

Citation:
Naito R, Kassai H, Sakai Y,

Schönherr S, Fukaya M,
Schwarzer C, Sakagami H, Nakao K,

Aiba A and Ferraguti F (2018) New
Features on the Expression and

Trafficking of mGluR1 Splice Variants
Exposed by Two Novel Mutant

Mouse Lines.
Front. Mol. Neurosci. 11:439.

doi: 10.3389/fnmol.2018.00439

Metabotropic glutamate receptors (mGluRs) couple to G-proteins to modulate slow
synaptic transmission via intracellular second messengers. The first cloned mGluR,
mGluR1, regulates motor coordination, synaptic plasticity and synapse elimination.
mGluR1 undergoes alternative splicing giving rise to four translated variants that differ
in their intracellular C-terminal domains. Our current knowledge about mGluR1 relates
almost entirely to the long mGluR1α isoform, whereas little is known about the other
shorter variants. To study the expression of mGluR1γ, we have generated by means
of the CRISPR/Cas9 system a new knock-in (KI) mouse line in which the C-terminus
of this variant carries two short tags. Using this mouse line, we could establish that
mGluR1γ is either untranslated or in amounts that are undetectable in the mouse
cerebellum, indicating that only mGluR1α and mGluR1β are present and active at
cerebellar synapses. The trafficking and function of mGluR1 appear strongly influenced
by adaptor proteins such as long Homers that bind to the C-terminus of mGluR1α.
We generated a second transgenic (Tg) mouse line in which mGluR1α carries a
point mutation in its Homer binding domain and studied whether disruption of this
interaction influenced mGluR1 subcellular localization at cerebellar parallel fiber (PF)-
Purkinje cell (PC) synapses by means of the freeze-fracture replica immunolabeling
technique. These Tg animals did not show any overt behavioral phenotype, and
despite the typical mGluR1 perisynaptic distribution was not significantly changed, we
observed a higher probability of intrasynaptic diffusion suggesting that long Homers
regulate the lateral mobility of mGluR1. We extended our ultrastructural analysis to other
mouse lines in which only one mGluR1 variant was reintroduced in PC of mGluR1-
knock out (KO) mice. This work revealed that mGluR1α preferentially accumulates
closer to the edge of the postsynaptic density (PSD), whereas mGluR1β has a less
pronounced perijunctional distribution and, in the absence of mGluR1α, its trafficking
to the plasma membrane is impaired with an accumulation in intracellular organelles.
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In conclusion, our study sets several firm points on largely disputed matters, namely
expression of mGluR1γ and role of the C-terminal domain of mGluR1 splice variants on
their perisynaptic clustering.
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INTRODUCTION

The metabotropic glutamate receptor subtype 1 (mGluR1)
is a G protein-coupled receptor (GPCR; Masu et al., 1991)
that is involved in the regulation of neuronal excitability,
synaptic plasticity and synapse elimination in the central nervous
system (for review see Ferraguti et al., 2008). In the cerebellar
cortex, mGluR1 is highly expressed in Purkinje cells (PCs) and
regulate motor coordination, motor learning and long-term
depression (Aiba et al., 1994; Conquet et al., 1994; Kano
et al., 2008). Activation of mGluR1 stimulates phospholipase
β4 (PLCβ4) via Gq protein (Miyata et al., 2001; Hartmann
et al., 2004) and generates inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG; Aramori and Nakanishi, 1992). IP3 binds
to IP3 receptor type 1 (IP3R1) on the endoplasmic reticulum
(ER) membrane leading to Ca2+ release from the ER that in
turn activates protein kinase Cγ (PKCγ; Finch and Augustine,
1998; Takechi et al., 1998). Activation of mGluR1 also leads to
slow synaptic excitation that involves transient receptor potential
channel 3 (TRPC3)-mediated cation influx (Hartmann et al.,
2008).

Alternative splicing at the mGluR1 gene (Grm1) generates
four translated variants, namely mGluR1α (a), mGluR1β (b),
mGluR1γ (d) and mGluR1δ (E55), which share large part of the
N-terminal sequence, but differ primarily in their intracellular
C-terminal domain (Tanabe et al., 1992; Laurie et al., 1996;
Zhu et al., 1999; Ferraguti et al., 2008). The mGluR1α isoform
has the longest C-terminal domain and can physically interact
with a variety of signaling, cytoskeletal and scaffolding proteins
through motifs that are not present in the mGluR1β or
mGluR1γ isoforms (Enz, 2012; Pin and Bettler, 2016; Suh et al.,
2018).

PCs possess transcripts for both long, mGluR1α, and short,
mGluR1β and mGluR1γ, variants (Tanabe et al., 1992; Berthele
et al., 1998). Ultrastructural studies have shown that, at the
subcellular level, both mGluR1α and mGluR1β preferentially
accumulate perisynaptically (Baude et al., 1993; Nusser et al.,
1994; Mateos et al., 2000; Techlovská et al., 2014; Mansouri et al.,
2015). However, in the absence of the long mGluR1α isoform,
mGluR1β displayed a more diffused distribution (Ohtani et al.,
2014). Because of the lack of selective immunological tools,
no information is available concerning the localization of the
mGluR1γ isoform so far.

A huge influence on the mGluR1 trafficking and function
was suggested for the binding of long Homer proteins to
the C-terminus of the mGluR1α, that leads to the association
with other signaling proteins such as the IP3R and Shank
(Brakeman et al., 1997; Tu et al., 1998, 1999). We proposed
that this interaction regulates the subsynaptic localization of
mGluR1, but its disruption by the administration of the

dominant-negative TAT-Homer1a protein did not result in
any detectable change in mGluR1 distribution at parallel
fiber (PF)-PC synapses (Mansouri et al., 2015). Although we
were able to demonstrate that TAT-Homer1a could bind to
mGluR1α, our study could not entirely rule out a contribution
of long Homer proteins to the perijunctional accumulation of
mGluR1.

