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Abstract

The amino acid sequence suggests that glutamate receptor 82 (GluR82) belongs to an ionotropic
GluR (iGluR) subunit family. However, neither the direct binding to glutamate nor the incorpora-
tion into any native iGluRs has been demonstrated. One prominent feature of GluR8&2 is its pre-
dominant expression at parallel fiber-Purkinje cell synapses in the cerebellum. Knockdown or
knockout of GluR$2 impairs synaptic plasticity, stabilization, elimination, motor control, and
learning. Therefore, GluR&2 plays a crucial role in the cerebellar function. Several ataxic sponta-
neous mutant mice have defects in the GIuR§2 gene. Numerous proteins interacting with GluR$2
have been identified. Recent in vivo studies on GluRd2 knockout mice shed light on the mecha-
nism by which GluR&2 deficiency causes ataxia and unveiled some secondary influence of the
GluR&2 deficiency on the function of the central nervous system. Studies on GluR62 might pro-
vide unique clues regarding not only the molecular mechanism of synaptic regulations but also
the functioning mechanism of the entire cerebellar system.

Index Entries: Glutamate receptor; cerebellum; Purkinje cell; synaptic plasticity; synapse

formation; motor control; learning; memory.

Introduction

At most excitatory synapses in the central
nervous system (CNS), glutamate is used as a
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neurotransmitter. Glutamate receptors are clas-
sified into ionotropic and metabotropic recep-
tors (1). The metabotropic receptors possess
seven-transmembrane segments and bind to
heterotrimeric G proteins. They regulate intra-
cellular signaling cascades through G proteins
and affect neuronal activities relatively slowly
(2). The ionotropic glutamate receptor (iGluR)
is a heterotetramer that possesses an ion chan-
nel pore in the center, in which the opening is
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gated by glutamate binding. iGluRs have been
classified into the following four subfamilies
based on the sequence similarity, selective ago-
nists, and antagonists: N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isox-
azole propionic acid (AMPA), kainite, and &-
receptors. NMDA, AMPA, and kainate are
selective agonists for each receptor family,
although glutamate is regarded as a natural
ligand. On the other hand, no agonist has been
identified for &-receptors. Eighteen comple-
mentary DNA (cDNA) for iGluR subunits have
been cloned. Four are subunits for AMPA
receptors, five are for kainate receptors, seven
are for NMDA, and two (01 and 82) are for d-
receptors.

Although glutamate receptor 62 (GluRa2) has
been regarded as a subunit for iGluR, neither
direct binding to glutamate nor incorporation
into any native iGluRs has been demonstrated
(3,4). The characteristic and intriguing feature of
GlIuR®2 is its selective expression in cerebellar
Purkinje cells and developmentally related cells
of the dorsal cochlear nucleus (5-7). However,
GluR61 messenger RNA is expressed in several
regions of the developing CNS (4). The first clue
of GluRé2 function was obtained by the knock-
down study in culture.

The antisense oligonucleotide treatment of
cultured Purkinje cells suppresses the induction
of long-term depression (LTD; refs. 8§ and 9), a
type of synaptic plasticity implicated in motor
learning. Soon after, the GluR&2 knockout
mouse was generated (10). The mutant mice
deficient in GluR62 show several interesting
phenotypes, the impairment of LTD, destabiliza-
tion of parallel fiber—Purkinje cell synapses, fail-
ure to eliminate redundant climbing fiber
inputs, enhanced inhibitory synaptic transmis-
sion, motor discoordination, motor learning fail-
ure, and deficit in retention of cued fear memory
(10-15). Numerous spontaneous mutant mouse
lines with defects in the GIuRd2 gene have been
identified. They also show motor discoordina-
tion, indicating the critical role of GluRd2 in
motor control. Several molecules binding to
GluRé2 at the cytoplasmic C-terminus have
been identified. The intermolecular interaction
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between GIuRd2 and these molecules in the
postsynaptic density could be critical for the
GluRd2 function.

