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The Synaptic Targeting of mGluR1 by Its Carboxyl-Terminal
Domain Is Crucial for Cerebellar Function
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The metabotropic glutamate receptor subtype 1 (mGluR1, Grm1) in cerebellar Purkinje cells (PCs) is essential for motor coordination and motor
learning. At the synaptic level, mGluR1 has a critical role in long-term synaptic depression (LTD) at parallel fiber (PF)-PC synapses, and in
developmental elimination of climbing fiber (CF)-PC synapses. mGluR1a, a predominant splice variant in PCs, has a long carboxyl (C)-terminal
domain that interacts with Homer scaffolding proteins. Cerebellar roles of the C-terminal domain at both synaptic and behavior levels remain
poorly understood. To address this question, we introduced a short variant, mGluR1b, which lacks this domain into PCs of mGluR1-knock-out
(KO) mice (mGluR1b-rescue mice). In mGluR1b-rescue mice, mGluR1b showed dispersed perisynaptic distribution in PC spines. Importantly,
mGluR1b-rescue mice exhibited impairments in inositol 1,4,5-trisphosphate receptor (IP;R)-mediated Ca*" release, CF synapse elimination,
LTD induction, and delay eyeblink conditioning: they showed normal transient receptor potential canonical (TRPC) currents and normal motor
coordination. In contrast, PC-specific rescue of mGluR1a restored all cerebellar defects of mGluR1-KO mice. We conclude that the long
C-terminal domain of mGluR1a is required for the proper perisynaptic targeting of mGluR1, IP;R-mediated Ca> " release, CF synapse elimina-
tion, LTD, and motor learning, but not for TRPC currents and motor coordination.
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has a critical role in cerebellar function, including motor learning
and motor coordination. Binding of glutamate to the receptor acti-
vates phospholipase CB8 (PLCP), via heterotrimeric G-proteins Gq/
Gy;, leading to generation of inositol 1,4,5-trisphosphate (IP5)

Introduction
The metabotropic glutamate receptor subtype 1 (mGluRl,
Grm1) is richly expressed in cerebellar Purkinje cells (PCs) and
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and diacylglycerol. Synaptic activation of mGluR1 in PCs results
in two cellular responses: IP; receptor (IP;R)-mediated Ca*"
release from smooth endoplasmic reticulum (SER) and transient
receptor potential canonical (TRPC)-mediated currents by diac-
ylglycerol. Simultaneous elevation of Ca** concentration in cy-
toplasm and diacylglycerol levels activates PKC. These mGluR1
signaling molecules play crucial roles in development, modula-
tion, and plasticity of cerebellar synapses as well as motor learn-
ing and motor coordination (Ito, 2001; Kano and Hashimoto,
2009).

Alternative splicing generates at least three variants of
mGluR1: mGluRla (1e), 1b (1B), and 1d (17y). They can be di-
vided into two groups according to the lengths of their intracel-
lular carboxyl (C)-terminal domains (Ferraguti et al., 2008).
mGluR1a has a long C-terminal domain that can interact with
Homer proteins (Brakeman et al., 1997), whereas mGluR1b and
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1d have short C-terminal domains. mGluR1a predominates in
the cerebellum and olfactory bulb, whereas short variants are the
major isoforms in other areas (Fotuhi et al., 1993). Both
mGluR1a and short splice variants, including mGluR1b, are ex-
pressed in PCs. It has been suggested that the long C-terminal
domain might play a role in translocation of mGluR1 to the
plasma membrane and clustering of the receptor in cultured cells
(Francesconi and Duvoisin, 2002; Das and Banker, 2006). In
terms of signal transduction, the IP;R-mediated Ca*" response
can be detected in cultured cells ectopically expressing either
mGluRla or mGluR1b (Pickering et al., 1993), but the long
C-terminal domain enables better PLC coupling efficacy
(Prézeauetal., 1996; Mary etal., 1998). Thus, the long C-terminal
domain does not seem to be essential but plays a regulatory role in
the Gq-PLCB-IP;R pathway. In contrast, roles of the long
C-terminal domain inlocalization of mGluR1 in spines, mGluR1-
mediated Ca*" release, and TRPC-mediated currents at PC syn-
apses have yet to be examined. Furthermore, whether the long
C-terminal domain is crucial for cerebellar long-term depression
(LTD), developmental synapse elimination, motor coordination,
and motor learning has not yet been clarified.

To examine roles of the long C-terminal domain of mGluR1a
in cerebellar function at synaptic and behavioral levels, we intro-
duced mGluR1a or mGluR1b transgenes into mGluR1-knock-
out (KO) mice with a PC specific promoter. We found that the
long C-terminal was essential for proper targeting of mGluR1 in
PC spines, IP;R-mediated Ca®" release from SER in PCs, LTD
induction, CF synapse elimination, and delay eyeblink condi-
tioning. In contrast, the long C-terminal domain was not neces-
sary for TRPC-mediated current in PCs and motor coordination,
which can be managed by mGluR1b. We therefore report that
different signal transduction pathways mediated by a single re-
ceptor in a single-cell type are responsible for distinct brain func-
tions at both synaptic and behavioral levels.

Materials and Methods

Transgenic mice. Animal experiments were conducted in accord with
local ethical guidelines (Kobe University Graduate School of Medicine,
Kanazawa University Graduate School of Medicine, National Institute
for Physiological Sciences, Hokkaido University School of Medicine, and
RIKEN Center for Developmental Biology).

Animals were housed at 21 = 1°C with free access to food and water.
The mGluR1-KO (mGIuR1~’") mice (originally kept on a mixed 129/Sv
X C57BL/6 background) had been backcrossed more than eight times
with C57BL/6. We generated transgenic mice (L7-mGluR1b) that ex-
pressed mGIluR1b encoding 906 amino acid residues under the control of
the Purkinje cell-specific L7 promoter (Oberdick et al., 1990) as de-
scribed previously (Ichise et al., 2000). mGluR1b cDNA was constructed
by replacing a C-terminal region of rat mGIluRla cDNA with an
mGluR1b-specific sequence (Masu et al., 1991; Tanabe et al., 1992). The
mGluR1b cDNA was introduced into exon 4 of the L7 gene cassette. We
obtained 5 independent L7-mGluR1b transgenic founder mice by microin-
jecting the transgene into the pronuclei of fertilized mGIuRI™~ eggs. The
mGluR1b-rescue mice were obtained by breeding mGIuRI™~ mice with
transgenic mice. Mice of either sex were used for all experiments.

