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Cerebellar motor coordination and cerebellar Purkinje cell synaptic function require metabotropic glutamate receptor 1 (mGluR1,
Grm1). We used an unbiased proteomic approach to identify protein partners for mGluR1 in cerebellum and discovered glutamate
receptor �2 (GluR�2, Grid2, Glu�2) and protein kinase C� (PKC�) as major interactors. We also found canonical transient receptor
potential 3 (TRPC3), which is also needed for mGluR1-dependent slow EPSCs and motor coordination and associates with mGluR1,
GluR�2, and PKC�. Mutation of GluR�2 changes subcellular fractionation of mGluR1 and TRPC3 to increase their surface expression.
Fitting with this, mGluR1-evoked inward currents are increased in GluR�2 mutant mice. Moreover, loss of GluR�2 disrupts the time
course of mGluR1-dependent synaptic transmission at parallel fiber–Purkinje cells synapses. Thus, GluR�2 is part of the mGluR1
signaling complex needed for cerebellar synaptic function and motor coordination, explaining the shared cerebellar motor phenotype
that manifests in mutants of the mGluR1 and GluR�2 signaling pathways.

Introduction
Cerebellar Purkinje cells are crucial for motor control. In the
molecular layer, Purkinje cells receive a major glutamatergic
input from granule cell parallel fibers, and this synapse has
many critical postsynaptic receptors, including metabotropic
glutamate receptor 1 (mGluR1) and GluR�2. mGluR1 and its
signaling cascade play essential roles (Levenes et al., 1998;
Knöpfel and Grandes, 2002; Hartmann and Konnerth, 2009).
Mutations in mGluR1 impair motor coordination, cerebellar
learning, proper wiring of climbing fibers to Purkinje cells,
and long-term depression (LTD) (Aiba et al., 1994; Conquet et
al., 1994; Kano et al., 1997). Glutamate binding to mGluR1
activates phospholipase C (PLC) via G�q to produce inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Hart-
mann et al., 2004). IP3 then mobilizes intracellularly stored

Ca 2�, and conventional protein kinase Cs (PKCs) are key
effectors for DAG and Ca 2� (Nishizuka, 1992). Another major
effector of mGluR1 in Purkinje cells is canonical transient
receptor potential 3 (TRPC3), which is activated by DAG or
phospholipase D, and inactivated by PKC phosphorylation
(Trebak et al., 2003; Venkatachalam et al., 2003; Glitsch,
2010).

Activation of mGluR1 by parallel fiber stimulation or application
of a group I mGluR agonist, (RS)-3,5-dihydroxyphenylglycine
(DHPG), induces slow-onset EPSCs (sEPSCs) (Batchelor and
Garthwaite, 1993; Batchelor et al., 1994). Gene knock-out (KO) of
TRPC3 enriched in cerebellar Purkinje cells completely abolishes
sEPSCs, indicating that TRPC3 mediates this mGluR1-induced
signaling (Hartmann et al., 2008). Importantly, loss of any com-
ponent in the mGluR1 cascade, G�q (Offermanns et al., 1997;
Hartmann et al., 2004), PLC�4 (Hashimoto et al., 2001a; Miyata
et al., 2001), IP3 receptor (Matsumoto et al., 1996; Inoue et al.,
1998), or PKC� (Chen et al., 1995; Kano et al., 1995) or TRPC3
(Hartmann et al., 2008), results in cerebellar ataxia often associ-
ated with defective LTD and multiple climbing fiber innervation
of Purkinje cells.

GluR�2 protein has homology to ionotropic glutamate recep-
tors; however, GluR�2 neither binds glutamate nor conducts cur-
rent (Schmid and Hollmann, 2008; MacLean, 2009; Mandolesi et
al., 2009; Armstrong et al., 2011; Hirano, 2012; Yuzaki, 2011).
GluR�2 is highly expressed in cerebellar Purkinje cells and is
localized specifically to parallel fiber–Purkinje cell (PF–PC) syn-
apses (Araki et al., 1993; Lomeli et al., 1993). Genetic studies have
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identified critical roles for GluR�2 in cerebellar function. Loss-
of-function mutations in GluR�2 result in ataxia, multiple inner-
vation of Purkinje cells by climbing fibers, and loss of LTD
(Kashiwabuchi et al., 1995; Hashimoto et al., 2001b). Morpho-
logical studies reveal that the loss of GluR�2 also causes misalign-
ment of parallel fiber presynaptic active zones with Purkinje cell
postsynaptic densities (PSDs) (Kashiwabuchi et al., 1995; Kuri-
hara et al., 1997; Takeuchi et al., 2005). This latter observation is
explained by a synaptogenic activity of GluR�2 (Uemura and
Mishina, 2008; Kuroyanagi et al., 2009); the extracellular
N-terminal domain of GluR�2 links to neurexin through the
secreted synapse organizer cerebellin-1 (Matsuda et al., 2010;
Uemura et al., 2010; Joo et al., 2011; Matsuda and Yuzaki,
2011).

Defects in mGluR1 signaling and GluR�2 mutations cause
overlapping phenotypes; however, the functional relationship
of these two pathways is unclear. Here, we report physical and
functional interactions between GluR�2 and mGluR1
pathways.

Materials and Methods
Antibodies. We used following antibodies: rabbit anti-mGluR1a (07-617; Mil-
lipore), mouse anti-mGluR1a (clone G209-488; BD Biosciences), rabbit anti-
mGluR1a/b (AGC-006; Alamone Labs), anti-GluR�2 (AB-1514; Millipore;
GluR�2-Rb-Af500-1; Frontier Institute), anti-PKC� (sc-211; Santa Cruz
Biotechnology), anti-PKC� (sc-208; Santa Cruz Biotechnology), anti-PKC�II
(sc-210; Santa Cruz Biotechnology), anti-mGluR2/3 (AB1553; Millipore), anti-
GluA2 (MAB-397; Millipore), anti-GluN1 (clone 54.1; BD Biosciences
Pharmingen), and anti-TRPC3 (ACC-016; Alamone Labs).

