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Membrane-Proximal Region of Glutamate Receptor �2
Subunit Is Critical for Long-Term Depression and
Interaction with Protein Interacting with C Kinase 1 in a
Cerebellar Purkinje Neuron
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The glutamate receptor �2 subunit (GluR�2) is selectively expressed in cerebellar Purkinje neurons (PNs) and is involved in the long-term
depression (LTD). However, little is known about the mechanism of its action. Acute expression of the wild-type GluR�2 in the GluR�2-
deficient PN rescued the induction of LTD, suggesting the direct role of GluR�2 in LTD. To identify the critical region of GluR�2 necessary
for LTD, we constructed and expressed various mutant GluR�2 proteins in the GluR�2-deficient PNs. The mutant GluR�2 possessing the
membrane-proximal 21 aa residues in the C-terminal cytoplasmic region rescued the induction of LTD, whereas the mutant with
membrane-proximal 13 aa failed. In addition, overexpression of 865�871 aa of GluR�2 (corresponding to membrane-proximal 14 –20
aa) fused to EGFP (enhanced green fluorescent protein) suppressed LTD in a wild-type PN. These results suggest that 865�871 aa of
GluR�2 play an essential role in LTD. We next identified protein interacting with C kinase 1 (PICK1) as a molecule interacting with the
membrane-proximal C-terminal region of GluR�2 by yeast two-hybrid screening. PICK1 plays an essential role in LTD. It colocalized with
GluR�2 at spines of PNs, and immunoprecipitation assays showed that GluR�2 bound to PICK1 mainly through 865– 871 aa. These results
indicate that 865– 871 aa of GluR�2 are essential for both LTD and interaction with PICK1, and suggest that interaction between GluR�2
and PICK1 might be critical for the induction of LTD.
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Introduction
At most excitatory synapses in the mammalian CNS, fast neuro-
transmission is mediated by glutamate, which activates postsyn-
aptic ionotropic glutamate receptor channels (GluRs) (Holl-
mann and Heinemann, 1994). GluRs have been classified into
three major groups by pharmacological and electrophysiological
properties. They are AMPA, kainate, and NMDA receptors. On
the other hand, 18 GluR subunit genes have been cloned, which
are classified into seven subfamilies based on the amino acid
sequence homology. Among them, the � subfamily comprised of
GluR�1 and GluR�2 has not been related to any of AMPA, kai-
nate, or NMDA receptors (Yamazaki et al., 1992; Araki et al.,
1993; Lomeli et al., 1993). GluR�2 is selectively expressed in a
cerebellar Purkinje neuron (PN), and highly concentrated at the
postsynaptic density (PSD) of parallel fiber–PN synapses, but not

found at the mature climbing fiber–PN synapses (Takayama et
al., 1996; Landsend et al., 1997). The functions of GluR�2 have
been elusive. The sequence similarity to other GluR subunits sug-
gests that GluR�2 is likely to be a GluR subunit, and GluR�2
coimmunoprecipitated with other GluR subunits such as GluR1
and GluR6 in heterologous expression studies using human em-
bryonic kidney 293 (HEK293) cells (Kohda et al., 2003). It is also
known that the GluR�2 with lurcher mutation forms a constitu-
tively open ion channel in a PN (Zuo et al., 1997). However, so far
neither glutamate binding to GluR�2 (Araki et al., 1993; Lomeli et
al., 1993) nor incorporation of GluR�2 into any native GluRs in
neurons has been demonstrated.

The first clue of GluR�2 function was obtained in cultured
PNs treated with the antisense oligonucleotides, which impaired
the cerebellar long-term depression (LTD) (Hirano et al., 1994;
Jeromin et al., 1996). The LTD is a type of synaptic plasticity
occurring at parallel fiber–PN synapses. It is induced by conjunc-
tive activation of parallel fibers and a climbing fiber, and has been
considered as a cellular basis for motor learning (Ito, 2001). De-
polarization, metabotropic glutamate receptor 1 (mGluR1) and
AMPA receptor activation, and following protein kinase C (PKC)
activation in a PN are required for the induction of LTD (Crepel
and Krupa, 1988; Linden and Connor, 1991; Shigemoto et al.,
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1994; De Zeeuw et al., 1998). Phosphorylation of the GluR2
Ser880 residue by PKC suppresses interaction between GluR2
and glutamate receptor interacting protein (GRIP), resulting in
release of GluR2 containing AMPA receptor from GRIP. GluR2
then binds to protein interacting with C kinase 1 (PICK1) and is
endocytosed (Matsuda et al., 1999, 2000; Chung et al., 2000; Xia
et al., 2000). The above is the current scheme for the induction of
LTD. We wanted to find the role of GluR�2 in the molecular
cascade. Here, we show that GluR�2 is directly implicated (not
through developmental alteration of a PN) in LTD, and demon-
strate that the membrane-proximal C-terminal region is essential
for both the induction of LTD and binding to PICK1.