In situ hybridization. In situ hybridization analysis was performed us-
ing splice variant-specific antisense oligonucleotide probes for the
mGIluR] mRNAs. Under deep pentobarbital anesthesia, brains were
freshly obtained from wild-type (WT), mGluR1-KO, mGluR1a-rescue,
and mGuR1b-rescue mice. Fresh frozen sections (20 wm thickness) were
cut with a cryostat (CM1900, Leica) and mounted on glass slides
precoated with 3-aminopropyltriethoxysilane. Probe labeling and hybrid-
ization were performed as described previously (Fukaya et al., 2005) with
minor modifications. Probes for in situ hybridization were synthesized as
follows: 5'-ggtgttggagcggcacggcagtttgccatcaccgacgtgeatgeg-3' for pan
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mGIluR1 (mGluR1a/1b) (nucleotide residues 2945-2989, GenBank acces-
sionnumberNM_017011),5"-gaggaggaggcaagcccttggggtagacagaatcageca
ggaaca-3" for mGluRIa (nucleotide residues 3431-3475, GenBank acces-
sion number NM_016976), 5’-gctgcgeatgtgecgacggacactggetgetgggegag
aattctg-3’ for mGIluR1b (nucleotide residues 3090—3134, GenBank acces-
sion number BC079566). Hybridization was performed at 42°C for 12 h
in prehybridization buffer supplemented with 10,000 cpm/ul of
[**P]dATP-labeled oligonucleotide probes. Slides were washed twice at
55°C for 40 min in 0.1 X SSC containing 0.1% sarcosyl. Sections were
exposed either to BioMax (Kodak) or to Nuclear Track emulsion
(NTB-2, Kodak) for 4 weeks. Emulsion-dipped sections were Nissl-
stained with methyl green pyronine solution.

Immunofluorescence. In the present study, we used rabbit anti-
mGluR1a antibody (Tanaka et al., 2000), and we also produced rabbit
anti-mGluR1b antibody. The C-terminal peptide of mouse mGluR1b
(CPSAHVQL, GenBank accession number BC079566) was obtained as a
GST fusion protein using pGEX-4T-2 plasmid (GE Healthcare). Proce-
dures for immunization and antibody purification were reported previ-
ously (Nakamura et al., 2004). Under deep pentobarbital anesthesia (100
mg/kg of body weight), WT, mGluR1-KO, mGluRla-rescue, and
mGluR1b-rescue mice at 1 month of age were perfused transcardially
with 4% PFA in 0.1 M sodium phosphate buffer, pH 7.4. Microslicer
cerebellar sections (20 wm in thickness) were incubated overnight at
room temperature with guinea pig anti-mGluRla or rabbit anti-
mGluR1b antibody followed by 2 h incubation with Cy3-labeled donkey
anti-rabbit or guinea pig IgG (1:200, Jackson ImmunoResearch Labora-
tories). We also used hematoxylin staining to check cerebellar structure.

Postembedding immunogold microscopy. For postembedding immuno-
gold microscopy, cerebellar specimens fixed with 4% PFA/0.1% glutar-
aldehyde in 0.1 M phosphate buffer, pH 7.4, were cryoprotected with 30%
sucrose in 0.1 M phosphate buffer, and frozen rapidly with liquid propane
in a Leica EM CPC unit. Frozen sections were immersed in 0.5% uranyl
acetate in methanol at —90°C in a Leica AFS freeze-substitution unit,
infiltrated at —45°C with Lowicryl HM-20 resin (Lowi), and polymerized
with UV light. After etching with saturated sodium-ethanolate solution
for 3 s, ultrathin sections on nickel grids were treated successively with
1% human serum albumin (Wako)/0.1% Triton X-100 in Tris-buffered
saline (HTBST pH 7.5) for 1 h, primary antibodies (15 ug/ml) in HTBST
overnight, and colloidal gold (10 nm)-conjugated anti-rabbit or anti-
guinea pig IgG (1:100, British Bio Cell International) in HTBST for 2 h.
Finally, grids were stained with uranyl acetate for 15 min and examined
with an H-7100 electron microscope (Hitachi). For quantitative analysis,
distribution of immunogold particles on PC spines of PF-PC synapses
was counted and analyzed using IPLaboratory software (Nippon Roper).

Preparation of synaptosomal fraction and coimmunoprecipitation. The
synaptosomal fraction was prepared from mouse cerebellum essentially
as described by Huttner et al. (1983). Mouse cerebellum was isolated and
homogenized in a buffer containing 10 mm Tris-HCI, pH 7.4, 0.32 M
sucrose, and protease inhibitor mixture (Roche). The suspension was
centrifuged at 1000 X g for 10 min, and the supernatant was centrifuged
again at 10,000 X g for 20 min. The sediment (synaptosomal fraction)
was solubilized in a lysis buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl,
1% NP-40, and protease inhibitor mixture), followed by centrifugation
at 20,000 X g for 30 min. For coimmunoprecipitation, the resultant
supernatant was incubated overnight with rat monoclonal antibody to
the extracellular domain of mGluR1 (lot1 antibody) (Hirata et al., 2012)
or rat IgG, which were coupled to CNBr-activated Sepharose. Subse-
quently, the Sepharose was washed three times with 1 ml of lysis buffer,
and bound proteins were immunoblotted using antibodies against the
extracellular domain of mGluR1 (a gift from Dr. Araishi, Kanazawa Uni-
versity Graduate School of Medicine, Kanazawa, Japan), Homer (Santa
Cruz Biotechnology), GluR&2 (Millipore Bioscience Research Reagents),
GABARR2 (BD Transduction Laboratories), and Ca 2.1 (Alomone Labs).

Cation current measurements and calcium imaging in cultured PCs.
Neonatal C57BL/6 pups were deeply anesthetized by cooling in chilled
PBS and then decapitated. The cerebella from these pups were dissoci-
ated with trypsin and plated onto plastic dishes (diameter, 35 mm; Falcon
3001) or low-fluorescence plastic films (Sumilon, MS-92132, Sumitoto),
and maintained in a hormone-supplemented, low-serum medium. So-
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matic perforated-patch whole-cell recordings were made from PCs cul-
tured on the dish for 12-17 d (series resistance, 20—80 M(2), using
voltage-clamp amplifier (EPC9/2, HEKA) as described previously (Ta-
bata etal., 2000). The pipette solution consisted of (in mm) 95 Cs,SO,, 15
CsCl, 0.4 CsOH, 8 MgCl,, 10 HEPES, and 200 ug/ml amphotericin B, pH
7.35. The recording chamber (culture dish) was perfused at a rate of 1-2
ml/min with saline, which consisted of (in mm) 116 NaCl, 5.4 KCI, 1.1
NaH,PO,, 23.8 NaHCO,, 2 CaCl,, 0.3 MgCl,, 5.5 p-glucose, and 5
HEPES, pH 7.3, at 25°C. Voltage-gated Na™ channels and ionotropic
receptors for glutamate and GABA were always blocked by supplement-
ing the saline with (in um): 0.3 tetrodotoxin, 10 2,3-dioxo-6-nitro-1,
2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfomide, 50 D(—)-2-amino-
5-phosphonopentanoic acid, and 10 (—)-bicuculine methochloride. We
set the holding potential to 50 mV to inactivate the voltage-gated chan-
nels and recorded the cation current as an outward current. We first
measured the maximal outward deflection during a 30 s application of
500 uMm R,S-3,5-dihydroxyphenylglycine (DHPG) in the WT and
mGluR1b-rescue cells (see Fig. 7A). Because the absolute amplitudes in
cultured PCs showed considerable cell-to-cell variability, we compared
the DHPG dose-response relation of the relative amplitudes of the cation
currents for the tested range of 0.5 nm to 500 uM (see Fig. 7B).

PCs cultured on the film for 13-14 d were loaded with fura-2,a Ca*™"
indicator by incubation with fura-2 acetoxymethyl ester (5 um, 37°C,
10-20 min). Then, film was placed on a glass-based recording chamber
and perfused at a rate of 1-2 ml/min with blocker-containing saline (see
above). [Ca®"];-dependent fluorescence signals excited at 340 and 380
nm (100 and 50 ms, respectively) were captured at 2 Hz, using an imaging
system (Polychrome IT, TILL) attached to an inverted microscope (NA =
0.75; IX70, Olympus).