This article summarizes information about
the sequence, structure, localization, and bio-
chemical and physiological properties of
GluRd2. The article then describes and in vivo
analyses on the GluR3d2 mutant mice. Several
articles that are focused more on the structural
and molecular level findings on GluR&2 have
been published elsewhere (16,17).

Sequence, Structure, Gene,
and Expression

The rat and mouse GluRé2 polypeptides
predicted from cDNA sequences are about
1000 residues in length (3,4). The overall amino
acid sequence homology between GluRd2 and
non-NMDA (-AMPA or -kainate) or NMDA
receptors range from 22 to 28% and 7 to 20%,
respectively. Therefore, GluRd2 is almost
equidistant from other iGluR subunit families.
Based on the sequence similarity with other
iGluR subunits and localization of hydropho-
bic regions, GluRd2 has been suggested to pos-
sess a long extracellular N-terminus, three
transmembrane segments (TM1, TM3, and
TM4), a re-entrant loop segment (TM2) form-
ing a wall of ion channel pore, and an intracel-
lular C-terminus (Fig. 1).

The extracellular region of GluRd 2 contains
a leucine-isoleucine-valine-binding protein
(LIVBP)-like domain and a lysine-arginine—
ornitine-binding protein (LAOBP)-like domain
(16). The LIVBP-like domain is formed by the
distal region of N-terminus, and the LAOBP-
like domain is composed of S1 formed by
the membrane-proximal region of N-terminus
and S2 formed by the extracellular region
between TM3 and TM4 (Fig. 1). Both the
LIVBP-like and the LAOBP-like domains are
also found in other iGluR subunits. The
LAOBP-like domain is responsible for gluta-
mate binding. Mutagenesis studies on NMDA
receptors and structural analysis on crystal-
lized S1 and S2 domains in AMPA receptor
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Fig. 1. Structure of GIuR82 and molecules bind-
ing to the intracellular C-terminus. The leucine—
isoleucine-valine-binding  protein-like ~ domain,
lysine—arginine—ornitine-binding protein-like domain,
Q/R/N site in TM2, [lurcher mutation site in TM3
(arrows), and binding sites of proteins in the C-termi-
nus (broken arrows) are indicated. Numbers indicate
approximate positions of amino acid residues in the
C-terminus.

subunits have identified critical residues for
glutamate binding (18-20). These critical
residues are conserved in GluRd2. However,
binding studies performed to date have failed
to show glutamate-related ligands binding to
GluRa2 (3,4,21).

The asparagine (N) residue in TM2 of
NMDA receptor subunits, or the glutamine (Q)
or arginine (R) residue in AMPA or kainate
receptor subunits corresponding to the N site,
plays a critical role in Ca** permeation (22). A
negatively charged amino acid four residues
downstream of Q/R/N sites is implicated in
the channel block by intracellular polyamines
(23). Therefore, TM2 has been suggested to
constitute the wall of the ion channel pore.
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GluRé2 also has Q and a glutamate (E) at cor-
responding sites.

Other data suggesting contribution of GluR52
to the channel formation has been obtained in
lurcher mutant mice. The [urcher mouse, in
which all Purkinje cells die during develop-
ment, has a point mutation in the GIuR§2 gene
(24). In lurcher, the highly conserved alanine (A)
residue in TM3 of GluR&2 is replaced by threo-
nine (T) (Fig. 1). The lurcher GluR$2 forms a
cationic channel that is open in the basal condi-
tion without binding to ligands (24-28). The ion
flux through the mutated GluR42 channels
might induce Purkinje cell death. Alternatively,
the direct interaction of GluRd2 C-terminus
with the molecule implicated in autophagic
pathway might play a critical role in cell death
(29). The relatively long intracellular C-termi-
nus is known to bind to several kinds of pro-
teins (refs. 29-37; Fig. 1). The motif that binds to
class I PSD-95/Dlg/Zo-1 domain is located at
the extreme C-terminus (38).