Mutant mice. Animal experiments were conducted under guidelines of
the Institutional Animal Care and Use Committee at Eli Lilly & Co.
Hotfoot-4J (ho-4J) mice were obtained from The Jackson Laboratory
and maintained at Taconic Farms and Eli Lilly & Co. Heterozygous male
and female mice were mated to obtain homozygous ho-4J mice. The
mGluR1 KO mouse line B6(129)-T801�tm1� was obtained from Delta-
gen. The animals were backcrossed to CD-1 for �20 generations.

Immunoprecipitation. To identify coimmunoprecipitated proteins
by mass spectroscopy, we used a time-controlled transcardiac perfu-
sion crosslinking method (Schmitt-Ulms et al., 2004). Briefly, deeply
anesthetized rats were perfused with 3% formaldehyde. The cerebella
were rapidly removed and frozen by immersion in liquid nitrogen.
Cerebellar tissues were homogenized in buffer: 50 mM NH4Cl and 40
mM Tris-Cl, pH 8.0, with Complete protease inhibitors (Roche) by
Polytron. The homogenate was spun at 43,000 � g, and the pellet was
resuspended in buffer: 50 mM Tris-Cl, pH 8.0, and 30 mM NaCl. The
homogenate was solubilized with 1% SDS at 55°C for 5 min and then
spun at 100,000 � g for 1 h at 4°C. SDS in the lysate was neutralized
with 5 vol of 1% Triton X-100 in 50 mM Tris-Cl, pH 8.0, 30 mM NaCl.
After centrifugation at 100,000 � g for 1 h at 4°C, antibodies for
immunoprecipitation (IP) were incubated overnight at 4°C. Protein
A Sepharose (GE Healthcare) was added for 2 h. The resin was washed
with RIPA buffer (20 mM NaCl, 0.6% deoxycholate, 0.6% NP-40, and
20 mM, Tris pH8.0), followed by PBS. The beads were eluted with
Laemli’s buffer with 10 mg/ml DTT at 55°C for 30 min, followed by
95°C for 10 min.

For analytical IP, the postnuclear fraction was solubilized in buffer
containing 0.2% Triton X-100, 0.32 M sucrose and 3 mM HEPES, pH 7.4,
and then the soluble fraction was precleared with protein A Sepharose.
After centrifugation at 100,000 � g for 1 h, 1–5 �g of antibody was added
for 2–3 h at 4°C. Protein A Sepharose was added and mixed for 1 h, and
the resin was washed with 0.2% Triton X-100. Beads were eluted with
Laemli’s buffer containing 10 mg/ml DTT at 55°C for 30 min, followed
by 95°C for 10 min.

Mass spectroscopy. Mass spectroscopy was done as described previ-
ously (Kato et al., 2007). Briefly, polyacrylamide gels were stained
with silver, and protein bands were excised and destained with 1%
H2O2 (Sumner et al., 2002). Gel pieces were reduced, alkylated (Hale

et al., 2004), and digested with trypsin (20 �g/ml) overnight at 37°C.
TheextractedpeptideswerepurifiedwithaZiptip(C-18)(Millipore)andloaded
onto an HPLC (HP 1100 Nanopump) with a reverse-phase C-18 column con-
nected to a mass spectrometer (LTQ-FT; ThermoFinnigan).

Quantification of protein expression levels. Mouse cerebella were ho-
mogenized in buffer (HB) (0.32 M sucrose and 3 mM HEPES, pH 7.4) and
centrifuged at 20,000 � g for 20 min at 4°C. The resultant pellets were
suspended in HB. Five micrograms of protein were separated by SDS-
PAGE in quadruplicate and then immunoblotted after protein transfer to
PVDF membranes. Bands were visualized by HRP-conjugated secondary
antibody and ECL-plus reagent (GE Healthcare) and were quantified
using NIH Image-J.

Subcellular fractionation. Subcellular fractions were prepared by
differential centrifugation as described previously (Jo et al., 1999).
Mouse cerebella were homogenized in buffer I (0.32 M sucrose, 3 mM

HEPES-Na, pH 7.4, and 0.1 mg/ml PMSF). The homogenate was
centrifuged at 1000 � g to produce a pellet (P1) and a supernatant
(S1). P1 pellet was resuspended in buffer I and centrifuged at 1000 �
g to obtain crude nuclear fraction (P1�) and a supernatant (S1�). The
combined supernatant (S1 � S1�) was centrifuged at 12,000 � g for 15
min to produce a pellet (P2). The P2 fraction was resuspended in
homogenization buffer, overlaid on the discontinuous sucrose den-
sity gradient (0.8, 1.0, and 1.2 M), and spun at 58,000 � g for 2 h. The
synaptosomal fraction was collected from the interface between 1.0
and 1.2 M. Synaptosomal fraction was treated once or twice with
ice-cold 0.5% Triton X-100 in 6 mM Tris-Cl, pH 7.5, and then centri-
fuged to obtain the PSD I and PSD II pellets.

Triton X-100 solubility assay. Mouse cerebella were homogenized in
HB, centrifuged at 100,000 � g, and then resuspended in 10 vol of the
original tissue weight. Triton X-100 was added to 2.5% final and mixed
for 1 h at 4°C. Solubilized samples were centrifuged at 100,000 � g, and
the supernatant was removed. The pellet was suspended in the 10�
original tissue volume of HB. Proteins in both samples were separated by
SDS-PAGE, and proteins of interest were quantified by immunoblotting
as described above.