Electrophysiology in cerebellar slices. Parasagittal cerebellar slices (250
pum thickness) were prepared from WT, mGluR1KO, mGluR1a-rescue,
and mGluR1b-rescue mice aged at P36-P71. The procedures described
by Kano et al. (1997) and Miyata et al. (2000) were used to examine
synaptic responses and to count the number of discrete steps of CF-
EPSCs from PCs. In brief, PCs were visualized using an upright micro-
scope (BX50WI; Olympus) with or without an infrared video system
(C2400-79H, Hamamatsu Photonics). Whole-cell recordings were made
with a patch-clamp amplifier EPC9 (HEKA Electronik) or Axopatch-1D
(Molecular Devices) for voltage-clamp recordings. For current-clamp
recordings, Axoclamp 2B (Molecular Devices) was used. Resistances of
patch pipettes were 2—6 M{) when filled with an intracellular solution
composed of (in mm): 60 CsCl, 10 Cs p-gluconate, 20 TEA-CI, 20
BAPTA, 4 MgCl,, 4 ATP, 0.4 GTP, and 30 HEPES, pH 7.3, adjusted with
CsOH for voltage-clamp recordings and 120 K-gluconate, 10 HEPES, 1.0
EGTA, 2 MgCl,, 0.1 CaCl,, 10 NaCl, 2 Na,ATP, and 0.5 Na,GTP, pH 7.3,
adjusted with KOH for current-clamp recordings. Signals were filtered at
3 kHz and digitized at 20-50 kHz for recording. All experiments were
performed at 30°C-32°C in the presence of 10 um (—)-bicuculline
methobromide (Tocris Cookson), an antagonist of GABA, receptors
(Kano et al., 1997; Miyata et al., 2000). Liquid-junction potentials
between the internal solutions and ACSF were corrected. Bridge bal-
ances and capacitances were compensated under a current-clamp
configuration.

For recording LTD under the current-clamp condition, a small nega-
tive current was applied through the recording pipette to hold the poten-
tial at ~—65 mV, thus avoiding spontaneous PC firing. EPSPs were
evoked using a concentric electrode (tip diameter, 25 wm; Inter Medical).
The stimulus consisted of a 100 us duration bipolar pulse of constant
current steps (<100 nA) using a biphasicisolator (BAK Electronics). The
test stimulus was delivered at 0.05 Hz.

For recording mGluR1-mediated slow EPSCs, we first adjusted the
stimulus strength such that approximately the same number of PFs was
stimulated in mGluR1a-rescue and mGluR1b-rescue mice. We set the
stimulus intensity (100 us duration) to evoke ~350 pA PF-EPSCs in the
normal ACSF with 10 um (—)-bicuculline methobromide. Then, CNQX
(50 um) was added to block AMPA receptor-mediated PF-EPSCs for
recording mGluR1-mediated slow EPSCs. An intracellular solution con-
taining (in mm) 135 Cs-methanesulphonate, 10 CsCl, 10 HEPES, 4 ATP-
2Na, 0.4 GTP-Na, and 0.2 EGTA was used. The holding potential was set
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at —70 mV, and series resistance was compensated to 8—12.5 mM(). A
stimulation glass pipette (1-2 M{}) was filled with ACSF and placed in the
molecular layer at the two-thirds of its thickness from the PC layer. To
identify the effect of the stimulus frequency on the mGluR-mediated
slow EPSCs, the number of train pulses was fixed to 10 pulses while the
frequency was changed from 12.5 to 400 Hz.

Data were acquired using the PULSE program (HEKA, version 8.2 and
8.54), and off-line analysis was performed by Pulse Fit (HEKA, version
8.54, Electronik) and Igor Pro (Wavemetrics). All antagonists were pur-
chased from Tocris Cookson.

Calcium imaging in cerebellar slices. PCs were loaded for at least 20 min
with a Ca?" indicator (Oregon Green 488 BAPTA-1, Invitrogen; 100
M) through a patch pipette filled with a potassium-based internal solu-
tion composed of (in mm) 130 K p-gluconate, 10 KCl, 10 NaCl, 10
HEPES, 0.5 EGTA, 4 Mg-ATP, and 0.4 Na-GTP, pH 7.3, adjusted with
KOH (Hashimoto and Kano, 2003; Hashimoto et al., 2009). Fluorescence
images were acquired at 30 Hz using a high-speed Nipkow disk confocal
microscope (CSU21, Yokogawa) at room temperature. The Ca?*-dependent
fluorescence signals from selected regions of interest were background-
corrected and expressed as increases in fluorescence divided by the prestimu-
lus fluorescence (AF/F0) using Igor Pro software (Wavemetrics).

Behavioral tests. All behavioral tests were performed in mice at 10-18
weeks of age. The rotating rod task was basically the same as described
previously (Kishimoto and Kano, 2006). The rotating rod (Muromachi
Kikai) consisted of a gritted metal roller (3 cm in diameter). A mouse was
placed on the roller rotated at 25 rpm, and the time it remained on the
rotating roller was measured. A maximum of 60 s was allowed per mouse.
The fixed bar test was also basically the same as described previously
(Kishimoto and Kano, 2006). The time the animal remained on a wooden
bar (6 mm in width, 80 cm in length, and 40 cm above the ground) was
measured.

Surgeries for eyeblink conditioning were made according to the pro-
cedure described previously (Kishimoto and Kano, 2006). Mice were
anesthetized using ketamine (80 mg/kg, i.p.; Sankyo) and xylazine (20
mg/kg, i.p.; Bayer). Four Teflon-coated stainless-steel wires (100 wm in
diameter; A-M Systems) were subcutaneously implanted under the left
eyelid. Two wires were used to record the electromyographic (EMG)
activity of the orbicularis oculi muscle, which is associated with eyelid
closure, and the remaining 2 wires were used to deliver the periorbital
shock unconditioned stimulus (US). At least 3 d were allotted from sur-
gery and acclimation to the conditioning chamber. A tone of 450 ms
duration (1 kHz, 80 dB) was used as the conditioned stimulus (CS), and the
US was an electrical shock with 100 ms duration (100 Hz square pulses). The
US overlapped the CS in time such that the two stimuli terminated simulta-
neously. The conditioning consisted of a 7 d acquisition phase and a 4 d
extinction phase. The US intensity was carefully determined as the mini-
mal current amplitude required for eliciting an eyeblink response and
constant UR amplitude, and was adjusted daily for each animal. A daily
training consisted of 100 trials grouped in 10 blocks. The acquisition
sessions consisted of 10 CS-only (every tenth trial) and 90 CS-US paired
trials. The extinction sessions consisted of 100 CS-only trials. Intertrial
interval was randomized between 20 and 40 s with mean of 30 s.

The EMG was analyzed as described previously (Kishimoto and Kano,
2006). Briefly, a threshold was determined, and the time window selected
for evaluating conditioned response (CR) was 200 ms before US onset.
The ratio of successful CR trials to valid trials was calculated and denoted
as the CR%. The spontaneous eyeblink frequency was measured by 100
“no stimulus” trials before the conditioning experiment began (acclima-
tion phase), and the startle response to a tone was measured during the
first 100 trials of the first delay eyeblink conditioning session (day 1). In
the pseudoconditioning, CS and US were pseudorandomly presented
with an interstimulus interval duration ranging from 0 to 20 s. The
intertrial interval duration was randomized between 20 and 40 s, with a
mean of 30 s. The time windows used for calculation of eyeblink fre-
quency in the test were the same as those used in the CS-only trials of
eyeblink conditioning experiment. UR amplitude was defined as the
EMG amplitude at 50 ms after the US.