The GIuRo2 gene, known as Grid2, is about
1.4 M basepairs long and contains 16 exons (16).
This size is quite large compared with other
iGluR subunit genes, which are around 200 K
basepairs. GluRd2 protein is highly expressed
on the postsynaptic membrane at parallel
fiber-Purkinje cell synapses (Fig. 2). Interest-
ingly, GluR&2 is not found at climbing
fiber-Purkinje cell synapses in adult animals.
Therefore, GluR&2 expression is not only Purk-
inje cell-specific but is also restricted for parallel
tiber-Purkinje cell synapse (39—41). Immunocy-
tological studies have also shown that the pro-
portion of cytoplasmic to membrane-bound
GluR®2 is relatively small among iGluR sub-
units, suggesting the efficient transport of
GluR62 protein to the plasma membrane, in
which the C-terminal juxtamembrane segment
plays a role (42,43).

Long-Term Depression
LTD is the long-lasting decrease in synaptic

transmission efficacy. At the parallel fiber—Purk-
inje cell synapse, stimulation of the presynaptic
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Fig. 2. Synapses on a cerebellar Purkinje cell.
More than 100,000 parallel fibers and a climbing
fiber form glutamatergic excitatory synapses. The lat-
ter input is much stronger than each of the former.
The climbing fiber activation induces the characteris-
tic complex spike, and activation of a parallel fiber
induces a small excitatory postsynaptic potential.
GIluRd2 is selectively expressed in the postsynaptic
densities of parallel fiber—Purkinje cell synapses. Stel-
late and basket cells form y-aminobutyric acidergic
inhibitory synapses.

parallel fiber coupled with the climbing fiber
activation induces LTD (44-46). This parallel
fiber-Purkinje cell LTD has been considered as a
cellular basis of motor learning (47—49). The
climbing fiber stimulation can be replaced by
direct postsynaptic depolarization of the Purk-
inje cell, and the parallel fiber stimulation can be
replaced by direct application of transmitter glu-
tamate to the Purkinje cell for the LTD induction
(50,51). The necessity of an increase in intracellu-
lar Ca** and activation of AMPA-type iGluR and
metabotropic GluR (mGluR1) for LTD induction
is known (49,52,563). mGluR1 activates phospho-
lipase C and produces inositoltrisphosphate
(IP)-3 and diacylglycerol through the Gq protein.
IP-3 also works to increase the intracellular Ca**
concentration by inducing Ca** release from the
intracellular stores, and diacylglycerol works to
activate protein kinase C (PKC) in concert with
Ca**. Phosphorylation of GluR2 (an AMPA-type
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iGluR subunit) by PKC facilitates unbinding of
GluR2 from glutamate receptor interacting pro-
teins and binding to proteins interacting with C-
kinase-1, which induces the internalization of
GluR2 containing iGluR, resulting in the induc-
tion of LTD (54,55). This is a prevailing scheme
for the LTD expression.

Knockdown of GluR62 expression by an anti-
sense oligonuceleotide in cultured Purkinje
cells suppresses the induction of LITD (8,9).
These results have been confirmed in the Purk-
inje cells prepared from GluR62 knockout mice
(10,56). Hirai et al. have also reported the
induction of a LTD-like phenomenon by treat-
ment of the wild-type cultured Purkinje cells
with an antibody that recognizes LAOBP-like
extracellular domain of GluRd2 (57). Applica-
tion of the antibody induces the AMPA receptor
endocytosis, attenuates parallel fiber—Purkinje
cell synaptic transmission, and abrogates the
LTD. These results might be interpreted to sug-
gest that the antibody somehow affects the
GluR®&2 activity by binding to the LAOBP-like
domain, resulting in alteration of AMPA recep-
tor trafficking implicated in the LTD.

A recent study in our laboratory demon-
strated that exogenous expression of GluR$2 in
the knockout Purkinje cells by micro-injection
of cDNA into the nucleus rescued the LTD
induction, suggesting that GIuRd2 is directly
implicated in the LTD (not through the sec-
ondary developmental alteration of Purkinje
cells, unpublished observation). Presently,
however, the mechanism by which GluRé2 is
involved in the induction of LTD is unresolved.