In this study, we have generated a new knock-in (KI) mouse
line using the CRISPR/Cas9 system in which the mGluR1γ
carries two short tags allowing to study the expression of
this variant in the cerebellum. In addition, we generated a
second transgenic (Tg) mouse line carrying a point mutation
in the Homer binding domain of mGluR1α to investigate
the role of this interaction in the subcellular localization of
mGluR1 at PF-PC synapses. We extended this analysis to
other mouse lines selectively rescuing in mGluR1-knock out
(KO) mice the expression of only one mGluR1 isoform in
PCs to further explore the role played by the C-terminus
of mGluR1 splice variants on their clustering in perisynaptic
areas.

MATERIALS AND METHODS

All procedures involving animals were performed according to
the methods approved by the animal care and use committee
of The University of Tokyo Graduate School of Medicine and
Kobe University Graduate School of Medicine. Mice were group-
housed and kept in a climate-controlled room at 23 ± 1◦C on a
12 h/12 h light/dark cycle and with free access to food and water
within a specific pathogen-free (SPF) facility. Every effort was
taken to minimize animal suffering and the number of animals
used for this study.

Generation of Genetically Modified Mice
The mGluR1-KO mice (originally kept on a mixed
129/Sv × C57BL/6 background) have been backcrossed
more than eight times with C57BL/6. The C57BL/6N strain
was used as wild type (WT) mice. We generated a new Tg
mouse line (L7-mGluR1a-P/E) in which mGluR1α, carrying
a point mutation, was reintroduced in mGluR1-KO under
the control of the PC-specific L7 promoter (Oberdick et al.,
1990) by means of previously described procedures (Ichise
et al., 2000; Ohtani et al., 2014). The point mutation in the
Homer binding domain of mGluR1α was introduced with
the QuikChange Site-Directed Mutagenesis Kit (Agilent)
replacing proline 1153 by a glutamate residue (P1153E). The
mutant mGluR1α is referred to from now on as mGluR1α-
P/E. For construction of the transgene, the rat mGluR1α-P/E
complementary DNA (cDNA) was inserted into exon 4 of
the L7 gene cassette. The transgene was microinjected into
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the pronuclei of fertilized mGluR1-KO embryos and four
independent L7-mGluR1a-P/E Tg founder mice were obtained.
For the generation of mGluR1γ-tagged KI mice, a single
stranded oligodeoxynucleotide (ssODN) was synthesized to have
the following sequence:

5′-GGGACAGCATGTGTGGCAGCGCCTCTCTGTGCACGT
GAAGACCAATACCCATACGATGTTCCAGATTACGCTGG
ATCCGACTACAAGGATGACGATGACAAGTGAGACGGCC
TGTAACCAAACAGCCGTAATTAAACCCCTCACTAA-3′

Cas9 protein (100 ng/µL), crRNA + tracrRNA (250 ng/µL)
and ssODN (10 ng/µL) were mixed and microinjected
into fertilized C57BL/6N embryos. Two-cell embryos were
transferred into the oviducts of pseudo-pregnant female mice.

RFLP Analysis
Genomic DNA was isolated from tail biopsies and amplified
with the following primers: 5′-TCTGTGCAGGATCCATGT
GT-3′ and 5′-GAACAAGGGCGTCTCTTCTG-3′; 10 µl of PCR
product was digested with BamHI. The digested DNA was
separated on an agarose gel (1.5%).

Reverse Transcription PCR and Nested
PCR for mGluR1 Splice Variants
For reverse transcription PCR, total RNA from mouse
cerebellum was isolated with TRIzol (Invitrogen-Thermo Fisher
Scientific). The obtained RNA was treated with recombinant
DNase I (Takara Bio) and cDNA was synthesized with the RNA
PCR Kit (AMV) Ver.3.0 (Takara Bio). The subsequent PCR was
performed using the following primers:

forward 5′-GTGCCTTCACCACCTCTGAT-3′

reverse 5′-TGTAGTCGGATCCAGCGTAA-3′

For nested PCR, the following cDNAs were used as template
for the PCRs: mouse cerebellar cDNA (Crepaldi et al., 2007),
mouse whole brain Marathon-Ready cDNA (Clontech), rat
cerebellar cDNA (Corti et al., 1998) and human cerebral cortex
Marathon-Ready cDNA (Clontech).

PCR primers for mouse, rat and human were designed based
on the following deposited sequences: NM_016976.3, M61099.1,
L76627.1, respectively.

For the first PCR the following primers were used:

mouse—
forward 5′-CTGGGCTGCATGTTCACTCCCAAGAT-3′

reverse 5′-ATTGGTCTTCACGTGCACAGAGAGGC-3′

rat—
forward 5′-GGCCCTGGGGTGCATGTTTACTC-3′

reverse 5′-TGGTTACAGGCCGTCTCGTTGGTC-3′

human—
forward 5′-GTGCATGTTCACTCCCAAGATGTA C-3′

reverse 5′-TCTTCACGTGCACAGAGAGGCGGTG-3′

The amplification was carried out for 36 cycles of 30 s at 94◦C
denaturation and an annealing step at 65◦C for rat and 62◦C for
mouse and human for 30 s followed by a polymerization step for
45 s at 72◦C. The PCR products were resolved on a 2% agarose
gel stained with Nancy-520 (Sigma) and analyzed using an E-Box

imaging System (Vilber Lourmat CX5). From the obtained PCR
products, bands between 200 bp and 400 bp were excised, gel
purified and then diluted 1:500 to be used as template for nested
PCRs using the following forward primers:

mouse 5′-GCCTGTCTTCCACTTGGCGTTCCCTG-3′

rat 5′-GCCTGTCTTCCACTTGGCATTCCCTG-3′

human 5′-ACCTGTCCTCCACTTGGCATTCCCTG-3′

The PCR amplification reaction was performed for 30 cycles
of 30 s at 94◦C, 30 s at 66◦C and 45 s at 72◦C. The PCR products
were separated on a 2.5% agarose gel stained with Nancy-520
(Sigma-Aldrich).