Experiments were performed during the light phase of an LD cycle in
a container (10 cm in diameter) placed in a sound- and light-attenuating
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chamber. Data were analyzed as described previously (Kishimoto et al.,
2002). All data are presented as mean = SEM.

Statistical analysis. Electrophysiological and calcium imaging data
were analyzed with the Microsoft Excel program or SPSS. The statistical
analysis was performed by two-way repeated-measures ANOVA with
post hoc Bonferroni test, unpaired and paired f test, or Mann—Whitney’s
U test, depending on the experimental design. Behavior data were ana-
lyzed by a two-tailed Student’s ¢ test using the Microsoft Excel program,
or by a repeated-measures ANOVA using SPSS. A post hoc comparison
was made with the Scheffé test. The difference was considered significant
when p < 0.05.

Results

Generation of mGluR1b-rescue mice

Among mGluR1 splice variants, mGluR1a possesses a large intra-
cellular C-terminal region consisting of 359 amino acid residues
following a seven-transmembrane domain. In mGluR1b, the last
312 amino acid residues of mGluR1a are replaced by 20 amino
acids (Fig. 1 A, B). We introduced a transgene (L7-mGIluR1b) that
expressed mGluR1b under the control of the PC-specific L7 pro-
moter into the mGluR1-KO mice (Aiba et al., 1994a) (Fig. 1 A, B).
We obtained a transgenic line that showed the cerebellum-restricted
expression of mGluR1b (Fig. 1C). We refer to these mice as
mGluR1b-rescue mice. We also refer to the mice with PC-restricted
expression of mGluR1a as mGluR1a-rescue mice (Fig. 1A—C) (Ichise
etal.,, 2000). In situ hybridization analyses of mGluR1b-rescue mice
showed that mGIuR1b mRNA was expressed only in PCs, whereas
mGluR1a mRNA was undetectable (Fig. 1C). Furthermore, immu-
noreactivity of mGluR1b was restricted to the cerebellar molecular
layer in mGluR1b-rescue mice (Fig. 1D).

No Homer and reduced GluR82 in mGluR1b

signaling complexes

We used immunoprecipitation with mGluR1 antibody to exam-
ine mGluR1-interacting proteins in the cerebella of mGluR1a-
rescue and mGluR1b-rescue mice. First, we compared the
amount of mGluR1b protein in mGluR1b-rescue cerebellum
with that of mGluR1a protein in mGluR1a-rescue cerebellum.
Western blot analyses using antibodies recognizing the extracel-
lular domain of mGluR1 showed that mGluR1b protein was
more abundant in the synaptosomal fraction of the mGluR1b-
rescue cerebella than mGluR1a protein of mGluR1a-rescue cer-
ebella at postnatal day 15 (P15) and in adulthood (Fig. 2A). Next,
we prepared the synaptosomal fraction from the cerebella
of WT, mGluR1-KO, mGluRla-rescue, and mGluR1b-rescue
mice to identify mGluR1-interacting proteins of these mice. The
mGluR1-signaling protein complex was immunoprecipitated
with the antibody against the extracellular domain of mGluR1
(Hirata et al.,, 2012). Subsequently, the complex components
were immunoblotted using antibodies against the extracellular
domain of mGluR1, Homer (Brakeman et al., 1997; Xiao et al.,,
1998), GluR&2 (Uemura et al., 2004), GABAZR2 (Tabata et al.,
2004), and Ca,2.1 (Kitano et al., 2003) (Fig. 2B). As expected,
Homer proteins were not included in mGluR1b-protein complex
in mGluR1b-rescue mice. Furthermore, the amounts of GluR62
in mGluR1b protein complexes were greatly reduced compared
with those in mGluR1a protein complexes. Thus, the C-terminal
domain of mGluR1a is necessary not only for Homer binding but
also for GluR&2 binding. By contrast, P/Q type calcium channel
Ca,2.1 and GABAR were coimmunoprecipitated efficiently with
mGluR1b.
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Figure 1.  Generation of mGluR1b-rescue mice. A, Strategy for generation of mGluR1a-

rescue and mGluR1b-rescue mice. mGluR1a possesses a large intracellular C-terminal region
consisting of 359 amino acids following a seven-transmembrane domain. In mGluR1b, the last
312 amino acids of mGluR1a (red) are replaced by 20 amino acids (blue). mGluR1a-rescue
(Ichise etal., 2000) and mGluR1b-rescue mice were generated by introduction of mGluR1 trans-
genes under the control of a PC-specific L7 promoter into the mGluR1-KO mice. B, Schematic
structure of the transgene constructs. Rat mGIuR7b (1/3) (DNA was inserted into the L7 pro-
moter vector. Open white boxes represent exons of the L7 gene (E1-E4). The first 886 amino
acid residues in mGluR1b containing extracellular domain (Ex) and seven-transmembrane do-
main (7TM) are identical to those of mGluR1a, although in mGIuR1b the last 313 amino acids of
mGluR1a (red box) are replaced by 20 amino acids (blue box). The L7-mGluR1b transgene is
flanked by an insulator sequence (yellow box) from chicken 3-globin gene to avoid the position
effect. €, In situ hybridization analysis of the mGluRT mRNAs in the brain of WT, mGIuR1-KO
(KO), mGluR1a-rescue (1a rescue), and mGluRTh-rescue (1b rescue) mice. Parasagittal sections
were hybridized with **P-labeled oligonucleotide probes, which recognize mGluRTa and/or
mGluR7b mRNAs. Cb, Cerebellum; Cx, cerebral cortex; Hi, hippocampus; Mb, midbrain; MO,
medulla oblongata; OB, olfactory bulb; Th, thalamus. Scale bars, 1 mm. D, Immunohistochem-
ical analysis for mGIuR1 proteins. Parasagittal sections from WT (top), mGluR1a-rescue (mid-
dle), and mGluR1b-rescue mice (bottom) stained with hematoxylin, antibody to mGluR1a, and
antibody to mGluR1b. Scale bars, 1 mm.
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Figure2. mGluR1-signaling protein complexes from mGluR1a-rescue and mGluR1b-rescue

cerebella. A, Expression levels of mGIuR1 proteins in the cerebella of WT, mGIuR1-KO (KO),
mGluR1a-rescue (1a rescue), and mGluRTb-rescue (1b rescue) mice. Synaptosomal fractions
were prepared from mouse cerebella at P15 and in adulthood and were immunoblotted with an
antibody specific to the extracellular domain of mGIuR1 proteins. Arrowheads indicate bands
for mGluR1a (1a) and mGluR1b (1b). B, Composition of mGluR1-signaling protein complex.
Synaptosomal fraction from the cerebellum of each genotype was incubated with rat monoclo-
nal antibody against the extracellular domain of mGIuR1 or rat IgG. Subsequently, the input (in)
and the proteins bound to mGluR1 antibody (mG) and IgG (Ig) were immunoblotted using
antibodies against the N-terminal domain of mGIuR1, Homer, GluR52, GABAGR2, and Ca,2.1.