Materials and Methods
Culture. Methods of preparing primary culture of cerebellar neurons
from wild-type and GluR�2 knock-out mouse (provided by M. Mishina,
Tokyo University, Tokyo, Japan) were similar to those described previ-
ously (Hirano and Kasono, 1993). Briefly, cerebella were dissected out
from newborn pups, and their meninges were removed. The cerebella
were incubated in Ca 2�- and Mg 2�-free HBSS containing 0.1% trypsin
and 0.01% DNase for 15 min at 37°C. Neurons were dissociated by trit-
uration and cultured on poly-D-lysine-coated coverslips in a basal me-
dium Eagle-based medium containing 3–5% horse serum for 48 h and
then for �3 weeks in a medium without serum. One-half of the culture
medium was exchanged every 4 d.

Immunocytochemistry. Cultured neurons were fixed with 4% parafor-
maldehyde in PBS for 10 min at room temperature (20 –25°C). After
permeabilization in 0.5% Tween 20 in PBS, samples were processed for
immunofluorescent staining. Primary and secondary antibodies used for
staining were as follows: mouse monoclonal anti-calbindin-28 (Swant,
Bellinzona, Switzerland), rabbit polyclonal anti-hemagglutinin (HA)
epitope (Upstate Biotechnology, Lake Placid, NY), chick polyclonal anti-
green fluorescent protein (GFP) (Chemicon, Temecula, CA), rabbit
polyclonal anti-GluR�2 (provided by M. Watanabe, Hokkaido Univer-
sity, Hokkaido, Japan), and Alexa 488- or Alexa 568-conjugated goat
anti-rabbit, anti-mouse, or anti-chick secondary antibodies (Invitrogen,
Eugene, OR). After washing, the coverslip was mounted with glycerol-
based medium AntiFade (Invitrogen) and observed with a confocal mi-
croscope (CSU 10; Yokogawa Electric Corporation, Musashino, Japan)
equipped on Eclipse E800 (Nikon, Tokyo, Japan).

For cell surface staining of GluR�2 or its mutants, cultured neurons were
treated with the anti-HA epitope antibody without permeabilization. Then,
cells were permeabilized and treated with the anti-GFP antibody.

Electrophysiology. Whole-cell patch-clamp recording from a PN grown
in culture for 3 weeks was performed in the solution containing the
following (in mM): 145 NaCl, 5 KOH, 2 CaCl2, 1 MgCl2, 10 HEPES, and
10 glucose, pH 7.3, at room temperature. It also contained 1 �M tetrodo-
toxin (Tocris, Bristol, UK) to suppress action potential and 20 �M bicu-
culline (Tocris) to suppress GABAergic IPSCs. A PN was identified as
described previously (Hirano and Kasono, 1993). Patch pipettes were
filled with the internal solution containing the following (in mM): 150
CsCl, 15 CsOH, 0.5 EGTA, 10 HEPES, 2 Mg-ATP (Sigma, St. Louis, MO)
and 0.2 Na-GTP (Sigma), pH 7.3. The electrode resistance was 3–5 M�.
The membrane potential of a PN was held at �70 mV unless otherwise
stated. Only recording with an input resistance of �100 M� and series
resistance of �30 M� was accepted, and an experiment was terminated
when a change of �20% was detected. The recording was performed with
an EPC-9 amplifier (HEKA, Lambrecht, Germany), and the current was
filtered at 2.9 KHz. The junction potential was offset. The method for
iontophoretic application of glutamate was similar to that of previous
studies (Linden et al., 1991; Hirano et al., 1994). A glass pipette contain-
ing 10 mM glutamate and 10 mM HEPES, pH 7.3, was aimed at the
primary or secondary dendrites of a PN. 3,5-Dihydroxyphenylglycine
(DHPG) was applied from a pipette containing 2 mM DHPG and 10 mM

HEPES, pH 6.5. The voltage-dependent calcium current was recorded by
depolarizing a PN to �30 mV for 80 ms. The series resistance compen-
sation was optimized. SKEDDKE or DKESDKE (control) peptide (100
�M; Invitrogen) was added to the internal solution in some experiments.