Quantification of surface receptors. Slice biotinylation was done as
described previously (Kato et al., 2010). Briefly, 300 – 400 �m mouse
cerebellar slices were incubated in slicing buffer (in mM: 124 NaCl, 26
NaHCO3, 3 KCl, 10 glucose, 0.5 CaCl2, and 4 MgCl2) for 30 min and
then recovered in biotinylation solution (slicing solution except
[CaCl2] and [MgCl2] were raised to 2.3 and 1.3 mM, respectively) for
30 min at room temperature. Slices were then preincubated in ice-
cold biotinylation solution for �1 min. Surface proteins were labeled
with sulfo-NHS-SS-biotin (1.5 mg/ml; Pierce) for 30 min on ice, and
the reaction was quenched with glycine (50 mM). Hippocampi and
cerebella were homogenized with Tris buffer (TB) (50 mM Tris, pH
7.4, and 2 mM EGTA) and then sonicated. To isolate the membrane
fraction, homogenates were centrifuged at 100,000 g for 20 min, and
the pellets were resuspended in TB containing NaCl [TN (TB plus 100
mM NaCl)]. Membrane were solubilized with 0.4% SDS in TN for 5
min at 4°C and then neutralized with 10-fold excess of Triton X-100.
The lysate was cleared by centrifuging at 100,000 � g for 20 min. A
total of 20 �l of ULTRA link Neutravidin resin (Roche) was added and
incubated at 4°C for 2 h. Nonbound internal protein solution was
removed. Beads were washed with RIPA buffer, and biotinylated sur-
face proteins were eluted by boiling for 5 min in Laemli’s buffer
containing DTT (7.7 mg/ml). Eluted proteins and internal proteins
were separated by SDS-PAGE and detected by immunoblotting.

Immunohistochemistry. Deeply anesthetized mice were perfused
with PBS and then fixed with ice-cold 4% paraformaldehyde. Cere-
bella were removed, postfixed in 4% PBS for 48 h at room tempera-
ture, and then were soaked in 70% ethanol at 4°C overnight. After
tissue blocks were dehydrated by sequential changes treatment with
organic solvents (95% ethanol/5% methanol 100% ethanol and then
xylene), paraffin was infused at 58°C for 2 h. Cerebellar sections were
cut (2 �m) and adhered onto plus-charged slide glasses. After drying,
the sections were incubated at 56°C for 10 min and then deparaf-
finized in xylene and rehydrated with decreasing concentrations of
ethanol in water. To retrieve the antigens, sections were autoclaved at
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100°C for 30 min in 10 mM sodium citrate
plus 0.05% Tween 20. The sections were
dried and treated with 0.2N HCl for 20 min.
For GluR�2 staining, sections were then
treated with 4 M guanidine thiocyanate in 10
mM Tris-Cl, pH 7.5. The sections were rinsed
with PBS and blocked with 10% normal goat
serum. Primary antibodies were added over-
night. Immunosignals were visualized by
secondary antibodies labeled with Alexa
Fluor 488 or Alexa Fluor 555.

Electrophysiology. Whole-cell patch-clamp
recordings were made from Purkinje cells in
acute cerebellar slices (250 �m thick) as de-
scribed previously (Takayasu et al., 2004).
Sagittal cerebellar slices (250 �m) were ob-
tained from mice using a vibrating micro-
slicer (World Precision Instruments).
Whole-cell patch-clamp recordings were
made from visualized Purkinje cells using in-
frared illumination and differential interfer-
ence contrast optics. The recording pipette
(3–5 M� resistance) was filled with the in-
ternal solution (150 mM Cs-gluconate, 8 mM

NaCl, 2 mM Mg-ATP, 10 mM HEPES, 0.1 mM

spermine, and 5 mm QX-314, pH 7.2, with
osmolarity at 295 mOsm), and recordings
were made in voltage-clamp mode at a hold-
ing potential of �80 mV. Data with access
resistances �50 M� were discarded. Con-
centric bipolar tungsten stimulating elec-
trodes were placed in the molecular layer to
activate parallel fiber inputs to Purkinje cells.
For recording of fast EPSCs (fEPSCs) in Pur-
kinje cells, single square pulses (100 �s) were
delivered in the presence of bicuculline (20
�M). The stimulation intensity was deter-
mined to evoke 500 	 150 pA fEPSC without
spikes. After 5 min perfusion with CNQX (20
�M) plus bicuculline (20 �M), to completely
block fEPSC, fivesquarepulses(100�s)at100Hz
were delivered to evoke sEPSCs. To measure
mGluR1-dependent components, CPCCOEt
[(�)-ethyl (7E)-7-hydroxyimino-1,7a-dihydro
cyclopropa[b]chromene-1a-carboxylate] (200 �M)
was added for 5 min, and then stimulations
were repeated as for sEPSCs. fEPSC decays
were fitted with two exponentials, and the
weighted tau (�w) was calculated according to
following: �w 
 (�1 � a1) � (�2 � a2), where a1

and a2 are the relative amplitudes of the two
exponential components. The full-width at half-
maximum (FWHM) of the sEPSC is the duration
between the two time points on the CPCCOEt-
sensitive sEPSC trace at which the sEPSC reaches
half of the peak amplitude. To measure extrasynaptic mGluR1/TRPC3 sig-
naling in cerebellar slices, we made whole-cell patch-clamp recordings
from Purkinje cells and measured currents evoked by GABA (1 mM)
alone and then by DHPG (20 and 50 �M) in the presence of an inhibitor
mixture (300 nM tetrodotoxin, 20 �M bicuculline, and 40 �M CNQX)
with cells voltage clamped at �80 mV. To obtain reproducible DHPG
responses, we continuously perfused the inhibitor mixture and applied
DHPG at �5 min intervals.