Disturbed subcellular localization of mGluR1 in PC dendrites
of mGluR1b mice

To examine the distribution of mGluR1 in the PC spines, we used
postembedding immunogold electron microscopic analysis us-
ing mGluR1a- and mGluR1b-specific antibodies (Nakamura et
al., 2004). In WT and mGluR1a-rescue PCs, >90% of immuno-
gold particles representing mGluRla were distributed to the
plasma membrane in spines forming synapses with PF terminals
(Fig. 3A,B). In contrast, in the PC spines of mGluR1b-rescue
mice, the percentage of immunogold particles representing
mGluR1b was reduced to 65.0% (26 of 40 particles from 22 spines
in 3 mice), and the rest showed cytoplasmic distribution. This
result suggests that traffic of mGluR1b to the plasma membrane
is not efficient without mGluR1a. We further assessed the tan-
gential distribution of cell membrane-associated gold particles by
measuring the distance from the edge of the postsynaptic density
(PSD) to the center of immunogold particles. The peak of immu-
nogold distribution of mGluR1a (24 spines from 3 mice) and
mGluR1b (16 spines from 3 mice) in WT PC spines and that of
mGluR1a (24 spines from 3 mice) in mGluR1a-rescue PC spines
occurred at the edge of the PSD. By contrast, the peak of immu-
nogold distribution of mGluR1b in mGluR1b-rescue PC spines
(22 spines from 3 mice) was obscure (Fig. 3C). These results
suggest that mGluR1b is less potent in its distribution to the cell
membrane, especially around the edge of the PSD.
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Figure 3.  Subcellular localizations of mGluR1 are disturbed in PC dendrites of mGluR1b-

rescue mice. A, Left, Postembeddingimmunogold electron micrographs showing localization of
mGluRTain PCspinesin WTand mGluR1a-rescue (Tarescue) mice. mGluR1alabeling was preferential
for perisynaptic regions of PC spines (Sp) contacting PF terminals in both mice. Right, Electron micro-
graphs showing immunogold localization of mGluR1b in PC spines in WT and mGluR1b-rescue (1b
rescue) mice. mGluR1h labeling was often observed in intracellular (cytoplasmic) compartments (ar-
row) in mGluRTb-rescue mice. Scale bars, 100 nm. B, Percentage of immunogold particles showing
plasma membrane-associated labeling for mGluR1a in PC spines of WT and mGluR1a-rescue (1a
rescue) and formGluR1bin spines of WTand mGluR1b-rescue (1b rescue) mice. Immunogold particles
were defined to be plasma membrane-associated when the distance from the center of the gold
particle to the cell membrane was <<35 nm. C, Histograms showing tangential distribution of cell
membrane-associated immunogold particles for mGluR1a on PC spines of WT and mGluR1a-rescue
(Ta rescue) and for mGluR1b on PC spines of WT and mGluR1b-rescue (1b rescue) mice. Bold bars
represent boundaries of the PSD.

Impaired CF synapse elimination in mGluR1b-rescue mice
Persistent multiple CF innervation of PCs in mGluR1-KO mice sug-
gests that mGluR1 is essential for the developmental transition from
multi- to mono-innervation of PCs by CFs (Kano et al., 1997). We
investigated whether mGIuR1b signaling was sufficient for mGluR1-
dependet CF synapse elimination. The number of CFs innervating
the recorded PC was estimated based on the number of discrete
CF-EPSC steps elicited in that PC (Fig. 4, insets). CF synapse elimi-
nation was severely impaired in mGluR1-KO mice (Fig. 4B) (Kano
etal., 1997). The defect was almost restored in mGluR 1a-rescue mice
(Fig. 4C) (Ichise etal., 2000). In marked contrast to mGluR 1a-rescue
mice, CF synapse elimination was impaired in mGluR1b-rescue
mice to the same extent as mGluR1-KO mice (Fig. 4B, D). These
results indicate that mGluR1b cannot drive the signaling cascades
responsible for CF synapse elimination.
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Figure 4. Regression of multiple climbing fiber innervation is impaired in PCs of mGluR1b-

rescue mice. Summary graphs show frequency distributions of PCs in terms of the number of
discrete steps of CF-EPSCs from WT mice (A, n = 58 from 4 mice), mGluR1-KO mice (B, KO;n =
63 from 5 mice), mGluR1a-rescue mice (C, 1arescue; n = 71from 5 mice), and mGluR1b-rescue
mice (D, 1b rescue; n = 96 from 7 mice). Insets, Sample traces of CF-EPSCs from PCs.

Reduced calcium transients and deficient cerebellar LTD in
mGluR1b-rescue mice

An mGluR1/IP;R-mediated increase in the dendritic [Ca**]; is
crucial for LTD induction at PF-PC synapses (Aiba et al., 1994b;
Conquet et al., 1994; Inoue et al., 1998; Miyata et al., 2001). The
kinetics of this signaling appear to depend on the interaction of
mGluR1 with Homer proteins (Tu et al., 1998), leading one to
expect a difference between mGluR1a and mGluR1b (Fig. 2B).
First, we confirmed that dendritic [Ca®*], transients were evoked
by local application of the Group I mGluR agonist DHPG in
cultured PCs derived from mGluRla-rescue and mGluR1b-
rescue mice (Fig. 5A,B). The source of the transients was Ca?*t
released from the mGluR1-coupled intracellular store (Sato et al.,
2004). The mGluR1a-rescue and mGluR1b-rescue cells displayed
similar peak latencies of the [Ca®"]; transients (3.81 * 0.37 s, =
16and 3.21 = 0.11 s, n = 12, respectively) despite different decay
kinetics in cultured PCs (Fig. 5B).

We next examined the mGluR1/IP,R-mediated [Ca*"]; tran-
sients driven by repetitive PF stimulation in PCs from cerebellar
slices (Fig. 5C,D) (Finch and Augustine, 1998; Takechi et al.,
1998). The PF synaptic responses in mGluR1b-rescue mice were
quite similar to those of mGluR1a-rescue mice in synaptic kinetics
and paired pulse ratio (Fig. 64). [Ca**]; transients elicited in PC
dendrites of WT mice by PF train (5 stimuli, 100 Hz) comprised two
distinct components: an early synaptic Ca®" transient (ESCT) and a
delayed synaptic Ca** transient (DSCT) (Takechi et al., 1998).
ESCT reflects Ca*" influx through voltage-gated Ca** channels,
and DSCT reflects Ca*™ release elicited by mGluR1/IP;R activation
(Finch and Augustine, 1998; Takechi et al., 1998). The peak ampli-
tude of DSCT increased with the number of stimulus trains (Fig.
5C,D). In mGluR1a-rescue mice, DSCT was not elicited by 5 stimuli
at 100 Hz in most of the PCs (Fig. 5C,D), but it emerged with =20
stimuli. In mGluR1b-rescue mice, this trend was more prominent.
Twenty stimuli were still not effective (DSCTs/ESCT's for mGluR1b-
rescue, 9.0 = 1.7%, n = 8; for mGluR1a-rescue, 19.7 = 3.0%,n = 11;
P <0.05, ttest),and 50 stimuli elicited detectable DSCT in only a half
of the cells (Fig. 5C,D).