Expression vector. Expression vectors of HA-GluR�2 and mutants were
constructed as follows. The fragment containing signal peptide and HA
epitope tag of pDisplay (Invitrogen) was ligated into pCXN2 (Niwa et al.,
1991), and the full-length and mutant GluR�2 [C(50 –151)del, C(5–
48)del, and SKEDDKE-del] cDNAs except for the signal sequence were
ligated into the vector after the HA tag. The GluR�2 cDNA was provided by
M. Mishina. GluR�2 mutants (C21 and C13) were cloned by PCR and li-
gated into pCAGplay (Kawaguchi and Hirano, 2006). SKEDDKE-EGFP was
generated by annealing two complementary oligonucleotides and ligating
into pEGFP-N1 (Clontech, Palo Alto, CA). PICK1 mutants were cloned by
PCR and ligated into pEGFP-N1.

Microinjection of cDNAs. The plasmid DNA of interest (0.034 mg/ml)
together with EGFP cDNA (pEGFP-N1; 0.017 mg/ml; Clontech) was
microinjected into a nucleus of PN through a glass capillary (GD-1;
Narishige, Tokyo, Japan) with positive pressure (Transjector 5246; Ep-
pendorf, Hamburg, Germany) using a micromanipulator. After incubat-
ing for 16 – 48 h in the culture medium, injected PNs were identified by
the enhanced green fluorescent protein (EGFP) fluorescence and used
for electrophysiological or immunocytochemical experiments.

Yeast two-hybrid screening assay. Yeast two-hybrid assay was per-
formed using the ProQuest Two-Hybrid System (Invitrogen), in which
interaction of a bait fusion protein with an expressed protein results in
GAL4-dependent transcription activation of HIS3, URA3, and LacZ re-
porter genes. The bait sequence (852–907 aa of GluR�2) was fused to the
yeast GAL4 DNA-binding domain in pDBLue and transfected into
MaV203 yeast cells. Then, a mouse brain cDNA library comprising
cDNAs fused to the GAL4 activation domain in pPC86 was subsequently
introduced into these cells. Positive clones were first detected for the ability to
grow on the plate lacking leucine, tryptophan, and histidine. They were
selected further by their ability to grow on the plate lacking uracil, followed
by the �-galactosidase assay. Plasmids were isolated from the yeast cells that
were positive in all three assays, and the DNA sequence was determined.

Immunoprecipitation. Transfected HEK293T cells were suspended in
NP-40 buffer [150 mM NaCl, 5 mM EDTA, 10 mM Tris, 1% (v/v) Nonidet
P-40, and the protease inhibitor mixture (Nacalai Tesque, Kyoto, Japan),
pH 7.5]. The insoluble fraction was removed by centrifugation at 15,000
rpm for 20 min, and the supernatant was preincubated with the pre-
cleaned protein A-Sepharose (Amersham Biosciences, Uppsala, Sweden)
for 1 h at 4°C. After centrifugation, the supernatant was incubated with 2
�g of the anti-HA antibody (Upstate Biotechnology), the anti-GFP an-
tibody (Invitrogen), the anti-PICK1 antibody (Affinity BioReagents,
Golden, CO), the anti-GluR�2 antibody, or preimmune IgG for 1 h at
4°C, and then incubated with protein A-Sepharose for 1 h at 4°C. After
washing three to six times with NP-40 buffer, the immunoprecipitated
fraction was boiled for 5 min in Laemmli sample buffer and subjected to
Western blot analysis.

For immunoprecipitation assay using the mouse brain lysate, adult
brains were homogenized in the ice-cold homogenization buffer [150
mM NaCl, 5 mM EDTA, 1% (v/v) Triton X, 1% (v/v) deoxycholate, 10 mM

Tris, pH 7.5, and the protease inhibitor mixture] and incubated for 1 h at
4°C. The insoluble fraction was removed by centrifugation, and the sam-
ple was then dialyzed with NP-40 buffer overnight and centrifuged again.
The supernatant was then immunoprecipitated with the anti-PICK1 (Af-
finity BioReagents) or the anti-GluR�2 antibody. Western blot of PICK1
after immunoprecipitation with the anti-GluR�2 antibody was per-
formed using the concentration gradient gel (2–15%; PAG mini DAII-
CHI; Daiichi Pure Chemicals, Tokyo, Japan). Primary and secondary anti-
bodies used for Western blot were as follows: rabbit polyclonal anti-HA
epitope antibody, mouse monoclonal anti-GFP antibody (Nacalai Tesque),
rabbit polyclonal anti-GluR�2 antibody, goat polyclonal anti-PICK1 anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA), and HRP-conjugated
goat anti-rabbit, anti-mouse, or anti-goat IgG antibodies (Chemicon).