Rescue of LTD by GluRd&2 transgenic expres-
sion in the knockout mouse has also been
reported (58). This study showed that the
mutant GluR62 molecule with a mutation in
the putative ligand-binding motif within the
LAOBP-like domain also rescues the induc-
tion of LTD, suggesting that binding of a glu-
tamate analog to GluR32 may be dispensable
for the LTD. Implication of numbers of mole-
cules not mentioned earlier (such as nitric
oxide, PKG, mitogen-activated protein kinase,
tyrosine kinase, phosphatase, corticotropin-
releasing factor, and so on) in the LTD has also
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Table 1
Mutant Mice With Defects in the Cerebellar Cortex
Motor Motor
LTD CF PF control learning PC-specific
Knockout mice
GluRd2 X X X X X O
mGluR1 X X O X X X
PKCy A X O A O X
Gogq X X X X
PLCp4 X X O X X X
IP-3R1 X O X X
nNOS X O X X
PKG1 X O O O X O
GFAP X O O O X X
Transgenic mice
GluR®2 rescue O O O O O O
mGluR1a rescue O O O O O O
PKC inhibitor X X O O A O

LTD, long-term depression; CF, climbing fiber innervation pattern; PF, parallel fiber—Purkinje cell synapses; GluR&2,
glutamate receptor 82; mGluR1, metabotropic GluR1; PKC, protein kinase C; PLC, phospholipase C; IP, inositoltrisphos-
phate; nNOS, neuronal nitric oxide synthase; PKG, protein kinase G; GFAP, glial fibrillary acidic protein. X indicates
defects such as LTD failure, multiple climbing fiber innervations, decrease in the number of synapses, motor discoordi-
nation, or motor learning deficits. O indicates no defect; /\ indicates a slight alteration detected.

been reported (49,59-64). Although there have
been great advances in the study on molecular
mechanism of cerebellar LTD, the precise role
of each molecule and their respective mutual
interactions have not been fully elucidated.

Synapse Formation and Stabilization
at Parallel Fiber Synapses

The number of parallel fiber-Purkinje cell
synapses is reduced to about one-half in GluRo62
knockout mice. Electron microscopic observa-
tion has demonstrated that the length of postsy-
naptic density does not match that of the
presynaptic active zone at some parallel
fiber-Purkinje cell synapses in the GluRd2
knockout mouse (65-67). Another characteristic
feature in a GluR62 knockout Purkinje cell is
that there are many spines not contacted by
presynaptic terminals. These results indicate
that GluR62 somehow regulates synapse forma-
tion or stabilization and might suggest that
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GluRé2 is implicated in the communication
between pre- and postsynaptic elements. How-
ever, there are synapses that appear normal.
Therefore, the precise role of GIuRd2 in synapse
formation or stabilization is unclear.

Formation of Abnormal Climbing
Fiber Synapses

In the adult wild-type cerebellum, proximal
dendrites of a Purkinje neuron are innervated
by a single climbing fiber. At an early stage of
normal development, several climbing fibers
form synapses on a Purkinje cell, but all climb-
ing fibers—with the exception of one that forms
the strongest connection—lose synaptic con-
nections during development (68). The adult
GluRd2 knockout mouse, as well as mGluR1,
Gog, PKC, or phospholipase CB knockout
mice, shows multiple innervations on a Purk-
inje cell by climbing fibers (Table 1; refs. 10 and
69-75). Therefore, in these mutant mice, the
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synaptic elimination process of climbing fibers
appears to be somewhat disturbed.