Results
Identification of interactions among mGluR1, GluR�2,
and PKC�
To identify cerebellar proteins that interact with mGluR1, we
immunoprecipitated mGluR1a, which is the major mGluR1

splice variant (Pin et al., 1992; Soloviev et al., 1999). The immu-
nopurified proteins were separated by SDS-PAGE, stained with
silver, and analyzed by mass spectrometry (Fig. 1A). We detected
eight specific proteins interacting with mGluR1. Notably, we
found GluR�2 and PKC� in the mGluR1 immunoprecipitate. We
therefore performed precipitations of the GluR�2 complex and
identified 11 proteins, which included mGluR1 and PKC� (Fig.
1B). Follow-up analytical experiments confirmed that mutual
mGluR1–GluR�2–PKC� interactions are readily identified by
any of the three immunoprecipitating antibodies (Fig. 1C–E,G).
To evaluate specificity, we tested whether other mGluRs or iono-
tropic glutamate receptors are in the immunoprecipitates. Figure
1F shows that mGluR2/3, GluA2, and GluN1 were not detected

Figure 1. mGluR1, GluR�2, and PKC� form protein complexes in cerebellum. A, B, Silver staining of proteins coimmunopre-
cipitated with mGluR1a or anti-GluR�2. Each protein lane was excised, divided into six pieces, and analyzed by mass spectroscopy.
Proteins identified by their tryptic fragments are indicated. Contaminating IgG, keratin, and trypsin were omitted. C, PKC�
coimmunoprecipitated with mGluR1 or GluR�2. D, GluR�2 coimmunoprecipitated with mGluR1 or PKC�. E, mGluR1a coimmuno-
precipitated with GluR�2 or PKC�. F, Other metabotropic and ionotropic glutamate receptors did not coimmunoprecipitate with
mGluR1, GluR�2, or PKC�, confirming the specificity of the IP. G, mGluR1 and GluR�2 did not associate with other PKC subtypes;
H, PKC� did not associate with mGluR1 or GluR�2 in cerebral cortex.
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in immunoprecipitates using anti-mGluR1, anti-GluR�2, or
anti-PKC�. We also found that two other conventional PKCs in
cerebellum, PKC�, and PKC�II do not interact with mGluR1 or
GluR�2 (Fig. 1H). Furthermore, we found that the PKC� is not
coprecipitated by mGluR1 or GluR�2 antibodies in cortex, in
which these glutamate receptors are much more weakly ex-
pressed (Fig. 1H).

The mGluR1–GluR�2–PKC� protein complex also
contains TRPC3
Because TRPC3 is the downstream effector of mGluR1 in gen-
erating Purkinje cell sEPSCs (Hartmann et al., 2008), we
examined whether TRPC3 associates with mGluR1–GluR�2–
PKC�. Indeed, we identified mGluR1 (Fig. 2 A1), GluR�2 (Fig.
2 B1), and PKC� (Fig. 2C1) in cerebellar samples immunopre-
cipitated with anti-TRPC3. To test whether GluR�2 mediates
formation of the overall protein complex, we used the hypo-
morphic GluR�2 mutant mouse line ho-4J (Lalouette et al.,
2001; Matsuda and Yuzaki, 2002), which has virtually no de-
tectable GluR�2 (Fig. 2 B2). Levels of mGluR1 in TRPC3 and
PKC� immunoprecipitates from wild-type and ho-4J cere-
bella are similar, indicating that these interactions do not re-
quire wild-type expression levels of GluR�2 (Fig. 2 A2). The
GluR�2 mutation also does not affect the TRPC3–PKC inter-
action (Fig. 2C2). The lack of PKC� signal in GluR�2 immu-
noprecipitate from ho-4J cerebellar lysate confirms assay
specificity (Fig. 2C2).

To assess the requirement of mGluR1 in protein complex
formation, we used mGluR1-KO cerebella. GluR�2 was de-
tected in the TRPC3 immunoprecipitate in both wild-type and
mGluR1-KO at similar levels (Fig. 2 D). Similarly, PKC� was
in GluR�2- and TRPC3-containing protein complexes in both
wild-type and mGluR1-KO mice (Fig. 2 E). Lack of PKC� in
mGluR1 immunoprecipitates from mGluR1-KO (Fig. 2 E2)
and failure of kainate receptor GluK2/3 to interact with
mGluR1, GluRd2, or TRPC3 (Fig. 2 F) further confirm assay
specificity. Together, mGluR1, GluR�2, PKC�, and TRPC3
associate in cerebellum, and loss of GluR�2 or mGluR1 does
not affect interactions between the remaining proteins.

Levels of TRPC3 or PKC� are not affected in mGluR1-KO
or GluR�2 ho-4J/ ho-4J mice
We next compared the levels of mGluR1 interacting proteins
and representative synaptic proteins in mGluR1 or GluR�2
hypomorphic (ho-4J) mice. There was no change in the levels
of TRPC3, mGluR1, synaptophysin, or PSD-95 in ho-4J
mouse cerebellum. An increase in the level of the major AMPA
receptor subunit GluA2 was observed in ho-4J (Fig. 3A),
which is consistent with a recent report (Yamasaki et al.,
2011). Levels of PKC�, TRPC3, GluR�2, GluA2, PSD-95, and
synaptophysin were not changed in the mGluR1-KO (Fig. 3B).
Therefore, loss of either GluR�2 or mGluR1 does not affect
levels of their associated proteins.

Figure 2. TRPC3 associates with mGluR–GluR�2–PKC� in cerebellum. Triton X-100-solubilized postnuclear membrane fractions from either wild-type or mutant mice were immunoprecipitated
and blotted as indicated. A, mGluR1 coimmunoprecipitated with TRPC3 from either wild-type (A1) or GluR�2 (A2) mutant cerebella. B1, GluR�2 coimmunoprecipitated with TRPC3. B2, In ho-4J mice,
a truncated GluR�2 is expressed at very low levels. C, PKC� associates with mGluR1 or TRPC3 in the presence (C1) or absence (C2) of GluR�2. D, TRPC3 and GluR�2 interact in the presence (D1) or
absence (D2) of mGluR1. E, PKC� associates with GluR�2 and TRPC3, which is not affected by the presence or absence of mGluR1. F, GluK2/3 did not interact with mGluR1, GluR�2, or TRPC3.
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Neither GluR�2 nor mGluR1 loss grossly alters protein
complex cellular localization
We performed immunofluorescent localization of mGluR1,
GluR�2, PKC�, and TRPC3 in the cerebella of wild-type, ho-4J,
and mGluR1-KO mice. mGluR1, GluR�2, PKC�, and TRPC3 are
all enriched in the molecular layer with punctate staining (Fig. 4).
In the magnified images, GluR�2 shows discrete staining in
puncta, which partially colocalize with mGluR1 (Fig. 4A).
mGluR1 is distributed more widely than GluR�2. PKC� is en-
riched in the cell bodies and dendrites of Purkinje cells. mGluR1
partially colocalizes with PKC� (Fig. 4B). TRPC3 also partially
colocalizes with mGluR1. We did not detect changes in any of