Results
GluR�2 expression rescued LTD in GluR�2-deficient PNs
Previous studies showed that GluR�2 is necessary for LTD
(Hirano et al., 1994, 1995; Kashiwabuchi et al., 1995; Jeromin et
al., 1996). However, the impairment of LTD might be indirectly
caused by the GluR�2 deficiency through developmental alter-
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ation of PN conditions such as the change in basal level of a
second messenger molecule. To examine whether GluR�2 is di-
rectly implicated in the induction of LTD, we transfected the
expression construct encoding wild-type GluR�2 by microinjec-
tion into the nucleus of GluR�2-deficient cultured PN. The con-
struct encoding EGFP was coinjected to identify the transfected
PNs. The overexpressed GluR�2 protein was found at dendritic
spines as endogenous GluR�2 (Fig. 1A–C) and rescued LTD
16 – 48 h after the microinjection (Fig. 1D). Here, LTD was in-
duced by conjunction of direct depolarization of a PN (0 mV for

3 s; 0.05 Hz; nine times) with brief application of glutamate to
primary or secondary dendrites of the PN, and LTD was moni-
tored with the glutamate responsiveness (Linden et al., 1991;
Shigemoto et al., 1994). The amplitude of glutamate response be-
came 62.0 � 6.9% [wild type (WT); n � 10], 97.8 � 4.8% [knock-
out (KO); n � 8], and 67.0 � 5.6% [transfected (TR); n � 6] 30 min
after the conjunctive conditioning ( p � 0.05 between KO and WT
or TR; Student’s t test). Transfection of GluR�2 did not affect the
input resistance, holding current, AMPA receptor responsiveness
reflected in miniature EPSC (mEPSC) properties, mGluR respon-
siveness, and amplitude of voltage-dependent calcium current (Ta-
ble 1). The latter three are known to be required to induce LTD.
These results suggest that GluR�2 is involved in the intracellular
signal transduction for the induction of LTD.

Membrane-proximal region of GluR�2 is essential for LTD
Next, we tried to identify the region of GluR�2 essential for the
induction of LTD. We constructed various deletion mutants of
GluR�2 and expressed them in the GluR�2-deficient PNs (Fig.
2A). We focused on the cytoplasmic C-terminal region, because
we thought that interaction of GluR�2 with some cytoplasmic
proteins might be essential and that several molecules have been
identified to bind to that region (Hirai and Matsuda, 1999; Roche
et al., 1999; Hironaka et al., 2000; Ly et al., 2002; Miyagi et al.,
2002; Yue et al., 2002; Yap et al., 2003a,b; Uemura et al., 2004). All
truncated mutant GluR�2 proteins including those lacking the
PSD-95/Discs large/zona occludens-1 (PDZ)-binding motif in
the C-terminal tail were transported to cell surface and mainly
localized in dendritic spines as wild-type GluR�2 (Fig. 2D). De-
spite the importance of PDZ-binding motif in interaction with
several postsynaptic molecules, our results suggest that PDZ in-
teraction of GluR�2 is dispensable for localization in dendritic
spines. Transfection of the deletion mutant lacking C-terminal
50 –151 aa [C(50 –151)del] rescued LTD (69.3 � 4.7%; p � 0.05
compared with KO; n � 5). In contrast, transfection of the dele-
tion mutant lacking most of C-terminal cytoplasmic region ex-
cept for membrane-proximal 5 aa (C5) and the mutant lacking
C-terminal 5– 48 aa [C(5– 48)del] failed to rescue LTD (83.7 �
5.0%, n � 5; 92.9 � 6.2%, n � 6, respectively) (Fig. 2B). These
results indicate that C(5– 48) of GluR�2 is essential for LTD. To
further define the critical region for LTD, we next examined the
GluR�2 mutants lacking most of the C terminus except for the
membrane-proximal 21 aa (C21) or 13 aa (C13). Transfection of
C21 rescued LTD (69.3 � 6.4%; n � 5; p � 0.05, compared with
KO), whereas C13 failed (88.0 � 2.3%; n � 6) (Fig. 2C), suggest-
ing that the region including C(14 –21) of GluR�2 plays a critical
role in the induction of LTD. Transfection of neither C21 nor C13
affected the basal properties of PNs (Table 1). One possibility is
that the C(14 –21) sequence (SKEDDKEI) of GluR�2 binds to an
intracellular signaling molecule implicated in LTD. To test this,
PNs were transfected with the EGFP-conjugated C(14 –20) pep-
tide (SKEDDKE-EGFP) which might interfere binding of
GluR�2 with the postulated signaling molecule (Fig. 3A). Non-
polar isoleucine at C21 was not included in the peptide. The
transfection suppressed LTD (102.2 � 8.4%; n � 7), whereas that
of EGFP did not (62.8 � 7%; n � 6; p � 0.05) (Fig. 3B). The
transfection did not affect the basal properties of PNs (Table 1).
Furthermore, intracellular application of SKEDDKE peptide
(100 �M) suppressed LTD (84.8 � 5.5%; n � 7; p � 0.05),
whereas application of control peptide (DKESDKE) did not
(68.4 � 3.8%; n � 7) (Fig. 3C). These results suggest that GluR�2
might interact with a certain molecule through C(14 –20), which
might be essential for the induction of LTD.