Notably, the pattern of multiple innervations
in the GluR&2 knockout mouse is slightly differ-
ent from those in mGIuR1 knockout mice (69). In
GluRé2 knockout mice, climbing fibers form
synapses not only on proximal dendrites but
also on distal dendrites, where only parallel
fibers form synapses in the wild-type mice. Con-
versely, climbing fibers do not form synapses on
distal dendrites in mGluR1 knockout mice. The
climbing fiber innervations to distal dendrites in
GIuR&2 knockout mice have been correlated
with the scarcity of parallel fiber synapses (70).
The authors reason that the climbing fibers
invade into distal dendritic regions, because
there are vacant spaces for synapse formation on
distal dendrites of Purkinje cells in GluR$2
knockout mice. Blocking neuronal activity with
tetrodotoxin in the wild-type rat induces forma-
tion of new spines in the proximal dendrites,
which are mainly innervated by parallel fibers.
In this condition, all synapses, including those
innervated by climbing fibers, bear GluR62 (76).
Restoration of neuronal activity induces re-
innervation of climbing fibers to proximal den-
drites expressing GluR&2 (77). These results
suggest that GluR62 are expressed at the climb-
ing fiber-Purkinje cell synapses at early stages
and are then downregulated by the climbing
fiber activity. Therefore, GluR32 might favor
parallel fibers regarding synapse formation or
stabilization. The Ca?*-dependent regulation of
GluRd2 number on the plasma membrane by
endocytosis has been reported (78).

Molecular Mechanism of Function

As discussed earlier, previous studies have
failed to show glutamate binding to the GluRd2
protein (3,4,21). However, the effect of an anti-
body recognizing the LAOBP-like domain of
GlIuR62 on the synaptic function suggests that
GluRo62 could be regulated through ligand
binding (57). Therefore, two questions arise:
what is the ligand and what function is regu-
lated by the ligand?
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The GluR62 with lurcher mutation forms an
ion channel, and the GIuR62 amino acid
sequence is homologous to other iGluR sub-
units (24-28). The heterologous expression
study in cultured cells shows that GluR$2 can
form a heteromultimer with other iGluR sub-
units (79), suggesting that GluR42 protein
functions as a component of ion channel. How-
ever, as mentioned earlier, no direct experi-
mental data exist to support the contribution of
GluR®$2 to the native iGluR channel formation
in neurons.

The existence of unmatched synapses in the
GluR&2 knockout mouse (67) suggest that
GluRé2 is implicated in the cell-cell communi-
cation-like adhesion molecules such as cad-
herin, neuroligin or integrin or receptor-like
molecules such as receptor tyrosine kinases or
Notch (80-86). Therefore, the ligand for GluRd2
could be not only a diffusible molecule but also
a substrate-bound molecule. A molecule located
on the presynaptic active zone could be a candi-
date. In such cases, GluRd2 might function not
as an iGluR component but as a structural com-
ponent stabilizing synaptic structure or as a
membrane-bound signal transducer regulating
the postsynaptic intracellular molecular signal-
ing. Notably, AMPA-type iGluR functions not
only as a ligand-gated ion channel but also as a
signaling molecule that influences protein tyro-
sine kinase activity (86), and the extracellular
domain of GluR2 subunit is implicated in regu-
lation of dendritic spine morphology (87).

Identification of molecules interacting with
GluR®$2 could provide clues to clarify the func-
tioning mechanism of GluR$2. GluR&$2 binds
to nPIST, PSD93, PTPMEG, Delphilin, and S-
SCAM/MAGI-2 at the extreme C-terminus
through PSD-95/Dlg/Zo-1 domains of these
molecules (Fig. 1; refs. 29, 31-33, and 37). It
also binds to Spectrin, Shank, AP4, and a
microtubule-associated protein (EMAP) at intra-
cellular C-terminal segments (30,34-36). These
molecular interactions may be implicated in
trafficking of GluRo62 (AP4, S-SCAM/MAGI-
2), its selective localization at the postsynaptic
densities (PSD93, Delphilin), interaction with
cytoskeletons (Spectrin, EMAP), and/or the

Volume 33, 2006



Cerebellar Regulation Mechanisms and GluRS2

intracellular signal transduction (PTPMEG,
nPIST). Colocalization of GluRd2 with the
monocarboxylate transporter MCT2 has also
been demonstrated (88).