Given the lower mGluR1/IP;R-mediated Ca®" release in
mGluR1b-rescue mice, we examined the induction of LTD at
PF-PC synapses. Because mGluR1b-rescue mice had persistent
multiple CF innervations (Fig. 4D), we locally stimulated the
white matter to evoke the maximum CF response for the in-
duction of LTD as reported previously (Miyata et al., 1999).
The CF stimulation reliably elicited typical complex spikes
that overrode large EPSPs in mGluR1b-rescue mice, and these
were indistinguishable from those recorded in mGluRla-
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rescue mice (Fig. 5G,J). For LTD experiments, we applied
conjunctive stimulation of PFs and CFs at 1 Hz for 5 min (300
pulses), a protocol that is optimal for inducing LTD (Miyata et
al., 1999, 2000). In the mGluR1a-rescue mice, LTD of PE-
EPSPs was readily induced by the conjunctive stimulation.
The mean slope of PF-EPSPs was depressed to 78.9 * 4.6%
(n=12,p <0.05; two-way repeated ANOVA), compared with
the control level, at 30 min after the end of the conjunctive
stimulation (Fig. 5E,F). In contrast, LTD was absent in
mGluR1b-rescue mice. The mean slope of PF-EPSPs was
107.6 £ 6.3% (n = 12, p > 0.05) at 30 min after the end of the
conjunctive stimulation (Fig. 5H,T).

Preservation of mGluR1-mediated slow EPSCs in
mGluR1b-rescue mice

In addition to the IP;R-mediated Ca*" release from the intracel-
lular Ca*" stores, mGluR1 stimulation activates TRPC3 channels
in PCs (Hartmann et al., 2008). mGluR1-mediated slow EPSCs
elicited by repetitive PF stimulation in PCs are known to be cat-
ion currents via TRPC3 (Batchelor and Garthwaite, 1997; Tem-
pia et al., 1998; Hartmann et al., 2008), Thus, we compared the
slow EPSCs in PCs of mGluRla-rescue and mGluR1b-rescue
mice. To ensure that approximately the same number of PFs was
stimulated in the two types of mice, we first adjusted the stimulus
intensity to evoke ~350 pA PF-EPSCs in the normal ACSF. The
EPSCs’” amplitudes were 350.0 * 27.7 pA and 315.1 * 27.0 pA
(n = 7, Fig. 6A) in mGluR1a-rescue and mGluR1b-rescue mice,
respectively. And then, the mGluR1-mediated slow EPSCs
evoked by repetitive PF stimulation were recorded in the pres-
ence of CNQX (50 um). The mGluR1-mediated slow EPSCs were
readily induced in mGluRla-rescue and mGluR1b-rescue mice
by repetitive PF stimulation (Fig. 6B, black trace) and were com-
pletely blocked by bath applications of a Group I mGluR antag-
onist, CPCCOEt (100 um) (Fig. 6C, gray trace). The amplitude of
mGluR1-mediated slow EPSCs in mGluR1b-rescue mice was not
significantly different from those recorded in mGluR1a-rescue
mice at each frequency of the repetitive stimulation, except 50 Hz
(Fig. 6D). For instance, the mGluR1-mediated slow EPSC ampli-
tudes at 100 Hz of the repetitive stimulation were 152.1 = 38.9
and 167.8 * 44.9 pA (mean = SEM; p > 0.05; two-way repeated
ANOVA) in mGluR1a-rescue mice and mGluR1b-rescue mice,
respectively. These results suggest that the long C-terminal do-
main of mGluR1a is not essential for mGluR1/TRPC-mediated
currents in PCs. Furthermore, we measured TRPC-mediated
currents in cultured PCs derived from the mGluR1b-rescue mice
(Fig. 7A). The DHPG dose-response relation of the relative am-
plitudes of the currents was not different between the WT and
mGluR1b-rescue cells for the tested range of 0.5 nM to 500 um
(Fig. 7B), indicating that the agonist sensitivity was not altered in
mGluR1b-rescue mice.

Restored motor coordination but impaired delay eyeblink
conditioning in mGluR1b-rescue mice
mGluR1b-rescue mice exhibited impairments in mGluR1/IP;R-
mediated Ca*" release, developmental synapse elimination, and
LTD induction, but not in mGluR1/TRPC-mediated currents.
To examine how motor coordination and motor learning are
affected by the synaptic dysfunction observed in mGluR1b-
rescue mice, we applied these mice for the rotating rod task and
delay eyeblink conditioning paradigm.

In the rotating rod task, WT and mGluRla-rescue mice
quickly learned how to keep themselves on the rod (Fig. 8A)
(Ichise et al., 2000), whereas mGluR1-KO mice fell off immedi-
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tion: F(,g 570, = 2.337, p = 0.002). Post hoc
analysis indicated that no significant dif-
ference was detected between the WT and
mGluR1a-rescue mice (p = 0.318), but a
significant difference was detected be-
tween the WT and mGluR1-KO mice
(p <0.0001). It is surprising that a signif-
icant difference was also detected between
the WT and mGluR1b-rescue mice (p <
0.001) because mGluRlb-rescue mice
showed restored motor coordination.
During the following 3 d extinction ses-
sions, complete extinction of CR was ob-
served in all groups of mice. These results suggest that expression
of mGluR1b in PCs is sufficient for motor coordination but not
for motor learning, as tested by delay eyeblink conditioning.

Discussion

In this study, we determined the role of the long C-terminal
domain of mGluR1a at both synaptic and behavioral levels. We
found that this domain is required for targeting the receptor to the
plasma membrane and perisynaptic regions of PC spines, and for
efficient mGluR1-mediated IP;R signaling, but it is not essential for
mGluR1-mediated TRPC3 signaling. We also found that the
C-terminal domain of mGluR1a is required for LTD induction, de-
velopmental CF synapse elimination, and delay eyeblink condition-
ing. The mGluR1b receptors, which lack this domain, are sufficient

lization in PCs dissociated from mGluR1a-rescue (n = 16) and mGluR1b-rescue (n = 12) mice. Traces and error bars indicate
mean = SEM. B, The sustained level (level at 45 s) of DHPG-evoked calcium transient was reduced in mGluR1b-rescue PCs. €,
Representative traces of Ca™ transient elicited by repetitive PF train of 5 stimuli (left and middle columns) or 20 stimuli (right
column) at 100 Hz in mGluRTa-rescue and mGluR1b-rescue mice. ESCT was blocked in the presence of NBQX (5 wm, middle and
right columns). D, Summary graph for the dependence of Ca** signals on the number of stimuli. Peak amplitudes of DSCTs
recorded in the presence of NBQX were normalized by those of ESCTs evoked by 5 stimuliat 100 Hz. The number of cells for each data
point is 5—13. *p < 0.05 (t test). E-J, Conjunctive PF and CF stimulation (conj) did not induce LTD of PF-EPSP initial slopes in
mGluR1b-rescue mice (H, n = 12), whereas LTD was successfully induced in mGluR1a-rescue mice (E, n = 12). Test PF stimulation
was applied at 0.2 Hz. E, H, Time course of averaged PF-EPSP initial slopes in mGluR1a-rescue (E) and mGluR1b-rescue mice (H).
Data from each PC were normalized to the mean value of initial slope during the control period for 10 min. F, I, Sample traces of
PF-EPSPs before and 30 min after the conjunctive stimulation. Each trace is the average of five consecutive responses in mGluR1a-
rescue (F) and mGluR1b-rescue mice (/). G, J, Sample traces of CF-EPSPs in mGluR1a- rescue (G) and mGluR1b-rescue mice (J).

for generating TRPC-mediated current and normal motor
coordination.