Figure 1. Rescue of LTD by overexpression of GluR�2 in the GluR�2-deficient PN. A–C,
Localization of endogenous GluR�2 (A; red) and transfected GluR�2 (C; red) are shown with
calbindin signal (green) in PN dendrites. Both endogenous and transfected GluR�2 are mainly
localized at spines (arrows), although the transfected GluR�2 signal was stronger than the
endogenous one in most cells. The arrowheads indicate cell bodies. Scale bars: left, 10 �m;
right, 5 �m. D, LTD of glutamate responsiveness was not induced in PNs prepared from GluR�2-
deficient mice (KO). Acute expression of GluR�2 in the GluR�2-deficient PN rescued LTD (TR).
LTD was induced by glutamate application coupled with depolarization of the PN at 0 min. Error
bars indicate SEM. Representative traces of glutamate-induced currents before (0 min) and 30
min after the conjunctive conditioning were presented at the bottom.
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PICK1 interacts with GluR�2
To identify proteins interacting with the membrane-proximal
region of GluR�2 C terminus, we performed yeast two-hybrid
screening using GluR�2 C(1–56) as bait. After screening of over
10 6 clones in a mouse brain cDNA library, six candidates were
obtained. Among them, three were encoding PICK1, which is a
PSD protein originally isolated as a PKC� binding protein
(Staudinger et al., 1995). It has a PDZ domain, a Bin/Amphiphy-
sin/Rvs (BAR) domain containing a coiled-coil region, and an
acidic region (Staudinger et al., 1997; Xia et al., 1999; Boudin and
Craig, 2001; Peter et al., 2004).

To examine interaction between GluR�2 and PICK1 further,
we stained the wild-type PNs expressing PICK1 fused with EGFP
(PICK1-EGFP) with the anti-GluR�2 antibody and the anti-GFP
antibody. As shown in Figure 4A, PICK1-EGFP colocalized with
GluR�2 at dendritic spines of PNs. Next, we performed immu-
noprecipitation experiments. We expressed PICK1-EGFP fusion
protein together with HA-GluR�2 in HEK293T cells. The anti-
GFP antibody coimmunoprecipitated HA-GluR�2, and the
anti-HA antibody coimmunoprecipitated PICK1-EGFP in the
cell lysates (Fig. 4B,C). Next, to examine the in vivo interaction, a
coimmunoprecipitation experiment was performed using the
cell lysate prepared from the mouse cerebellum. GluR�2 was co-
immunoprecipitated by the anti-PICK1 antibody, and PICK1
was coimmunoprecipitated by the anti-GluR�2 antibody (Fig.
4D,E). These results indicate that PICK1 binds to GluR�2 both in
HEK293T cells and in the cerebellum.

Interacting regions of GluR�2 and PICK1
To identify the interacting region of GluR�2 with PICK1, we
expressed PICK1 and the various C-terminal regions of GluR�2
fused to enhanced yellow fluorescent protein (EYFP) in
HEK293T cells, and performed coimmunoprecipitation experi-
ments using the anti-PICK1 antibody. The fusion protein con-
taining the 20 aa in GluR�2 membrane-proximal C terminus
[C(1–20)] bound to PICK1; however, that containing C(1–18)
failed (Fig. 5A). Next, we performed coimmunoprecipitation ex-
periments with the mutant GluR�2 lacking C(14 –20)
(SKEDDKE-del). Little PICK-EGFP was immunoprecipitated
with the anti-HA antibody recognizing HA-SEKDDKE-del (Fig.
5B). We also examined interaction between SKEDDKE-EGFP
and PICK1. SKEDDKE-EGFP was immunoprecipitated with the
anti-PICK1 antibody (Fig. 5C). Next, we examined whether
SKEDDKE-EGFP interferes binding of GluR�2 to PICK1.
PICK1-EGFP and HA-GluR�2 were cotransfected with either
SKEDDKE-EGFP or EGFP in HEK293T, and the cell lysate was

immunoprecipitated with the anti-HA antibody and immuno-
blotted with the anti-GFP antibody. Expression of SKEDDKE-
EGFP decreased the amount of PICK1-EGFP in the precipitate
(46.3 � 15.6%; n � 5; p � 0.01; Mann–Whitney U test) (Fig. 5D).
These results suggest that GluR�2 bound to PICK1 mainly through
C(14–20) (SKEDDKE). Thus, the membrane-proximal region
C(14–20) is necessary for both LTD and interaction with PICK1.