Motor Discoordination

GluRd&2 knockout mice show motor discoor-
dination (10,13). Surprisingly, motor control
ability of the knockout mouse is worse than
the lurcher mouse, in which all Purkinje cells
(the sole output neurons in the cerebellar cor-
tex) are lost (13). Therefore, the dysfunction of
the cerebellar system caused by GluRd2 defi-
ciency disturbs motor coordination more
severely than the complete loss of cerebellar
cortical outputs. Presumably, aberrant Purkinje
cell activities in the knockout mouse disturb
motor control. Involuntary spontaneous move-
ment, which is caused by the enhanced aber-
rant climbing fiber influence on Purkinje cell
activity in GluR62 knockout mice, has been
suggested to be a cause of the severe motor
discoordination (13).

The authors noticed the continuous sponta-
neous eye movement with a 10-Hz rhythm and
found that the movement correlated with
climbing fiber inputs on Purkinje cells in the
flocculus, a cerebellar region implicated in the
control of reflex eye movement such as
vestibulo-ocular reflex (VOR) and optokinetic
response (OKR; refs. 89 and 90). The inferior
olivary neurons sending climbing fibers have
approx 10 Hz of intrinsic subthreshold oscilla-
tion of membrane potential (91,92).

In the GluR&2 knockout mouse, multiple
climbing fibers innervate a Purkinje cell, and
the number of parallel fibers-Purkinje cell
synapses is reduced (10). Yoshida et al. rea-
soned that these abnormalities in the synap-
tic organization should have increased the
impact of climbing fiber outputs on the Purk-
inje cell activity (13). They also noted that the
LTD failure in the GluR32 mutant mouse was
likely to affect motor learning. The learning
deficit might have enhanced climbing fiber
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activity transmitting error signals (49). There-
fore, they suggest that the enhanced rhythmic
climbing fiber activity in GluR62 knockout
mice induces the abnormal Purkinje cell activ-
ity with a 10-Hz rhythm, resulting in the
involuntary surplus movement that disturbs
the motor control. The same group also
reported aberrant dynamic properties of reflex
eye movements in a later study (93). Abnor-
mally large gain in the VOR and large phase
lag in the OKR were demonstrated. These
properties should also disturb motor control,
because such dynamics in the reflex eye move-
ments should result in poor performance in
fixating the visual image during head motion.

Motor Learning

Motor learning is impaired in GluR42 knock-
out mice. In studies, the mice have shown
defects in the vestibular compensation, classical
eye-blink conditioning, and adaptive modifica-
tion of VOR and OKR (11,12,93). Vestibular com-
pensation is the behavioral recovery from the
symptoms caused by the unilateral destruction
of vestibular organ. The destruction induces tilt
of the body and head toward the damaged side,
the tendency to rotate to that direction, and the
decrease in VOR gain (94). GluR62 mutant mice
show difficulty to stop rotation as well as slower
recovery of VOR gain after the destruction
(11,95). The downregulation of GluR42 messen-
ger RNA expression in the vestibulo-cerebellum
after unilateral labyrinthectomy also has been
reported (96).

In the eye-blink conditioning, a conditioning
stimulus (CS) such as sound is coupled with an
unconditioned stimulus (US) such as air puff
to the eye, which in itself induces eye blinking.
After several couplings, mice begin to respond
to the CS (97). There are two paradigms: delay
and trace conditioning. In the former, an US
starts before the end of a CS, and in the latter,
there is an interval between the end of a CS
and the start of an US. Therefore, trace condi-
tioning is more difficult than delay condition-
ing. Unexpectedly, GluRd2 knockout mice
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show the defect in delay conditioning but not
in trace conditioning. One explanation may be
that the cerebellum plays a critical role in the
delay paradigm, but in the trace paradigm,
other CNS regions (such as the hippocampus)
are essential (12,98).