Native mGluR1b complexes that immunoprecipitated from
mGluR1b-rescue cerebella contained no Homer proteins and sig-
nificantly reduced amounts of GluR62 compared with the
mGluR1a complex. Postembedding immunogold electron mi-
croscopic analysis revealed that targeting of mGluR1b to the
plasma membrane at postsynaptic spines was reduced in
mGluR1b-rescue PCs. Furthermore, the perisynaptic distribu-
tion of mGIuR1 in the spines of mGluR1b-rescue PCs was dis-
turbed, whereas the peak of the receptor distribution in
mGluR1a-rescue PC spines occurred at the edge of the PSD, as
observed in WT PCs. Notably, native mGluR1b in WT PC spines
showed apparently normal targeting. These results suggest that
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Figure6. mGluR1-mediated slow EPSCs are normally evoked in mGluR1b-rescue mice. A, PF evoked fast EPSCs in mGluRTa- and

mGluR1b-rescue mice. Paired PF evoked fast EPSCs (black line, interval of 50 ms) in an mGluR1a- (left) and an mGluR1b- (right)
rescue mouse before induction of mGluR1-mediated slow EPSCs. PF-evoked fast EPSCs were blocked in both kinds of mice by 50
CNQX (gray line). B, mGluR1-mediated slow EPSCs (arrowhead) evoked by repetitive PF stimulation (400 A, 10 pulses) at 200 Hz
in mGluR1Ta-rescue (left) and mGluR1b-rescue (right) mice. Insets, Complete traces. €, Bath application of an mGIuR1 antagonist,
CPCCOEt (100 pum), abolished the mGluR1-mediated slow EPSCs (gray line) in @ WT mouse. D, Amplitudes of mGluR1-mediated
slow EPSCs are plotted against frequency of PF-stimulation in mGluR1a-rescue and mGluR1b-rescue mice. Pooled data from 7 PCs
in both (mean == SEM). *p < 0.05 versus mGluR1a-rescue (two-way repeated ANOVA with post hoc Bonferroni test).
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Figure 7.  mGluR1-mediated cation currents in cultured PCs from WT and mGluR1b-rescue mice. A, mGluR1-induced cation
currents in cultured PCs. The holding potential was set at 50 mV to inactivate depolarization-evoked currents; the cation current
was measured as an outward current (outward deflection is indicated as downward to facilitate comparison with the other
experiments). Each set of traces indicates the sample current responses of a cultured WT or mGluR1b-rescue PCto the labeled doses
of DHPG. DHPG was applied to the whole of the examined cell through a wide-tipped pipette during the period indicated by a thick
bar. B, DHPG dose—response relation of cation currents. Dots and error bars indicate means and SEM, respectively (n = 6 -9, WT
cells; n = 612, mGluR1b-rescue cells). For each cell, the amplitudes with 0.5 nmto 5 v DHPG are normalized to the value with
500 M DHPG. The sensitivity to DHPG, an mGluR1 agonist, was not different between WT and mGluR1b-rescue (1b rescue) PCs.
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the C-terminal cytoplasmic domain of
mGluRla is essential for targeting to
plasma membrane and perisynaptic dis-
tribution of this receptor. In WT PCs,
mGluR1b might form a heterodimer with
mGluRla (Kumpost et al., 2008) and
achieve proper targeting to the plasma
membrane.

We found that introduction of the
transgene expressing mGluR1b did not
restore the impairment of CF synapse
elimination in mGluR1-KO mice, whereas
the mGluR1a transgene restored it. Gene-
targeted mice deficient in mGluR1, Gag,
PLCPB4, or PKCy all exhibit impairment
of the late phase of CF synapse elimina-
tion (Kano et al., 1995, 1998; Offermanns
etal., 1997; Ichise et al., 2000). Myosin-Va
mutant mice in which IP;R-bearing SERs
are absent in PC spines exhibited a delay
of synapse elimination in the developing
cerebella (Takagishi etal., 2007). Together
with the present results, the C-terminal
domain of mGluR1a is necessary for effi-
cient activation of the Gaq-PLCB4-IP;R/
PKC pathway in PCs that is required for the
elimination of redundant CF synapses.

mGluR1 stimulation activates two
different forms of synaptic signaling:
IP;R-mediated Ca*" release and TRPC-
mediated cation currents. In our study,
both mGluR1a and mGluR1b were capa-
ble of releasing Ca>" from the intracellu-
lar Ca*™ stores, although the decay time
course of DHPG-induced Ca** mobiliza-
tion was different between mGluR1a- and
mGluR1b-rescue cultured PCs (Fig. 5A,B).
This indicates a difference in the signaling
deactivation and/or inactivation (desensi-
tization) between the splice variants. Some
studies report that the G-protein-coupled re-
ceptor kinase that interacts with the long
C-terminal domain of mGluR1a may play
an important role in the desensitization of
mGluR1a (Dale et al., 2000; Sallese et al.,
2000). However, because the G-protein-
coupled receptor kinase-mediated desen-
sitization is relatively slow (minutes to
hours), the faster decay of mGluR1b re-
sponse (~10 s; Fig. 5A, B) may be attrib-
utable to other mechanisms, such as
different ligand-receptor dissociation speeds
(Flor et al., 1996). On the other hand, the
synaptically evoked IP;R-mediated Ca*"
release by repetitive PF stimulation was
largely impaired in mGluR1b-rescue PCs,
compared with that in mGluR1a-rescue
PCs (Fig. 5C,D). The difference between
two rescue PCs may be attributed to the
difference in the postsynaptic localization
of the mGluR1 variants in the two rescue
mice; mGluR1a in mGluR1a-rescue mice
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Normal motor coordination but impaired delay eyeblink conditioning in mGIuR1b-rescue mice. 4, Rotating rod task in WT (n = 12), mGIuR1-KO (KO; n = 8), mGluR1a-rescue (1a

rescue; n = 11),and mGluR1b-rescue (1h rescue; n = 10) mice. The stay-time (seconds) of the mice on arotating rod (25 rpm) s plotted versus the training day. B, Fixed bar test. The time the animal
could remain on the wooden bar (6 mm in width and 40 cm above the ground) was measured. A maximum of 60 s was allowed per mouse. There was no significant difference between WT (open
bar, n = 11) and mGIuR1b-rescue (closed bar, n = 8) mice (p = 0.84). , Percentage of conditioned response (CR) during delay eyeblink conditioning in WT mice (n = 12), mGluR1-KO mice (KO;
n = 12), mGluR1a-rescue mice (1a rescue; n = 11), and mGluR1b-rescue mice (1b rescue; n = 14). Conditioning experiment consisted of an acquisition phase (7 d) and an extinction phase (4 d).
mGluR1b-rescue mice exhibited severe impairment of (R acquisition, although learning was fully reinstated in mGluR1a-rescue mice. D, Spontaneous eyeblink frequency was measured during 100
“no stimulus” trials in the first session for acclimation before the delay conditioning experiment began. No difference was observed in WT (n = 12) and mGluR1b-rescue (n = 14) mice (p = 0.29).
E, The startle response to a tone CS was measured during 100 trials of the first session of delay eyeblink conditioning, indicating that no difference was observed between WT (n = 12) and mGluR1b-rescue
(n=14) mice (p = 0.67). F, Pseudo-conditioning. The eyelid response during the pseudo-conditioning did not increase in WT (n = 6) and mGluR1b-rescue (n = 5) mice (Fq 5,) = 0.58 for interaction effect
andp = 0.87,F; o, = 0.030for genotypic effect, p = 0.79). The (S and US were pseudo-randomly presented with an interstimulus interval ranging from 0 to 20s. G, Averaged UR amplitudes for WT (n = 12)
and mGluR1b-rescue (n = 14) mice during delay conditioning. In both genotypic groups, the UR amplitudes were nearly constant throughout the 7 d acquisition phase. No difference was observed between WT
and mGluR1b-rescue mice (p = 0.59, F 144 = 0.73 forinteraction effectand p = 0.83, F; ,,, = 0.048 for genotypic effect).