Next, we tried to identify the region of PICK1 essential for
interaction with GluR�2. We constructed numbers of PICK1 de-
letion mutants (Fig. 6A) and performed coimmunoprecipitation
experiments. As shown in Figure 6B, 245–278 aa of PICK1 fused
to EGFP [PICK(245–278)] was clearly immunoprecipitated by
the anti-HA antibody recognizing HA-GluR�2, whereas
PICK(1–120) and PICK(274 – 416) were only slightly immuno-
precipitated. Thus, the major interacting region of PICK1 with
GluR�2 seems to be located in 245–278 aa, although involvement
of other regions cannot be excluded. Then, we examined whether
PICK(245–278) interferes with interaction between GluR�2 and
PICK1. Coexpression of GluR�2, PICK1, and PICK(245–278) did
not decrease PICK1 precipitates by the anti-HA antibody, but rather
increased (data not shown). Thus, PICK(245–278) could not be
used as a molecular tool interfering with interaction between PICK1
and GluR�2. The 245–278 aa of PICK1 might be involved in mul-
timerization of PICK1 (Peter et al., 2004; Lu and Ziff, 2005). To-
gether, it is suggested that GluR�2 binds to PICK1 mainly through
interaction of GluR�2 C(14–20) and PICK1(245–278).

Discussion
The LTD is not induced in a PN in which GluR�2 is knocked out
or down (Hirano et al., 1994, 1995; Kashiwabuchi et al., 1995;
Jeromin et al., 1996). Transgenic expression of GluR�2 in the
GluR�2-deficient PN rescues the induction of LTD (Hirai et al.,
2005), supporting involvement of GluR�2 in LTD. However, the
possibility that impairment of LTD in the GluR�2-deficient PNs
might be caused by developmental alteration of PN properties
can not be excluded. To examine this issue, we expressed GluR�2
acutely in the GluR�2-deficient PN by microinjection of cDNA
into the nucleus and examined LTD. We showed that the trans-
fected GluR�2 was located at dendritic spines as endogenous
GluR�2, and rescued LTD within 16 h. These results support the
idea that GluR�2 is directly involved in the induction of LTD.

Here, we identified the critical region of GluR�2 required for
LTD by expressing various GluR�2 mutants in the GluR�2-
deficient PNs. We focused on the C-terminal cytoplasmic region,
because most GluR subunits have a PDZ binding motif at the
extreme C terminus to which numbers of PSD proteins bind

Table 1. Effects of transfection on the basal properties of PNs

Ca2� current (nA) DHPG (%)

mEPSC

Amplitude (pA) Frequency (Hz) Rise time (ms) Half-width (ms)

WT 5.7 � 3.3 (13) 100 � 42 (24) 17 � 6 5.9 � 2.5 2.6 � 0.8 7.8 � 2.3 (7)
EGFP 5.7 � 1.4 (11) 110 � 43 (10) 16 � 5 7.5 � 6.5 2.4 � 0.7 7.2 � 2.0 (10)
SKEDDKE-EGFP 5.9 � 3.0 (11) 106 � 33 (10) 20 � 6 6.8 � 7.4 2.5 � 0.6 7.9 � 1.4 (9)

SKEDDKE peptide 4.9 � 2.4 (11) 95 � 32 (9) 16 � 5 10.0 � 3.7 2.2 � 0.3 8.0 � 1.1 (8)
Control peptide 5.3 � 2.5 (10) 88 � 37 (8) 19 � 4 8.5 � 5.0 2.3 � 0.6 7.4 � 1.4 (10)

KO 5.7 � 2.8 (11) 100 � 33 (40) 21 � 4 12.6 � 12.1 2.1 � 0.5 7.6 � 1.6 (9)
�2 6.3 � 3.0 (11) 89 � 20 (9) 18 � 6 7.8 � 5.0 2.4 � 0.6 8.0 � 1.2 (10)
C21 5.3 � 3.4 (11) 112 � 30 (7) 16 � 5 11.8 � 9.6 2.5 � 0.4 8.0 � 1.8 (10)
C13 5.3 � 3.7 (11) 87 � 23 (9) 19 � 9 9.8 � 7.6 2.1 � 0.6 6.8 � 1.2 (10)

The peak voltage-dependent calcium currents were measured during 80 ms depolarization of a PN to �30 mV. DHPG responses were measured by iontophoretic application of DHPG to primary or secondary dendrites. The amplitudes of
DHPG-induced currents in the transfected PNs were compared with the average amplitude of 8 –10 nontransfected PNs in the same culture. The amplitude, frequency, 10 –90% rise time, and half-height width of mEPSCs are presented. N
is presented in the parentheses.