Rotarod
Motor coordination was assessed using the accelerating rotarod
(Muromachi Kikai) based on previously described methods
(Ohtani et al., 2014). Mice were placed on the rotating rod
(3 cm in diameter), which was gradually accelerated from 4 to
a maximum of 40 rpm over 5 min. The latency to fall was used as
a measure of motor coordination and dexterousness.

Immunoblot Analysis and
Co-immunoprecipitation
Mouse cerebella were isolated and homogenized in lysis buffer
containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1%
Triton X-100, protease inhibitor mixture (Complete EDTA-free,
Roche) and phosphatase inhibitor cocktail mixture (PhosStop,
Roche). The suspension was incubated at 4◦C for 30 min
and centrifuged at 20,000× g for 5 min. For immunoblot
analysis, the supernatant was quantitated by the Bradford
method (Coomassie PlusProtein Assay Reagent, Thermo Fisher
Scientific) and denatured at 95◦C for 5 min. The protein
extracts were resolved by SDS-PAGE and transferred to a
PVDF membrane (Immobilon-P, Millipore). Proteins were
probed with primary antibodies against: mGluR1 N-terminus
(kindly provided by Dr. Araishi, Kanazawa University Graduate
School of Medicine, Kanazawa, Japan), HA (3F10, Roche),
FLAG (Sigma, cat. no. A8592, RRID: AB_439702) or β-actin
(Sigma, cat. no. A2228, RRID: AB_476697) at 4◦C overnight.
Antigen-antibody complexes were detected with secondary
antibodies conjugated with HRP (Jackson Immunoresearch,
cat. no. 123-065-021, RRID: AB_2314646) and visualized by
enhanced chemiluminescence (Amersham Hyperfilm ECL, GE
Healthcare). Co-immunoprecipitations were carried out based
on previously described procedures (Ohtani et al., 2014). Briefly,
isolated cerebella were homogenized in lysis buffer in which 1%
Triton X-100 was replaced with 0.5% NP-40. The supernatant
was incubated at 4◦C overnight with a rat monoclonal antibody
against the mGluR1 N-terminus (Hirata et al., 2012) or rat IgG
coupled to Sepharose beads (GE Healthcare). After washing
the Sepharose with lysis buffer, bound proteins were eluted
with SDS-PAGE sample buffer. Proteins were subjected to
immunoblot analysis using antibodies against Homer (Santa
Cruz, cat. no. sc-8921, RRID: AB_648368), GluRδ2 (Chemicon,
cat. no. AB1514) and TRPC3 (Alomone Labs, cat. no. ACC016,
RRID: AB_2040236).
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Immunofluorescence
For immunofluorescence experiments, mice were deeply
anesthetized with sodium pentobarbital (100 mg/kg body
weight, i.p.) and then perfused transcardially with a fixative
containing 4% paraformaldehyde in 0.1 M phosphate buffer
(PB; pH 7.4). Brains were quickly extracted from the skull,
cryoprotected with 30% sucrose in 0.1 M PB and sectioned at
40 µm thickness using a freezing microtome (FX-801, Yamato).
Slices were blocked with a buffer containing 3% normal goat
serum and 0.1% Triton X-100 in PBS and incubated with a
primary antibody raised against the mGluR1 N-terminus (kindly
provided by Dr. Araishi) at 4◦C overnight. The antigen-primary
antibody complex was visualized using an Alexa488-conjugated
secondary antibody (Thermo Fisher Scientific). The sections
were observed with a fluorescence microscope (BZ-8000,
KEYENCE).

For double immunofluorescence experiments, brains were
post-fixed in 4% paraformaldehyde for 3 h. Floating parasagittal
sections of the cerebellum were cut at a thickness of
50 µm on a vibratome (VT1000, Leica Biosystems). Sections
were permeabilized with 0.3% Triton X-100 in PBS for
30 min, followed by an incubation with 5% normal donkey
serum in PBS. Sections were incubated with combinations of
anti-calbindin (Frontier Institute, cat. no. Calbindin-GP-AF280,
RRID: AB_2571570) and anti-mGluR1α (Frontier Institute,
cat. no. mGluR1a-Rb-Af811, RRID: AB_2571799) antibodies.
The immunoreaction was visualized using species-specific
secondary antibodies conjugated with Alexa-488 or Alexa-594
(Invitrogen). Sections were counter-stainedwith 4’, 6-diamidino-
2-phenylindole (DAPI, Roche) and examined with a confocal
laser-scanning microscope (LSM 710, Zeiss).