is enriched at discrete perisynaptic sites in the same fashion as the
WT mGluRl (Lujan et al, 1997), whereas mGluR1lb in
mGluR1b-rescue mice was located at ectopic postsynaptic sites.
Several lines of evidence indicate that mGluR1 signaling mole-
cules are predominantly distributed at the perisynaptic region of
PC spines. For instance, IP;R-bearing SER extends from the spine
apparatus to the outer edge surrounding the PSD in PCs (Harris
and Stevens, 1988), and Homer 1b/c is enriched in the region of
the lateral PSD (Xiao et al., 1998). In addition, Gaq/Ga,; and
PLCp4 colocalize at the perisynaptic sites in PC spines (Naka-
mura et al., 2004). Together, our results suggest that mGluR1a is
physically linked to the phosphoinositide signaling complex at
perisynaptic regions of PC dendritic spines through interaction
between its long C-terminal domain and scaffolding proteins
containing Homers. This molecular arrangement presumably
ensures high spatial and temporal control of Ca** signaling in a
PF activity-dependent manner. In contrast, ectopic localization
of mGluR1b lacking the long C-terminal domain may result in
the difficulty in constructing this signaling complex.

Our results indicate that the long C-terminal domain is not
essential for the TRPC-mediated current (Fig. 6B,D). It is re-
ported that TPRC channels are activated by diacylglycerol at the
downstream of the PLCB-coupled receptor and/or by IP;R-
mediated depletion of intracellular Ca®" stores (Kiselyov et al.,
1998; Hartmann and Konnerth, 2009). Given that IP;R-mediated
Ca’" release was impaired in mGluR1b-rescue PCs, our results
strongly suggest that TRPC3 in PCs is mainly activated by the
mGluR1-Gaq-PLCB-diacylglycerol pathway. Our findings also
suggest that the perisynaptic localization of mGluR1 is not essen-

tial for synaptically evoked mGluR1/TRPC-mediated currents at
PF-PC synapses.

We found that introduction of the transgenes expressing
mGluR1a, but not mGluR1b, restored impairment of LTD in-
duction in mGluR1-KO mice (Fig. 5E, H). IP;R-mediated Ca*"
release from SER in PC spines is essential for the induction of
LTD at PF-PC synapses (Miyata et al., 2000). Moreover, a cal-
cium threshold rule for the induction of cerebellar LTD has been
proposed (Coesmans et al., 2004). Thus, it is likely that efficient
Ca** release from SER by mGluR1a is critical for elevating local
Ca** level in dendritic spines over the calcium threshold for the
induction of LTD. A large number of studies using various types
of genetically manipulated mice point to a strong linkage between
cerebellar LTD and delay eyeblink conditioning, a form of discrete
motor learning (Aiba et al., 1994b; Shibuki et al., 1996; Miyata et al.,
2001, 2011; Kishimoto et al., 2002; Kishimoto and Kano, 2006; Kak-
izawa et al., 2007). Among them, mGluR1- and PLCB4-KO mice,
whose cerebellar LTD is impaired, exhibit a significant decrease of
CR incidence in the eye blink conditioning paradigm (Aiba et al.,
1994b; Miyata et al., 2001; Kishimoto et al., 2002), suggesting that
mGluR1-PLCPB4 signaling is crucial for motor leaning as well as
induction of LTD. In this study, we found that LTD and eyeblink
conditioning were not restored in mGluR1b-rescue mice, whereas
mGluR1a-rescue mice with evidently normal LTD were able to ac-
quire the ability for eyeblink conditioning. These results provide
further support for the role of cerebellar LTD in discrete motor
learning, such as delay eyeblink conditioning.

It was recently reported that three mutant mice deficient in
internalization of AMPA receptors lacked cerebellar LTD ex-
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pression but showed normal adaptation of the vestibulo-ocular
reflex, eyeblink conditioning, and locomotion learning (Schone-
wille et al., 2011). The discrepancy between impaired cerebellar
LTD and acquisition of motor learning in these mice suggests the
possibility that synaptic plasticity other than cerebellar LTD
within or outside of the cerebellum would compensate the loss of
cerebellar LTD in motor learning of these mice. Thus, identifica-
tion of synaptic plasticity induced in these mice would be impor-
tant for a comprehensive understanding of the molecular
mechanisms underlying the motor learning.

mGluR1b-rescue mice displayed apparently normal gait, and
there was no significant impairment in their performance in the
rotating rod task or fixed bar test, despite the multiple CFs inner-
vating PCs. Our present results from mGluR1b-rescue mice sug-
gest that, although the long C-terminal domain in PCs is required
for normal elimination of surplus CF-PC synapses, the
C-terminal domain-mediated CF synapse elimination does not
directly underlie motor coordination. Hartmann et al. (2008)
have proposed that TRPC3 in PCs is essential for normal motor
coordination. Thus, almost identical mGluR1/TRPC-mediated
currents in PCs expressing mGluR1a and mGluR1b might ex-
plain the rescue by these two splice variants from impaired motor
coordination in mGluR1-KO mice.

Glutamate-evoked elevation of intracellular Ca*" required
for induction of synaptic plasticity is mainly mediated by NMDA
receptors and Group I mGluRs. In this study, we showed that
signaling via mGIuR1b in PCs is sufficient for TRPC-mediated
currents and motor coordination, but not for IP;R-mediated
Ca*" release, LTD induction, synapse elimination, or delay eye-
blink conditioning. These cerebellar functions require proper
targeting of mGluR1 and efficient mGluR1/IP4R signaling medi-
ated by the long C-terminal domain of mGluR1a. A unique fea-
ture of adult PCs is prominent expression of IP;R1 (Matsumoto
et al., 1996) and very weak, if any, functional NMDA receptor
expression (Konnerth et al., 1990; Aiba et al., 1994b; Kano et al.,
1995). Whereas mGluR1a predominates in PCs and in the olfac-
tory bulb, mGluR1 short variants are the major isoforms in other
brain areas (Fotuhi et al., 1993). These molecular distributions
imply that mGluR1a and IP;R-mediated Ca>" release in PCs may
replace the glutamate-evoked rise in intracellular Ca®" through
NMDA receptors, which can induce synaptic plasticity in brain
regions other than PCs. Other neurons that predominantly ex-
press mGluR1 short variants may not require efficient mGluR1a-
IP;R signaling because NMDA receptor-mediated Ca** influx
dominates in the glutamate-evoked Ca>™ rise.
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