Yawata et al. • GluR�2 and PICK1 Interaction in Cerebellar LTD J. Neurosci., April 5, 2006 • 26(14):3626 –3633 • 3629



(Kim and Sheng, 2004). It is known that these interactions are
important for receptor localization and function. GluR�2 C ter-
minus is also known to interact with several proteins via the PDZ
binding motif (Roche et al., 1999; Hironaka et al., 2000; Miyagi et

Figure 2. Themembrane-proximalC-terminalresiduesofGluR�2areessential forLTD.A,GluR�2
mutant constructs with deletions in the C terminus. All of these proteins have HA tag in the amino
terminus. The residue number is counted from the end of last transmembrane segment (TM4). PDZ-
binding motif (PDZ) is located at the extreme C terminus. Acidic amino acids in C(14 –21) are under-
lined, and basic amino acids are written in italic characters. B, C, LTD in the PNs transfected with one of
GluR�2 mutant cDNAs. Error bars indicate SEM. D, Cell surface staining of the transfected mutant
GluR�2 proteins. The anti-HA antibody (red) recognized the mutant GluR�2 proteins on the cell
surface. Intracellular EGFP (green) was also stained. The arrowheads indicate cell bodies, and the
arrows indicate HA-GluR�2 signals on dendritic spines. Two serial images focused on different planes
are superimposed. Scale bars: left, 10 �m; right, 5 �m.

Figure 3. A, Localization of the SKEDDKE-EGFP, which was immunostained with the anti-
GFP antibody. SKEDDKE-EGFP was distributed throughout the cytoplasm including dendritic
spines in a PN. The arrowhead indicates a cell body, and the arrows indicate dendritic spines.
Three serial images focused on different planes are superimposed. Scale bars: left, 10 �m; right,
5 �m. B, LTD in the wild-type PNs transfected with either EGFP or SKEDDKE-EGFP. SKEDDKE-
EGFP expression suppressed LTD. C, Impairment of LTD in the wild-type PNs perfused with
SKEDDKE peptide. Error bars indicate SEM.

Figure 4. Interaction of GluR�2 with PICK1. A, Localization of PICK1. The PICK1-EGFP signal
(green) and the endogenous GluR�2 signal (red) are shown. PICK1 and GluR�2 were colocalized
(arrows). Scale bar, 10 �m. B, C, HA-GluR�2 (B) or PICK1-EGFP (C) was immunoprecipitated
with the anti-GFP or the anti-HA antibody, respectively, in the cell lysate prepared from
HEK293T cells expressing HA-GluR�2 and PICK1-EGFP. D, E, GluR�2 (D) or PICK1 (E) was immu-
noprecipitated with the anti-PICK1 or the anti-GluR�2 antibody in the brain lysate prepared
from the mouse cerebellum. The immunoprecipitates were immunoblotted with the anti-
GluR�2 or the anti-PICK1 antibody. The arrow indicates PICK1 signal, and the arrowhead indi-
cates the band corresponding to the anti-GluR�2 antibody used for immunoprecipitation. IP,
Immunoprecipitated; IB, immunoblot; Sup, supernatant.
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al., 2002; Yue et al., 2002; Yap et al., 2003a). Here, we showed that
all GluR�2 mutants including C5 with a very short C-terminal
sequence was localized in dendritic spines, suggesting that traf-
ficking of GluR�2 to dendritic spines depends on neither its C
terminus nor binding partners. Thus, the intracellular loop re-
gion, extracellular domains or transmembrane regions might
play roles in the transport of GluR�2 to the cell membrane, al-
though regulatory involvement of C terminus cannot be ex-
cluded. Unlike other GluRs (Hafidi and Hillman, 1997), limited
GluR�2 protein was detected in the cytoplasm (Takayama et al.,
1996), which might be attributable to the distinct trafficking reg-
ulation mechanism for GluR�2. The present results that C21 but
not C13 rescued LTD and that SKEDDKE [C(14 –20)]-EGFP in-
hibited LTD in wild-type PNs indicate that C(14 –20) are essen-
tial for LTD. Thus, the PDZ binding motif is not only dispensable
for trafficking to dendritic spines but also for LTD. The C(4 –30)
(855– 881 aa) of GluR�2 is demonstrated to be essential for stable
localization of GluR�2 on the plasma membrane in MDCK cells
(Matsuda and Mishina, 2000). It is also reported that the mutant
GluR�2 protein lacking C(1–13) is retained in the endoplasmic
reticulum and not transported to the cell surface (Matsuda et al.,
2004). C(14 –20) (SKEDDKE) of GluR�2, which is enriched with
charged amino acids, does not show clear homology with any
functional motifs identified to date.