Freeze-Fracture Replica Immunogold
Labeling
Mice were perfused transcardially with a fixative containing
1% paraformaldehyde and 15% saturated picric acid in 0.1 M
PB at a rate of 5 mL/min for 10 min. The cerebellum
was quickly extracted and sliced at 140 µm thickness on
a vibratome (VT1000S, Leica). Slices were cryoprotected in
30% glycerol in 0.1 M PB and processed for freeze-fracture
replica immunogold labeling (FRIL) as previously described
(Mansouri et al., 2015). Briefly, sections were high-pressure
frozen with a HPM 010 machine (Bal-Tec), freeze-fractured
at −115◦C and replicated with a first layer of 5 nm-thick
carbon, shadowed by 2 nm-thick platinum followed by a second
carbon layer of 15 nm in thickness in a freeze-etching BAF
060 device (Bal-Tec). The tissue attached to the replica was
solubilized with shaking at 80◦C for 20 h in a solubilization
solution (pH 8.3) containing 15 mM Tris, 20% sucrose and
2.5% sodium dodecyl sulfate (SDS). Before the immunostaining,
the solubilization solution was progressively replaced with 5%
polyethylene glycol (PEG-6,000, Merck) in TBS. The replicas
were blocked with a solution containing 5% bovine serum
albumin (BSA) in TBS, and then incubated with primary
antibodies at 15◦C for 72 h. To detect mGluR1 on the exoplasmic
face (E-face) a rabbit polyclonal antibody raised against the

mGluR1 N-terminus (Ferraguti et al., 1998) was used at a
dilution of 1:50, whereas on the protoplasmic face (P-face) a
guinea pig polyclonal antibody raised against the mGluR1α
C-terminus (Frontier Institute, cat. no. mGluR1a-Gp-Af660-1,
RRID: AB_2571801) was used at a dilution of 1:500. Some
replicas were double-labeled for GluRδ2: for the E-face, we
used a guinea pig polyclonal antibody against the N-terminus
diluted 1:100 (kindly provided by Prof. R. Shigemoto, Institute
of Science and Technology Austria, Klosterneuburg, Austria);
for the P-face, we used a rabbit polyclonal antibody raised
against the C-terminus diluted 1:100 (Frontier Institute, cat. no.
GluRd2C-Rb-Af500-1, RRID: AB_2571600). The replicas were
then reacted with gold-conjugated species-specific secondary
antibodies purchased from BBI solutions (10 and 15 nm) at 15◦C
overnight. The replicas weremounted on pioloform-coatedmesh
copper grids and observed in a transmission electron microscope
(CM120, Philips) equipped with a Morada CCD transmission
EM camera (Soft Imaging Systems).

Sampling and Analysis of Gold Particles
To establish the distribution of mGluR1 in relation to
the postsynaptic density (PSD), defined as a cluster of
intramembrane particles (IMP) on the E-face, we measured the
closest distance from the center of each gold particle to the PSD
edge using the ImageJ software. Values inside the PSD were
considered negative and those outside positive. The particles
located directly on the synaptic edge were given a value equal
to zero. Results were plotted using Prism 7 software for Mac
(GraphPad Software, Inc., La Jolla, CA, USA). The frequency of
immunogold particles was measured in 60 nmwide bins, keeping
the edge of the synapse as 0.

Data Analysis
Two-way ANOVA followed by the post hoc Tukey’s multiple
comparison test was used to analyze rotarod and gold particle
distance from the PSD edge experiments. The Chi-square test
was used to test whether the frequency of synapses containing
different amounts of gold particles for mGluR1 differed between
mGluR1a-P/E-rescue and WT mice. Data were considered
significant when p < 0.05.

RESULTS

Generation of mGluR1γ-Tagged KI Mice
and Its Expression in Cerebellum
To examine the expression of mGluR1γ in mouse cerebellum, the
HA and FLAG tags were inserted in frame with the sequence
coding for mGluR1γ in exon X of the mouse Grm1 using the
CRISPR/Cas9 system (Figures 1A,B). In transcripts generated
from the splice site coding for mGluR1α, because of the different
frame, the sequences corresponding to the tags were translated
into amino acids unrelated to HA and FLAG. To generate
mGluR1γ-tagged KI mice, a ssODN carrying the HA and
FLAG tags, including a BamHI restriction site between the two
tags (Figure 1C), was constructed and injected into fertilized
eggs together with the Cas9 protein, crRNA and tracrRNA.
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FIGURE 1 | Generation of metabotropic glutamate receptors (mGluR1γ)-tagged knock-in (KI) mice and expression of mGluR1γ in mouse cerebellum. (A) Graphic
representation of the CRISPR/Cas9 approach. To generate the mGluR1γ-tagged KI mice, single stranded oligodeoxynucleotide (ssODN) with the desired sequences
was microinjected into wild type (WT) fertilized eggs together with Cas9 protein and crRNA/tracrRNA. (B) Targeting strategy to KI the HA and FLAG tags at the Grm1
locus. The double-strand break (DSB) was introduced by CRISPR/Cas9 and the 57-base HA/FLAG sequence flanked by 45-base homology arms was inserted into
exon X of Grm1. (C) Genomic DNA sequence around the KI site. The upper and lower sequences depict the genomic DNA and ssODN, respectively. The PAM
sequence is shown in red, target sequence of crRNA in green and homology arms in blue. (D) Restriction fragment length polymorphism (RFLP) analysis of PCR
products amplified from WT and mGluR1γ-tagged KI heterozygous (het) and homozygous (homo) mice. PCR fragments were digested with BamHI, and tag-insertion
was confirmed by the presence of cleaved fragments by BamHI digestion. The expected size of BamHI-digested fragments is 389 and 9 bp in the WT allele, and
279, 167 and 9 bp in the KI allele. The largest fragment observed in the KI heterozygote lane may be derived from heteroduplex formation. (E) Expression of
mGluR1 variants in WT and mGluR1γ-tagged KI mice. The diagram on the top schematically shows mGluR1 splice variants differing in their C-terminal domains
(shown here in different colors). Protein extracts from the cerebella of WT and mGluR1γ-tagged homozygous KI mice were immunoblotted with antibodies against
HA, FLAG, mGluR1 extracellular domain and β-actin. For anti-mGluR1, mGluR1α and mGluR1β are detected at around 150 and 100 kDa, respectively (right). No
traces of mGluR1 variants were detected using HA (left) and FLAG (center) antibodies. (F) Reverse transcription PCR analysis of mGluR1 mRNA in cerebella of WT
and mGluR1γ-tagged homozygous KI mice. The upper diagram shows alternative splicing patterns with locations of primers and expected sizes of PCR products.
No detectable bands were observed at an expected size of the PCR product from mGluR1γ transcript. + and—indicate PCR analyses with and without reverse
transcriptase, respectively. (G) Reverse transcription PCR analysis of mGluR1 splice variants mRNA in different species. Products corresponding only to mGluR1α