The VOR and the OKR are compensatory
reflex eye movements that prevent the external
images from slipping across the retina, and
both show adaptive modification (89,90,
99-101). The VOR is driven by head movement
sensed by the vestibular organ. The signal is
transmitted to the neurons in vestibular nuclei
and then to the motor neurons of extra-occular
muscles. The vestibular signals also go to the
cerebellum, and the cerebellar outputs from
Purkinje cells converge on neurons in the
vestibular nuclei. Therefore, the cerebellar out-
puts regulate the amplitude and timing of the
VOR. The dynamic properties of the VOR need
to be continuously fine-tuned to prevent the
retinal slip during head motion. This actually
occurs in the wild-type animal. For example, if
the head rotation is continuously coupled with
the rotation of surrounding screen to the oppo-
site direction, eye movement becomes larger to
prevent the retinal slip. This phenomenon is
called VOR adaptation and has been studied as
a model of motor learning. This VOR adapta-
tion does not occur in the GluR42 knockout
mice (93).

In wild-type mice, OKR adaptation is
reported (102). The motion of large visual
tields drives the OKR. In the basal condition,
eye movement is smaller than the movement
of surrounding visual scene. Therefore, retinal
slip exists. The continuous movement of the
screen surrounding the wild-type mouse
gradually increases the eye movement so that
the retinal slip is reduced. This OKR adapta-
tion does not occur in the GluR&2 knockout
mice (93).

The motor learning failures described earlier
are consistent with the idea that the LTD is
implicated in motor learning. However, other
abnormalities in GluRd2 knockout mice, such
as the reduction in the number of parallel
fiber-Purkinje cell synapses and multiple
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climbing fiber innervations to a Purkinje cell,
could be responsible.

Direct and Indirect Effects of GluR32
Deficiency

Selective localization of GluR62 protein on
the postsynaptic membrane at the parallel
fiber-Purkinje cell synapse suggests that the
major role of GluR®&2 is related to regulation of
that synapse. Therefore, LTD regulation and sta-
bilization of structure at the parallel fiber-Purk-
inje cell synapse may be directly controlled by
GluR62. On the other hand, multiple climbing
fiber innervations on a Purkinje cell appear to
be caused indirectly. The reduction in the num-
ber of parallel fiber—Purkinje cell synapses on
the distal dendrites could be a cause (70).

Additional change in the CNS caused indi-
rectly by GluRo2 deficiency has been reported.
Ohtsuki et al. have demonstrated that inhibitory
synaptic transmissions on Purkinje cells are
enhanced in GluR42 knockout mice (14). It has
been suggested that the influence of enhanced
climbing fibers on a Purkinje cell in GluR32
knockout mice saturates rebound potentiation
(RP)—the long-lasting increase in transmission
efficacy (a form of synaptic plasticity) induced
by postsynaptic depolarization at the inhibitory
interneuron-Purkinje cell synapses (103,104).
Therefore, in the cerebellar slices prepared from
GluR62 knockout mice, the amplitudes of inhibi-
tory postsynaptic currents (IPSCs) in Purkinje
cells are large, and the RP cannot be induced.
The cultured Purkinje cells prepared from the
mutant mice show RP, suggesting that GluRé2 is
not directly implicated in the RP induction (14).
It has also been suggested that during develop-
ment, some indirect changes occur in the brain
stem neuronal circuit controlling the VOR and
the OKR in GluR&2 knockout mice, because the
dynamic properties of the VOR and the OKR
after destruction of the flocculus (a cerebellar
region regulating the VOR and the OKR) in the
wild-type mice are different from those in
GluRd2 knockout mice (93).
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Spontaneous Mutant With Defects
in Grid2

There are numerous spontaneous mutant
mice with defects in Grid2, the GluRd2 gene.
The Iurcher mouse is one example. Other
mutants are called hotfoot mice. Seventeen hot-
foot mutant mice lines have been reported
(16,105). Some hotfoot mice (ho-Nancy, ho-5], ho-
tpr) have null mutation similar to GluR&2
knockout mice, and others have limited muta-
tions. All these mice show motor discoordina-
tion. ho-4J, ho-7], and ho-11 have in-frame
deletions in the extracellular N-terminus,
which suppresses the export of the GluRS2 pro-
tein from the endoplasmic reticulum (106,107).