these distributions in mGluR1-KO or ho-4J mice (Fig. 4A–C).
The staining specificities of GluR�2 and mGluR1 antibodies were
confirmed by their elimination in the corresponding mutant
mice.

The subcellular localization of TRPC3 is affected
in GluR�2 ho-4J/ho-4J

We used biochemical fractionation to detect more subtle effects
of loss of GluR�2 or mGluR1 on localization of the interacting
proteins. In wild-type mice, we found that mGluR1, GluR�2,
PKC�, and TRPC3 are all present in synaptosomal and PSD frac-
tions (Fig. 5A). Of the four interacting proteins, TRPC3 shows

Figure 3. Neither GluR�2 nor mGluR1 mutation affects cerebellar levels of interacting proteins. A, GluR�2 mutation results in increased levels of GluA2 but does not affect levels of mGluR1, TRPC3,
or other synaptic proteins. B, Mutation of GluR1 does not affect levels of any of the proteins analyzed. Error bars indicate SEM. Statistical significance with respect to GluR�2 �/� or mGluR1 �/� (t
test). n 
 4 for each sample. *p � 0.05.
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the least PSD enrichment. In mGluR1-KO, we found no change
in the synaptic fractionation profile of the other protein compo-
nents. In the ho-4J mice, we noted a selective reduction of TRPC3
in the most insoluble PSD II fraction (Fig. 5A). To assess this
more quantitatively, we measured the ratio of the insoluble to the
soluble proteins in the presence of Triton X-100. We found that
TRPC3 in the Triton X-100-soluble fraction is increased approx-
imately threefold in ho-4J mice (Fig. 5B,C). We did not detect a
significant difference in the fractionation of either mGluR1 or
PKC� in ho-4J mice (Fig. 5B,C).

Loss of GluR�2 increases surface expression of mGluR1
and TRPC3
We next asked whether GluR�2 regulates the cell-surface expres-
sion of mGluR1 and TRPC3. Brain slices were treated with a
cell-impermeable biotinylation reagent, and surface proteins
were purified on Neutravidin agarose. Because the surface ex-
pression of the minor mGluR1b splice variant is regulated differ-
ently from mGluR1a (which we have denoted mGluR1) (Ciruela
et al., 1999; Kumpost et al., 2008), we tested both variants. Inter-
estingly, surface expression of mGluR1b and TRPC3 were en-
hanced in GluR�2 ho-4J/ho-4J (Fig. 6). The C-terminal tail of
mGluR1a, but not that of mGluR1b, has an intracellular reten-
tion signal (Ciruela et al., 1999). Fitting with this, the surface

fraction of mGluR1b is larger than that of mGluR1a (Fig. 6). The
lack of this retention signal may allow greater access of mGluR1b
to the cell surface in the GluR�2 mutant. Note that the surface
level of AMPA receptor subunit GluA2 and that of the kainate
receptor subunit GluK2/3 are not changed in ho-4J mice (Fig. 6).

The onset of Purkinje cells sEPSC is delayed in ho-4J mice
mGluR1 activity in cerebellar Purkinje cells is translated into a
sEPSC, mediated by TRPC channels (Kim et al., 2003; Hartmann
et al., 2008). Importantly, loss of TRPC3 abolishes sEPSCs and
results in ataxic gait (Hartmann et al., 2008). Because the subcel-
lular localization of TRPC3 and mGluR1 are perturbed with loss
of GluR�2, we wondered how this might influence the mGluR1-
dependent sEPSC. We compared PF–PC responses using whole-
cell patch-clamp recordings from Purkinje cells in cerebellar
slices from ho-4J or wild-type mice. To evaluate the specific ef-
fects on the sEPSC, we first recorded AMPA-receptor-mediated
fEPSCs evoked by single-shock stimulation in the presence of
bicuculline (20 �M) and then in the same cells monitored the
mGluR1-dependent sEPSC evoked by five shocks at 100 Hz in the
presence of bicuculline plus CNQX (20 �M) using the same stim-
ulus intensity. To confirm the mGluR1-dependent component to
the response, we bath applied the mGluR1 antagonist CPCCOEt

Figure 4. GluR�2 or mGluR1 mutation does not affect immunofluorescent distribution of the interacting proteins. A–C, Immunofluorescent double labeling of sagittal cerebellar sections; the
bottom panels are magnified images of the molecular layer. Specificity of staining is confirmed by elimination of immunosignal in corresponding mutant mice. A, Punctate GluR�2 staining partially
colocalizes with mGluR1 in molecular layer of wild type. The molecular layer staining patterns for GluR�2 and mGluR1 were not dramatically altered in the mGluR1-KO or GluR�2 ho-4J/ho-4J,
respectively. B, PKC� shows strong labeling of Purkinje cell bodies, dendrites, and neuropil. The colabeling of mGluR1 and PKC� in the molecular layer was not dramatically altered in the
GluR�2 ho-4J/ho-4J, and the PKC� distribution was not changed in the mGlu1-KO. C, mGluR1 and TRPC3 partially colocalize in wild-type mouse. No obvious difference in the staining patterns was
detected in either GluR�2 ho-4J/ho-4J or mGluR1-KO. ML, Molecular layer; PC, Purkinje cell.
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(200 �M) together with bicuculline plus CNQX at the end of each
experiment (Fig. 7A1,A2).