and mGluR1β (β1 and β2; Ferraguti et al., 2008) could be amplified from human neocortex complementary DNA (cDNA), rat cerebellar cDNA, mouse whole brain and
cerebellar cDNAs. Species-specific primers were used which gave rise to products of different lengths. (H) mGluR1γ transcripts could be amplified from all species
by means of a nested PCR approach using as template gel-eluted bands between 200 bp and 400 bp from the first round of RT-PCRs.
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Restriction fragment length polymorphism (RFLP) analysis
demonstrated that the tags sequence was indeed introduced
into the Grm1 allele (Figure 1D). The precise integration
of the tags was also confirmed by DNA sequencing (see
Supplementary Figure S1). To assess the expression levels of
mGluR1γ-HA/FLAG in these KImice, cerebellar protein extracts
were immunoblotted with antibodies against the N-terminal
domain of mGluR1, as well as against the HA and FLAG tags

(Figure 1E). Two bands at approximately 145 and 97 kDa, in
good agreement with the molecular weight of mGluR1α and
mGluR1β respectively, were detected in bothWT and mGluR1γ-
tagged KI mice (Figure 1E), whereas no bands could be observed
compatible with mGluR1γ-HA/FLAG. Immunoblotting against
HA and FLAG also did not reveal any specific band in mGluR1γ-
tagged KI cerebellar extracts (Figure 1E). To test for the
presence of mGluR1γ transcripts, we carried out PCR analyses

FIGURE 2 | Generation of mGluR1a-P/E-rescue mice. (A) Schematic drawing of the L7-mGluR1a-P/E transgene construct. Proline 1153 was replaced by a
glutamate residue in the Homer binding domain of mGluR1α. Rat mGluR1α-P/E cDNA was inserted into the L7 promoter vector. Open and yellow boxes represent
exons of the L7 gene and an insulator sequence, respectively. The expected size of Dra I-Pvu II restriction fragment from the transgene is shown below the drawing.
(B) Southern blot analysis of genomic DNA isolated from tail biopsies of hemizygous L7-mGluR1a-P/E transgenic (Tg) mice. Genomic integration of the transgene
was confirmed by the presence of a 2.6-kb Dra I-Pvu II fragment. Among four founder mice, #28 line was intercrossed to generate homozygous Tg mice for further
experiments. (C) Immunofluorescence analysis of mGluR1 protein expression. Parasagittal sections from WT (left), mGluR1-knock out (KO; middle) and
mGluR1a-P/E-rescue (right) mice were stained with an antibody against the extracellular domain of mGluR1. Scale bar, 1 mm. (D) Double immunofluorescence
analysis of mGluR1α expression in cerebellar Purkinje cells (PCs; somata indicated by ∗) of 10 weeks-old WT (upper) and mGluR1a-P/E-rescue (lower) mice.
Sections were stained with antibodies against mGluR1α (RED), calbindin (green) and counterstained with DAPI (blue). Mo, molecular layer. Scale bars, 20 µm (left
panels) and 5 µm (right panels). (E) Immunoprecipitation analysis of the mGluR1 protein complex. GluRδ2 and transient receptor potential channel 3 (TRPC3), but
not long Homers, were immunoprecipitated (IP) by the mGluR1 antibody from mouse cerebellar protein extracts, confirming that the P/E mutation indeed prevents
in vivo the interaction between the C-terminal tail of mGluR1α and long Homers. (F) Rotarod task in WT (n = 4), mGluR1a-P/E-rescue (n = 6) and mGluR1-KO (n = 6)
mice. Each mouse was subjected to three training sessions per day for 5 days on the accelerating rotarod (4–40 rpm over 300 s). No significant differences were
detected between WT and mGluR1a-P/E-rescue mice (Two-way ANOVA, interaction F(8,65) = 1.389, p = 0.2181), whereas mGluR1-KO mice were unable to remain
on the rod (genotype F(2,65) = 122.8, p < 0.0001) consistent with previous studies (Aiba et al., 1994). ∗p < 0.01 (Two-way ANOVA followed by Tukey’s multiple
comparisons). n.s., not significant.
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on cerebellar cDNA libraries generated fromWT and mGluR1γ-
tagged KI mice. Using a reverse primer designed within the
tags sequence, we were able to amplify several products from
the cDNA of mGluR1γ-tagged KI mice only, as expected. The
observed bands correspond in length to mGluR1α and mGluR1β
variants, whereas PCR products from mGluR1γ transcripts
were not detected in mGluR1γ-tagged KI mice (Figure 1F).
The absence of a detectable band corresponding to mGluR1γ
suggested two possible scenarios: (a) that the expression of such
variant is extremely low, or (b) that this splice variant is not
transcribed at all in mice, as in this species it was never reported
so far. To resolve this issue, we performed nested PCRs on
cDNA libraries from rat cerebellum and human cerebral cortex,
in which mGluR1γ could be previously amplified (Laurie et al.,
1996; Mary et al., 1997; Soloviev et al., 1999) as well as from
mouse cerebellum and whole brain. While no mGluR1γ band
could be detected in the first PCR amplification (Figure 1G), the
use of nested primers was able to reveal mGluR1γ in all libraries
and species (Figure 1H). Taken together, these data indicate that

mGluR1γ is transcribed only at very low levels, but it is most
likely not translated or at levels that remain undetectable by
immunoblotting.