Comparison to Other Cerebellar
Mutant Mice

There are several mutant mice lines showing
the LTD failure, multiple climbing fiber inner-
vations on a Purkinje cell, motor discoordina-
tion, and/or motor learning deficits (Table 1),
such as mGIluR1 knockout mice, which show
all of these (108,109). However, no morpholog-
ical abnormality of parallel fiber—Purkinje cell
synapses has been noted. Selective transgenic
expression of mGluR1o in cerebellar Purkinje
cells rescues these anomalies in mGluR1
knockout mice (72), suggesting that the pheno-
types result from the absence of mGluR1 in
Purkinje cells. Mice deficient in Goq, PLCB4, or
IP-3 receptor, which are molecules located
downstream of mGluR1 in the intracellular
signaling cascade in a Purkinje cell, also show
similar phenotypes (110-114).

Neuronal nitric oxide synthase, glial fibril-
lary acidic protein, and protein kinase G knock-
out mice demonstrate motor learning deficits
and LTD failure but have normal motor con-
trol (115-117). Therefore, there is good corre-
lation between the LTD failure and motor
learning deficits, suggesting implication of LTD
in motor learning. However, the transgenic
mouse expressing a PKC inhibitor in Purkinje
cells that lack the LTD shows slowly develop-
ing motor learning (118,119), suggesting that

Molecular Neurobiology

there are some LTD-independent motor learn-
ing processes. Table 1 also shows a relatively
good correlation between the multiple climbing
fiber innervations and motor discoordination or
learning. However, the PKC inhibitor trans-
genic mouse shows normal motor control with
multiple climbing fiber innervations, and the
PKCy knockout mouse with the multiple inner-
vations shows apparently normal motor learn-
ing. A specific phenotype of the GluR&2
knockout mouse is a reduction in the number of
parallel fiber-Purkinje cell synapses.

Although certain correlations are noted in
Table 1, caution should be exercised when
drawing a general conclusion from such a sum-
mary in the following respects. First, most
knockout studies are not cell-specific. Therefore,
deficiency of a particular molecule in cells out-
side the cerebellum may be responsible for
some phenotypes. Second, any molecules can
have several functions and multiple roles,
which might not be examined or noticed. Third,
conditions or tests to examine each phenotype
often are not identical in different studies.
Therefore, a certain mutant mouse may show
deficits in certain learning tests but not in oth-
ers. Furthermore, the degree of abnormality
may be quantitatively different among mutant
mice, despite the fact that the phenotype is clas-
sified into a same category in Table 1. For exam-
ple, the number of climbing fibers innervating a
Purkinje cell in a PKC inhibitor transgenic
mouse may be smaller than that in the GluR52
knockout mouse or the mGluR1 knockout
mouse. Finally, some anomalies can be induced
secondarily, or original anomalies may be
masked by some compensatory mechanisms
during development or even for short periods.
Careful examination to correlate phenotypes
and analyses to clarify causal relations appear
to be required.

GIluR52 in Animals Other Than Mice
and Rats

GluRd2 has also been studied in humans
and zebrafish. In humans, the GluR62 gene is

Volume 33, 2006



10

mapped to chromosome 4q22 (120). In zebra-
fish, the GluR&2 protein is localized not only
in Purkinje cells but also at the apical den-
drites of crests cells of the medial octavolateral
nucleus and of type I neurons of the optic tec-
tum (121). These neurons also receive large
numbers of parallel-fiber-like inputs at the
apical dendrites.

Conclusion

GluR®2 is a glutamate-receptor-related mole-
cule selectively localized at parallel fiber-Purk-
inje cell synapses, where it plays a critical role
for their normal function and also indirectly
affects regulation of information processing
in the cerebellar circuit. Recent studies on
GluR62 have provided intriguing information
that contributes to the understanding of not
only synaptic regulation mechanisms but also
functioning mechanisms of the whole cerebel-
lar system.
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