First, we tested the input– output relationship of fEPSCs
evoked by stimulation at 20 – 80 �A, which shows a linear rela-
tionship from 100 to 500 pA in both wild-type and ho-4J mice
(Fig. 7B). One previous study reported no significant difference
in the input– output curve of fEPSC in wild-type and GluR�2-KO
(Kashiwabuchi et al., 1995), whereas another reported a reduc-
tion of fEPSCs in GluR�2-KO (Kurihara et al., 1997). Despite the
increase in AMPA receptor levels (Fig. 3), which is consistent
with a recent report (Yamasaki et al., 2011), we find no change in
the input– output for fEPSCs in the GluR�2 hypomorph. This
observation may indicate homeostatic compensation of fEPSCs
in GluR�2-deficient/GluR�2-hypomorphic mice, in which
PF–PC synapse numbers are reduced (Kurihara et al., 1997) and
AMPA receptors are increased (Yamasaki et al., 2011). To record
reliable sEPSCs, we applied a relatively strong stimulation, which
evokes �500 pA fEPSCs without spikes, for both wild-type and
ho-4J slices (Fig. 7C). The weighted tau of the fEPSC did not show
a significant difference between the two genotypes (Fig. 7D). The
amplitude of the sEPSC trended to decrease in the mutant, al-
though this was not statistically significant (Fig. 7E). The area of
the sEPSC, which represents charge transfer, was also not affected

by loss of GluR�2 (Fig. 7F). Interestingly, the onset of the sEPSC,
which is the mGluR1-dependent component, was significantly
slowed in GluR�2 ho-4J/ho-4J mice. We found significant differ-
ences in all relevant measurements, including onset of sEPSC
peak (Fig. 7G), FWHM of sEPSCs (Fig. 7H), and FWHM of
sEPSCs normalized by the fEPSC decay constant (Fig. 7I). These
results indicate that GluR�2 is not involved in the fEPSC and is
critical for generating the appropriate time course of the
mGluR1-dependent sEPSC. After the application of CPCCOEt,
we observed some residual small responses, which were slower in
ho-4J mice (Fig. 7A). We tested for potential involvement of
NMDA receptors in this response, but AP-5 did not block the
responses (Fig. 7 J,K). The residual responses after CPCCOEt
application likely reflect increased extracellular K� after parallel
fiber stimulation (Batchelor and Garthwaite, 1993).

Extrasynaptic mGluR1-mediated responses are increased in
the Purkinje cells of GluR�2 ho-4J/ho-4J mice
To quantify extrasynaptic mGluR1/TRPC3 function (Tempia
et al., 2001; Hartmann et al., 2008), we measured currents in
voltage-clamped Purkinje cells after bath application (40 s) of
DHPG, a group I mGluR1 agonist (Fig. 8 A). The DHPG-
evoked responses were stable when the drug was applied at �5

Figure 5. In GluR�2 ho-4J/ho-4J, TRPC3 partially redistributes to the Triton X-100-soluble fraction. A, Synaptosomal (Syp) and PSD fractions of mouse cerebella from wild-type, GluR�2 ho-4J/ho-4J,
and mGluR1-KO were prepared and immunoblotted. mGluR1, GluR�2, PKC�, and TRPC3 are detected in the synaptosomal and PSD fractions. The blotting profiles of PSD-95 and synaptophysin
validate the subcellular fractionations. B, Cerebellar homogenates were treated with 2.5% Triton X-100, followed by ultracentrifugation to yield supernatant (Sup) and pellet (Ppt). C, A greater
percentage of TRPC3 was detected in Triton X-100-soluble fraction in GluR�2 ho-4J/ho-4J than in wild type (GluR�2 �/�). Error bars indicate SEM. Statistical significance with respect to GluR�2 �/�

(t test). n 
 4 for each sample. *p � 0.05.
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min intervals (data not shown). At 20 and 50 �M, DHPG
evoked concentration-dependent responses that were blocked
by CPCCOEt (Fig. 8 A). As a control, we also measured GABA-
evoked currents from the same neurons (Fig. 8 A). The peak
current amplitude evoked by 20 or 50 �M DHPG were signif-
icantly increased in GluR�2 ho-4J/ho-4J mice, whereas GABA-
evoked currents were not different (Fig. 8 B1–B3). The peak
amplitude of the DHPG-evoked responses (normalized to that
by GABA-evoked responses) was significantly increased (Fig.
8 B4,B5). We also quantified the area under the curve, which
corresponds to total charge transfer, and observed a signifi-
cant increase in the DHPG-evoked, but not GABA-evoked,
responses recorded from GluR�2 ho-4J/ho-4J Purkinje cells
(Fig. 8C1–C5).

Discussion
Here we demonstrate that mGluR1 and its effector molecules
PKC� and TRPC3 interact with GluR�2 in cerebellum. Impor-
tantly, GluR�2 is critical for generating the appropriate time
course of synaptic mGluR1 signaling. This observation fits with
the common phenotypes of GluR�2 and mGluR1 mutant mice.
Altered biochemical properties of cerebellar TRPC3 and
mGluR1, Triton X-100 solubility, and surface expression in ho-4J
mice indicate that GluR�2 plays roles in the proper localization of
mGluR1 and TRPC3, and this likely explains the abnormal
sEPSC timing in GluR�2 mutant mice. In contrast, neither

GluR�2 nor mGluR1 deficiency affects the other interactions or
the levels of the other components, suggesting that neither
GluR�2 nor mGluR1 functions as a formal scaffolding protein or
auxiliary subunit.