Generation of mGluR1a-P/E-Rescue Mice
Carrying a Point Mutation in the Homer
Binding Domain
Trafficking and subcellular localization of mGluR1 have
been postulated to be dependent, at least in part, on long
Homer proteins (Xiao et al., 1998; Tu et al., 1999; Ciruela
et al., 2000). We have previously shown that disrupting the
interaction between mGluR1 and long Homers by means of
the dominant-negative TAT-Homer1a did not significantly
alter the subsynaptic distribution of mGluR1 (Mansouri
et al., 2015). However, the approach had several caveats as
TAT-Homer1a might have not been sufficiently effective
to disrupt the mGluR1-Homer complex, or the fraction of
dissociated mGluR1α could have not been large enough to be
detected. Therefore, to further address the issue of the role

FIGURE 3 | Subcellular localization of mGluR1 at parallel fiber (PF)-PC synapses in mGluR1a-P/E-rescue mice detected by means of the fracture replica
immunogold labeling (FRIL) technique. (A) Representative micrograph of PC spines forming synaptic contacts with axon terminals (at) of PF immunolabeled with an
antibody against the mGluR1 extracellular domain and visualized with secondary antibodies conjugated with 10 nm gold particles. The spine on the left shows
immunoparticles located primarily outside the postsynaptic density (PSD) and extra-synaptically, whereas the nearby spine on the right side shows substantial
intrasynaptic labeling. Scale bar, 500 nm. (B) The exoplasmic face (E-face) of a PC spine is double labeled with antibodies against the extracellular N-terminal
domain of mGluR1 (5 nm) and GluRδ2 (10 nm). In this micrograph, the intrasynaptic location of mGluR1 can be clearly observed. Scale bar, 250 nm. (C) The
protoplasmic face (P-face) of PC spines is double labeled with antibodies against the intracellular C-terminal domain of mGluR1α (5 nm) and GluRδ2 (10 nm). The
P-face mGluR1 labeling pattern was consistent with the one observed on the E-face demonstrating a highly variable intrasynaptic localization of mGluR1. Scale bar,
500 nm. (D,E) Two examples showing the two faces of the same PF-PC synapse labeled for mGluR1 (5 nm) on the E-face and mGluR1α (5 nm) and GluRδ2 (10 nm)
on the P-face confirming that, in a subset of synapses, the loss of the interaction between mGluR1α and long Homers allows lateral mobility into the PSD of mGluR1.
Scale bars, (D) 500 nm; (E) 250 nm. Pseudocolors have been used to simplify the identification of the same structure: PC spines are shown in green, PF axon
terminals in light blue and PSD in orange.
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of Homer binding to mGluR1 in the subcellular localization
of this receptor, we generated a mouse line carrying a point
mutation which prevents mGluR1 from binding to Homer
proteins (Figure 2). Proline 1153 in the Homer binding domain
of the mGluR1α intracellular C-terminus was replaced by
a glutamate residue. We introduced the L7-mGluR1a-P/E
transgene, that expresses the mutant mGluR1α under the
control of the PC-specific L7 promoter, into mGluR1-KO
mice (Figure 2A). Among four L7-mGluR1a-P/E Tg founder
mice, line #28 was used for subsequent analyses (Figure 2B).
Hereafter, we refer to mGluR1-KO mice carrying this transgene
as mGluR1a-P/E-rescue mice. Immunofluorescence analysis
confirmed the PC-specific expression of the mGluR1α-P/E
protein, which was highly comparable to WT animals
(Figures 2C,D). Moreover, while GluRδ2 and TRPC3 were
effectively co-immunoprecipitated (IP) with mGluR1 from
cerebellar membranes of mGluR1a-P/E-rescue mice, using
an anti-N-terminus mGluR1 antibody, Homer proteins
were not detected in the mGluR1 complex (Figure 2E),
confirming the critical role of proline 1153 for Homer binding
in vivo. mGluR1a-P/E-rescue mice did not show any evident
behavioral phenotype when tested in the accelerating rotarod test
(Figure 2F). These results suggest that motor incoordination of
mGluR1-KO mice can be rescued by the PC-specific expression
of mGluR1α-P/E.

Subsynaptic mGluR1 Localization at
Parallel Fiber-Purkinje Cell Synapses
We further examined the subsynaptic localization of mGluR1 at
PF-PC synapses in mGluR1a-P/E-rescue mice using the FRIL
technique. PF-PC synapses were identified on E-face of replicas
as GluRδ2-labeled IMP clusters. Despite qualitative analysis
of the subcellular distribution of mGluR1α-P/E showed a
prevalent perisynaptic localization similar to that previously
observed in WT mice (Mansouri et al., 2015), we observed
in these animals substantial intrasynaptic labeling in a subset
of synapses (Figures 3A–C). Indeed, when we compared the
frequency of synapses containing intrasynaptic gold particles
between WT and mGluR1a-P/E-rescue mice, we observed that
in the latter many more synapses had ≥3 particles (Chi square
p < 0.0001; Table 1). This finding was further confirmed by
analyzing the P-face of the very same synapses labeled with
antibodies against GluRδ2 and mGluR1α intracellular epitopes
(Figures 3D,E).