We demonstrated that both the interaction between GluR�2
and PICK1 and the induction of LTD were blocked by
SKEDDKE-GFP, suggesting implication of GluR�2-PICK1 inter-
action in LTD. Involvement of PICK1 in LTD has been reported.
It is suggested that phosphorylation of GluR2 Ser880 residue by
PKC releases the GluR2 containing AMPA receptor from GRIP,
which might be anchoring GluR2 to the postsynaptic membrane.
Then, the GluR2 containing AMPA receptor released from GRIP
binds to PICK1 and is internalized (Matsuda et al., 2000; Xia et
al., 2000; Chung et al., 2003). At present, the precise role of
GluR�2 and PICK1 interaction in LTD is unclear. It might some-
how help GluR2 and PICK1 interaction (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). PICK1
interacts with GluR2 mainly through its PDZ domain (Xia et al.,
1999), although it is also reported that PICK1 180 –378 aa interact
with the NSF (N-ethylmaleimide-sensitive factor)-binding re-
gion of GluR2 located in the juxtamembrane C terminus (Hanley
et al., 2002). As shown here, PICK1 is likely to interact with
GluR�2 through 245–278 aa distinct from the PDZ domain. Both
the PDZ domain (20 –110 aa) and the coiled-coil region (139 –
166 aa) in the BAR domain of PICK1 are essential for LTD (Xia et
al., 2000). The 245–278 aa of PICK1, the main interacting region
with GluR�2, is located within the BAR domain (140 –355 aa).
BAR domains are found in numbers of proteins such as am-
phiphysins, endophilins, and arfaptins. The amphiphysin BAR
domain is reported to form a crescent-shaped dimer that inter-
acts with curved and negatively charged membrane (Peter et al.,
2004). The net negative charge of SKEDDKE sequence of GluR�2
might provide the interacting site for the PICK1 BAR domain. Lu
and Ziff (2005) showed that the PICK1 BAR domain interacts
with the PICK1 PDZ domain intramolecularly and with GRIP
intermolecularly, and suggested that the latter interaction helps

Figure 5. SKEDDKEofGluR�2is involvedinbindingtoPICK1. A,TheGluR�2partialpeptidesfused
to EYFP were immunoprecipitated with the anti-PICK1 antibody. The membrane-proximal peptides
longer than 20 were precipitated (IP 20, 30, 56). B, PICK-EGFP was only slightly immunoprecipitated
with HA-SKEDDKE-del by the anti-HA antibody. C, SKEDDKE-EGFP but not EGFP was precipitated by
theanti-PICK1antibodyinthecell lysatepreparedfromHEK293TcellsexpressingPICK1andSKEDDKE-
EGFPorEGFP. D,SuppressionofGluR�2-PICK1bindingbySKEDDKE-EGFP.PICK1wasimmunoprecipi-
tated with the anti-HA antibody and immunoblotted with the anti-GFP antibody recognizing PICK1-
EGFP. Coexpression of SKEDDKE-EGFP reduced PICK1 in the precipitate. IP, Immunoprecipitated; IB,
immunoblot; Sup, supernatant.

Figure 6. The region of PICK1 involved in binding to GluR�2. A, The PICK1 mutants. B, PICK1
deletion mutants fused to EGFP were immunoprecipitated with the anti-HA antibody recogniz-
ing HA-GluR�2. PICK1(245–278) was clearly immunoprecipitated (arrow), whereas PICK1(1–
120) and PICK1(274 – 416) were only slightly immunoprecipitated (arrowheads). Degradation
products were also stained in Sup. IP, Immunoprecipitated; IB, immunoblot; Sup, supernatant.
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efficient phosphorylation of GluR2 Ser880 residue by PKC and
facilitating the GluR2 and PICK1 interaction.

By the way, GluR�2 also plays a role in stabilization of parallel
fiber–PN synapse structure possibly through interaction with a
molecule in the presynaptic active zone (Kurihara et al., 1997;
Takeuchi et al., 2005; Hirano 2006). GluR�2 is efficiently trans-
ported to plasma membrane and relatively evenly distributed in
the postsynaptic density of parallel fiber–PN synapse. Taking all
of the above information together, we speculate that GluR�2
might provide a slot or a place, which helps the efficient interac-
tion between PICK1, PKC, and GluR2 that is essential for the
induction of LTD in the postsynaptic density of parallel fiber–PN
synapse (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material).

To summarize, we have identified the membrane-proximal
C-terminal residues C(14 –20) of GluR�2 as a critical region for
LTD and showed that it also mediates interaction with PICK1, an
essential molecule for LTD. Thus, it is suggested that GluR�2
might participate in the induction of LTD through its interaction
with PICK1 in PNs.
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