Convergence of the mechanisms in the manifestation of
cerebellar phenotypes in mGluR1 and GluR�2 signaling
pathways
Studies of several KO mice (mGluR1, G�q, PLC�4, PKC�, and
TRPC3) demonstrate that mGluR1 signaling cascade is crucial
for cerebellar function by regulating synaptic physiology and
plasticity of Purkinje neurons (Hartmann and Konnerth, 2009).
Interestingly, loss of function in GluR�2 or its newly found ligand
Clbn1 yield phenotypes resembling those in the mGluR1-
signaling pathway (Matsuda et al., 2010; Uemura et al., 2010).
Our unbiased proteomic approach demonstrated that key bind-
ing partners of mGluR1 are GluR�2 and PKC�. Notably, the IP
experiments worked in all directions: IP with anti-mGluR1 con-
tained GluR�2 and PKC�, IP with anti-GluR�2 contained
mGluR1 and PKC�, and IP with anti-PKC� contained mGluR1
and GluR�2 (Fig. 1). We also confirmed the binding specificity
using mGluR1 and GluR�2-KO mice. These interactions are selec-
tive, because we did not identify other ionotropic/metabotropic GluRs
in the immunoprecipitates. mGluR1–PKC�–TRPC3 interactions may
facilitate functional coupling of this signaling cascade. PKCs are classical
effectors of G�q-coupled GPCRs (Knöpfel and Grandes, 2002); TRPC3

Figure 6. Effects of mGluR1 and GluR�2 mutation on surface expression of interacting proteins. Mouse cerebellar slices were treated with a membrane-impermeable biotinylation reagent to
mark cell-surface proteins. Total, internal, and surface proteins were resolved by SDS-PAGE and subjected to immunoblotting. GluR�2 mutation increased surface expression of TRPC3 and mGluR1,
whereas other components were unchanged. mGluR1b is the shorter splice variant of mGluR1. �3-Tubulin and/or synaptophysin served as internal protein controls. Error bars indicate SEM.
Statistical significance with respect to GluR�2 �/� (t test). n 
 4 for mGluR1, mGluR1b, TRPC3, and GluK2/3. n 
 3 for GluA2, synaptophysin, and �3-tubulin. *p � 0.05.
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Figure 7. GluR�2 ho-4J/ho-4J alters the time course of the mGluR1-dependent sEPSC at PF–PC synapses. A, Typical traces of sEPSCs recorded from wild-type or GluR�2 ho-4J/ho-4J mice. Application
of the mGluR1 antagonist CPCCOEt blocks sEPSCs. Inset shows corresponding fEPSCs, which are blocked by CNQX. B, GluR�2 ho-4J/ho-4J shows a similar fEPSC input– output relationship as wild type.
C, Stimulation intensity for fEPSCs and sEPSCs was set to evoke similar fEPSC amplitudes (�500 pA). D, The decay constant of fEPSCs was not affected by GluR�2 (Figure legend continues.)
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is responsible for mGluR1-mediated synaptic cation influx into Pur-
kinje neurons at PF–PC synapses (Hartmann et al., 2008), and PKC
phosphorylation negatively regulates TRPC3 channel (Venkatachalam
et al., 2003).

Formation and localization of
mGluR1–GluR�2–PKC�–TRPC3 proteins
mGluR1–TRPC3–PKC� interactions do not require wild-type
levels of GluR�2 ho-4J/ho-4J, and mutation of GluR�2 does not
abolish postsynaptic localization of TRPC3/mGluR1. These ob-
servations suggest the involvement of additional scaffolding pro-
teins, which could include TRPC3 or PKC�. Because mGluR1
and GluR�2 do not interact in cerebral cortex, the relevant scaf-
folding proteins are likely enriched in cerebellum. Furthermore,
the C-terminal region of GluR�2 contains at least three domains
for the interactions with PDZ proteins (Roche et al., 1999; Ue-

4

(Figure legend continued.) mutation. E, The amplitude of sEPSCs was not changed significantly
by GluR�2 mutation. F, The integrated area of the CPCCOEt-sensitive sEPSC was not affected by
GluR�2 mutation. G, The onset of the sEPSC was significantly slowed in GluR�2 ho-4J/ho-4J. The
average duration between the stimulus and the peak of the sEPSC was calculated. H, The
average FWHM for the CPCCOEt-sensitive sEPSC was calculated. I, FWHM of sEPSC was normalized by
the decay constant of fEPSC. The kinetics of sEPSCs was specifically slowed in GluR�2 ho-4J/ho-4J mice.
Error bars indicate SEM. C–F, GluR�2 �/� (n 
 18) and GluR�2 ho-4J/ho-4J (n 
 11). G–I,
GluR�2 �/� (n 
 18) and GluR�2 ho-4J/ho-4J (n 
 7). The waveforms of sEPSC in 4 of 11
samples recorded from GluR�2 ho-4J/ho-4J Purkinje cells were too small to evaluate, so we omit-
ted these samples from G–I. J, K, NMDA receptors are not involved in the slower synaptic
responses at PF–PC synapses in GluR�2 ho-4J/ho-4J. J, Typical sEPSC traces from wild-type and
GluR�2 ho-4J/ho-4J in the presence or absence of 100 �M AP-5. All responses were evoked by five
pulses at 100 Hz in the presence of 20 �M bicuculline and 40 �M CNQX. K, Quantified AP-5-
sensitive charge transfer. Statistical significance with respect to GluR�2 �/� (t test). **p �
0.01, ***p � 0.001.