In order to more quantitatively compare the distribution of
mGluR1 relative to the postsynaptic specialization at PF-PC
synapses between mGluR1a-P/E-rescue and WT mice, we
measured the distance between gold particles and the edge
of the synapse. We extended our quantitative analysis also
to mGluR1a-rescue (Ichise et al., 2000) and mGluR1b-rescue

TABLE 1 | Frequency of synapses categorized based on the number of gold
immunoparticles inside the postsynaptic density (PSD) of parallel fiber
(PF)-Purkinje cell (PC) synapses.

Intrasynaptic particles 0 1 2 ≥3

WT 57 (44%) 31 (24%) 15 (11%) 27 (21%)
mGluR1a-P/E-rescue 24 (22%) 20 (18%) 22 (20%) 44 (40%)

mice (Ohtani et al., 2014) as in these mouse lines a diverse
subsynaptic distribution of mGluR1 was previously reported
(Ohtani et al., 2014). Two-way ANOVA showed a positive
genotype × distance of gold particle from PSD interaction
(F(24,144) = 4.441, p < 0.0001). Tukey’s multiple comparison
analysis revealed that the mGluR1 frequency distribution in
mGluR1a-P/E-rescue mice (n = 110 synapses) was similar to WT
animals (n = 130 synapses; Figures 4A,B), whereas a significant
difference was observed between WT and mGluR1a-rescue
(n = 118 synapses) mice in the fraction of gold particles at the
synaptic rim, namely in the interval between −30 nm to +30 nm
(p < 0.0078; Figures 4A,C), and between WT and mGluR1b-
rescue (n = 131 synapses) mice in the interval between −90 nm
to −30 nm (p < 0.0024; Figures 4A,D). A highly significant
difference (p < 0.0001) was also detected between mGluR1a-
rescue and mGluR1b-rescue mice in the −30 to +30 nm interval
(Figures 4C,D).

While analyzing the subcellular distribution of mGluR1β,
we observed that the vast majority of gold particles did not
reach the plasma membrane, but accumulated at the membrane
of intracellular organelles, most likely vesicles of the smooth
endoplasmatic reticulum, within PC dendrites and somata
(Figure 5).

DISCUSSION

Our study sets several firm points on matters which have
been debated in the field over many years. First, only two
transmembrane mGluR1 isoforms are present at cerebellar
synapses, namely mGluR1α and mGluR1β. The short variant
mGluR1γ is transcribed at very low levels and is either
untranslated or in amounts that are undetectable with our
current techniques in the mouse cerebellum. Second, disruption
of the interaction between mGluR1α and long Homer proteins
through a point mutation, despite it does not dramatically
change the perisynaptic distribution of this receptor, it facilitates
under circumstances that are at present unknown its diffusion
within the PSD at PF-PC synapses. Third, in mGluR1a-
rescue mice, which express only the mGluR1α isoform in
PC, mGluR1 accumulates closer to the edge of the PSD as
compared to WT control mice. Conversely, in mGluR1b-rescue
mice, the subsynaptic localization of the mGluR1β isoform
shows a less pronounced perijunctional distribution as well as
high accumulation in intracellular organelles, demonstrating an
impaired trafficking to the plasma membrane.

Since its cloning in 1996 (Laurie et al., 1996), the functional
significance of the short mGluR1γ variant has remained elusive.
To this, it has largely contributed the uncertainty about the
pattern and levels of expression of this receptor isoform. Many
laboratories, including ours, have tried to develop antibodies
against the specific C-terminal domain of mGluR1γ without
success. Multiple explanations were put forward for these
failures, such as a limited antigenicity of the epitope sequence.
Abundant mGluR1γ mRNA expression in PC was reported
by in situ hybridization (Berthele et al., 1998), whereas PCR
analysis showed a significantly lower abundance of mGluR1γ
transcripts compared to mGluR1α and mGluR1β in the
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FIGURE 4 | Comparison of the frequency distribution of mGluR1 at different subsynaptic areas of PF-PC synapse in different mGluR1-rescue mouse lines.
Frequency distribution of mGluR1 at PF-PC synapses in WT (A; n = 130 synapses obtained from five mice, 1359 particles analyzed), mGluR1a-P/E-rescue (B;
n = 110 synapses obtained from five mice, 1307 particles analyzed), mGluR1a-rescue (C; n = 118 synapses obtained from five mice, 920 particles analyzed) and
mGluR1b-rescue (D; n = 131 synapses obtained from five mice, 586 particles analyzed) mice. Histograms represent 60 nm-wide bins, as used in a previous report
(Mansouri et al., 2015). ∗∗p < 0.01 vs. WT; ¶¶¶ p < 0.0001 vs. mGluR1a-rescue (Two-way ANOVA followed by Tukey’s multiple comparisons). The bottom panels
are representative electron micrographs (E-face) from each mouse line labeled for mGluR1 (10 nm gold particles). It can be appreciated that the mGluR1 labeling
density at the plasma membrane in mGluR1a- and mGluR1b-rescue mice is significantly lower in comparison to WT animals. Scale bars, 200 nm. Abbreviation: at,
PF axon terminal.

cerebellar cortex (Mary et al., 1997; Soloviev et al., 1999). Our
findings are fully consistent with these latter studies proving
a very low transcriptional expression of mGluR1γ. Moreover,
we could demonstrate a lack of detectable levels of translated
mGluR1γ since none of the two epitope tags, inserted in
frame at the C-terminus of this variant, could be revealed
by western immunoblotting. Therefore, we conclude that only
the mGluR1α and mGluR1β variants are present at cerebellar
synapses.