Figure 8. DHPG-evoked currents are increased in Purkinje cells from GluR�2 ho-4J/ho-4J mice. A, Typical traces recorded from wild-type or GluR�2 ho-4J/ho-4J Purkinje cells evoked by GABA (1 mM),
DHPG (20 and 50 �M), or CPCCOEt (200 �M) plus DHPG (50 �M). B, Quantified peak amplitude of the GABA- and DHPG-evoked responses. C, Quantified area under the curve of GABA- and
DHPG-evoked responses. Error bars indicate SEM. Statistical significance with respect to GluR�2 �/� (t test). *p � 0.05.
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mura et al., 2004; Yawata et al., 2006). The PDZ-binding domain
at the C terminus, designated as the T site, interacts with several
PSD proteins, including PSD-93, PTPMEG, and delphilin
(Roche et al., 1999; Hironaka et al., 2000; Miyagi et al., 2002). The
second PDZ-binding domain in the middle of the C-terminal
region, designated as the S segment, interacts with Shank scaffold
proteins (Uemura et al., 2004). The membrane-proximal domain
of the C-terminal region binds to PICK1 (Yawata et al., 2006).
Lack of the Shank-binding S segment results in a moderate de-
crease of GluR�2 at the PSD (Yasumura et al., 2008). Clearly,
multiple scaffold proteins localize GluR�2 at postsynaptic sites of
PF–PC synapses. Interacting proteins for mGluR1 have also been
identified. The N termini of postsynaptically localized Homer-1,
Homer-2, and Homer-3 bind to the cytoplasmic tail of mGluR1a
(Xiao et al., 2000; Ehrengruber et al., 2004). Although these scaf-
folding proteins interact with GluR�2 and mGluR1, we did not
detect them in our IP–mass spectroscopy studies. This discrep-
ancy may be explained by our use of formaldehyde fixation fol-
lowed by SDS solubilization. Formaldehyde fixation may not
efficiently crosslink PDZ proteins/ligand complexes.

Physiological relevance of
GluR�2–mGluR1–PKC�–TRPC3 interactions
Mutation of GluR�2 increases levels of Triton X-100-soluble,
surface-exposed TRPC3/mGluR1 and augments DHPG-evoked
responses. In contrast, the amplitude of synaptic mGluR1/
TRPC3-mediated sEPSCs in GluR�2 ho-4J/ho-4J is not increased
but their onset is slowed. These results indicate that loss of
GluR�2 increases extrasynaptic mGluR1/TRPC3. Potential
mechanisms are as follows. In the GluR�2-KO mouse, cerebellar
architecture is grossly normal, and Purkinje cells elaborate den-
dritic arbors and spines (Kashiwabuchi et al., 1995; Hashimoto et
al., 2001b); however, the KO mouse has misaligned PF–PC syn-
apses, and numerous free spines emerge (Kurihara et al., 1997).
This morphological abnormality is explained by the lack of inter-
action between the PF–PC synapse organizers neurexin–Clbn1–
GluR�2 (Matsuda et al., 2010; Uemura et al., 2010; Matsuda and
Yuzaki, 2011; Lee et al., 2012). The generation of free spines was
also reported in GluR�2 ho-4J/ho-4J (Lalouette et al., 2001). Reduc-
tion of functional PF–PC synapses may be homeostatically com-
pensated by an increase in surface mGluR1/TRPC3. Indeed,
synaptic responses mediated by AMPA receptors at PF–PC syn-
apses are not changed (Kashiwabuchi et al., 1995) (Fig. 7) or may
even be decreased (Kurihara et al., 1997), whereas AMPA recep-
tor expression levels and the localization of AMPA receptors at
PF–PC synapses are increased (Yamasaki et al., 2011) (Fig. 6).
This observation implies that abnormal PF–PC synapse forma-
tion results in homeostatic compensation of AMPA-receptor-
mediated responses as well.

In GluR�2 ho-4J/ho-4J mice, fEPSCs are normal, and the onset of
sEPSCs is delayed. The precise mechanism for this selective
change is not clear. sEPSCs are elicited by strong synaptic stimu-
lation, which causes “spillover” of released glutamate. Accord-
ingly, sEPSC are significantly increased by inhibitors of glutamate
transporters (Reichelt and Knöpfel, 2002). Our data indicate that
the time course, but not the amplitude or the total charge transfer
of sEPSCs, is impaired in the GluR�2 ho-4J/ho-4J. These results sug-
gest that the altered localization of TRPC3/mGluR1 and/or the
altered synapse formation in GluR�2 mutants result in delayed
onset and increased duration of sEPSCs. This latter notion fits
with the reported ultrastructural defects in synapse formation
with loss of GluR�2 (Kashiwabuchi et al., 1995; Kurihara et al.,
1997; Takeuchi et al., 2005).

The protein interactions among mGluR1, GluR�2, PKC�, and
TRPC3 may also be relevant to human movement disorders, es-
pecially spinocerebellar ataxia (SCA), which can involve abnor-
mality of Purkinje cell function. More than 30 genetic type of SCA
have been identified and dominantly inherited mutations in
PKC� cause SCA14. Most disease-causing mutations in PKC�
occur in the C1 domain, which binds DAG and is necessary for
translocation and regulation of PKC�. Although the C1 domain
mutants display kinase activity, they are unable to phosphorylate
and thereby inactivate TRPC channels in vivo (Adachi et al.,
2008). This failure to phosphorylate TRPC3 channels alters Ca 2�

homeostasis, which likely contributes to neurodegeneration
(Matilla-Dueñas et al., 2010). This fits with the progressive Pur-
kinje cell loss in moonwalker mice whose TRPC3 channel is mu-
tated such that cannot be phosphorylated and inactivated by
PKC� (Becker et al., 2009). Furthermore, auto-antibodies to
GluR�2 are found in patients with acute cerebellar ataxia, acute
cerebellitis, and steroid-responsive chronic cerebellitis (Shiihara
et al., 2007; Shimokaze et al., 2007; Kubota and Takahashi, 2008;
Fukuoka et al., 2012; Kinno et al., 2012; Matsumoto et al., 2012).
Also, auto-antibodies to mGluR1 are associated with neoplastic
cerebellar ataxia (Marignier et al., 2010; Sillevis Smitt et al., 2000;
Coesmans et al., 2003). Pharmacological regulation of the
GluR�2/mGluR1/PKC�/TRPC network identified here might
therefore be therapeutic.
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