Previous studies have suggested that long Homer proteins
play a role in the trafficking and accumulation of group I

mGluRs near to synaptic sites (Tadokoro et al., 1999; Tu
et al., 1999; Sergé et al., 2002). However, given the largely
non-overlapping subcellular distribution of the two proteins
(Baude et al., 1993; Nusser et al., 1994; Tao-Cheng et al.,
2014; Mansouri et al., 2015), interactions between long Homers
and mGluR1α in vivo should be limited to the very edge
of PSDs. Indeed, we have observed that in mGluR1a-rescue
mice a higher proportion of gold immunoparticles identifying
mGluR1 was present in the 60 nm spanning the PSD edge
compared to WT mice. The broader distribution of mGluR1 in
WT mice suggests that the presence of mGluR1β and the
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FIGURE 5 | Intracellular organelles of PCs in mGluR1b-rescue mice are enriched in mGluR1. (A) Cross-fracture of a PC soma revealing the nucleus and several
intracellular organelles. The membrane of several vesicles of the smooth endoplasmatic reticulum, as shown in the inset (A), and of other unidentified intracellular
organelles (B) were heavily immunolabeled for mGluR1. Scale bars, (A) 10 µm, Inset 500 nm, (B) 500 nm.

potential formation of heterodimeric complexes with mGluR1α
may anchor these receptors to other scaffolding proteins present
in perisynaptic sites besides Homer proteins. We directly
tested the potential requirement of long Homers to anchor
mGluR1α at perisynaptic sites by developing a novel mouse
line in which mGluR1α carries a point mutation preventing
its binding to Homer proteins. In PF-PC synapses, the P1153E
mutation did not significantly alter the frequency distribution of
mGluR1α-P/E at perisynaptic sites. In line with this, mGluR1a-
P/E-rescue mice showed a normal motor coordination in
the accelerating rotarod test. These findings are consistent
with our previous work in which the membrane-permeable
dominant-negative TAT-Homer1a, used to disrupt the binding
between mGluR1 and long Homer proteins, did not change
the subsynaptic distribution of mGluR1 (Mansouri et al.,
2015). However, in a limited fraction of PF-PC synapses
in mGluR1a-P/E-rescue mice we could detect a relatively
high density of intrasynaptic mGluR1, suggesting that the
lateral mobility of mGluR1α is increased by disrupting its
interaction with long Homers. Why this was not observed
in the majority of synapses is unclear, but we could surmise
that the membrane trafficking of mGluR1α involves a number
of interacting proteins regulated by synaptic activity, e.g.,
Preso1 (Hu et al., 2012) and Norbin (Wang et al., 2009),
limiting the impact of the long Homers interaction. In general,
the targeting of GPCR to the plasma membrane as well as
in or around the PSD is a highly complex and regulated
process that most likely involves dozens of interacting and
scaffolding proteins for each GPCR (Bernard et al., 2006;
Dunn and Ferguson, 2015). It is, therefore, not entirely
surprising that disrupting a single interaction between an
integral membrane receptor and a scaffolding protein does not
affect, or only modestly, the receptor synaptic localization. In
summary, our results corroborate the theory that the interaction
between mGluR1α and long Homer proteins facilitates the

synaptic clustering of the receptor (Tadokoro et al., 1999;
Tu et al., 1999), yet probably having only a limited role in
the perisynaptic accumulation of these receptors in vivo, a
mechanism most likely shared with many other interacting
proteins.

Here, we show a weaker surface expression of mGluR1β
in mGluR1b-rescue mice, confirming earlier studies (Chan
et al., 2001; Kumpost et al., 2008; Ohtani et al., 2014), as well
as a less pronounced but still evident perisynaptic clustering
of this receptor variant, also consistent with previous data
(Mateos et al., 2000; Ohtani et al., 2014; Techlovská et al.,
2014). The prominent intracellular retention of mGluR1β, when
expressed in the absence of other group I mGluRs with long
C-terminal domains, is in line with the proposed retention
role of the RRKK domain present in its C-terminal tail that
prevents the trafficking of the receptor from cis-Golgi to the
ER (Ciruela et al., 2000; Chan et al., 2001; Kumpost et al.,
2008). Heterodimerization between mGluR1α and mGluR1β
neutralizes the RRKK motif promoting the trafficking of the
heterodimer to the cell surface (Kumpost et al., 2008). The
presence of heterodimers in WT animals may explain the
in-between distribution observed at PF-PC synapses in these
animals in comparison to mGluR1a- and mGluR1b-rescue
mice. On the other hand, in mGluR1b-rescue mice sufficient
surface expression of mGluR1β was achieved to normalize slow
excitatory postsynaptic potentials at PF-PC synapses and to
rescue the motor coordination deficits of mGluR1-KO mice
(Ohtani et al., 2014). This suggests that compensatory or
supplementary mechanisms for the trafficking to the plasma
membrane and to synapses of mGluR1β exist, but with a
considerably lower efficacy.

In conclusion, this study demonstrates that mGluR1γ is not
translated at detectable levels in PCs, hence the participation
of mGluR1 splice variants in cerebellar physiology remains
a ‘‘menage a deux’’ between mGluR1α and mGluR1β. The
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perisynaptic distribution of mGluR1 is highly dependent on the
different C-terminal domains of mGluR1α and β, and although
long Homer proteins can in part influence the lateral mobility of
mGluR1 containing the α isoform, it remains to be determined
which and how additional adaptor proteins participate to the
membrane trafficking of this receptor.
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