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The N-Terminal Domain of GluD2 (GluRo2) Recruits
Presynaptic Terminals and Regulates Synaptogenesis in the
Cerebellum In Vivo

Wataru Kakegawa,* Taisuke Miyazaki,”* Kazuhisa Kohda,' Keiko Matsuda,' Kyoichi Emi,' Junko Motohashi,!
Masahiko Watanabe,? and Michisuke Yuzaki!
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The 62 glutamate receptor (GluR82; GluD2), which is predominantly expressed on postsynaptic sites at parallel fiber (PF)-Purkinje cell
synapses in the cerebellum, plays two crucial roles in the cerebellum: the formation of PF synapses and the regulation of long-term
depression (LTD), a form of synaptic plasticity underlying motor learning. Although the induction of LTD and motor learning absolutely
require signaling via the cytoplasmic C-terminal domain of GluD2, the mechanisms by which GluD2 regulates PF synaptogenesis have
remained unclear. Here, we examined the role of the extracellular N-terminal domain (NTD) of GluD2 on PF synaptogenesis by injecting
Sindbis virus carrying wild-type (GluD2™") or mutant GluD2 into the subarachnoid supracerebellar space of GluD2-null mice. Remark-
ably, the expression of GluD2"", but not of a mutant GluD2 lacking the NTD (GluD2*""™), rapidly induced PF synapse formation and
rescued gross motor dyscoordination in adult GluD2-null mice just 1 d after injection. In addition, although the kainate receptor GluR6
(GluK2) did not induce PF synaptogenesis, a chimeric GluK2 that contained the NTD of GluD2 (GluD2¥"-GluK2) did. Similarly, GluD2™"*
and GluD2N"™-GluK2, but not GluD2*N™, induced synaptogenesis in heterologous cells in vitro. In contrast, LTD was restored in
GluD2-null Purkinje cells expressing a mutant GluD2 lacking the NTD. These results indicate that the NTD of GluD2 is necessary and
sufficient for the function of GluD2 in the regulation of PF-Purkinje cell synaptogenesis. Furthermore, our results suggest that GluD2
differently regulates PF synaptogenesis and cerebellar LTD through the extracellular NTD and the cytoplasmic C-terminal end,

respectively.

Introduction

The 62 glutamate receptor [GluR82; GluD2 (Collingridge et al.,
2009)], which is highly and selectively expressed on the postsyn-
aptic sites of parallel fiber (PF)—Purkinje cell synapses (Landsend
et al., 1997; Zhao et al., 1997), is indispensable for cerebellar
functions. Detailed analyses of GIuD2-null mice [i.e., hotfoot (La-
louette et al., 1998, 2001; Motohashi et al., 2007)] and genetically
engineered GluD2 knock-out mice (Kashiwabuchi et al., 1995;
Kurihara et al., 1997) have revealed two crucial functions of
GluD2: the formation or maintenance of PF-Purkinje cell syn-
apses and the control of long-term depression (LTD), an elemen-
tal process underlying cerebellar motor learning such as delayed
eye-blink conditioning (Ito, 1989). Nevertheless, the mecha-
nisms by which GluD2 achieves these functions are not well
understood.
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As a first step toward identifying the mechanism of action of
GluD2, we used a transgenic rescue approach by taking advantage
of the fact that the domain structure and amino acid sequences
within each domain are evolutionally well conserved in all iono-
tropic glutamate receptor (iGluR) family members, including
GluD2 (Yuzaki, 2003). Because virally or genetically introduced
mutant GluD2 transgenes, in which the glutamate-binding do-
main (Hirai et al., 2005a) or the ion selectivity filter domain
(Kakegawa et al., 2007a,b) was mutated, rescued all abnormal
phenotypes of GluD2-null mice, GluD2 was not thought to func-
tion as an ion channel gated by glutamate analogs. Instead, we
noted that a mutant GluD2 lacking the most C-terminal domain
(CTD), which serves as a binding site for several intracellular
PDZ (PSD-95/Dlg/Z0-1) proteins, could not rescue abrogated
LTD and eye-blink conditioning (Kohda et al., 2007; Kakegawa et
al., 2008), indicating that the interaction of PDZ proteins with the
CTD of GluD2 is essential for these functions. Unexpectedly, a
mutant GluD2 lacking the CTD almost completely restored ab-
normal PF synapse formation in GluD2-null cerebellum (Ue-
mura et al., 2007; Kakegawa et al., 2008). Therefore, although the
induction of LTD and motor learning absolutely require signal-
ing via the CTD of GluD2, morphological integrity at PE-Pur-
kinje cell synapses does not; how the latter function is achieved by
GluD2 has remained unclear.

GluD2 is required not only for the normal development of
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cerebellar circuits but also for the maintenance of PF—Purkinje
cell synapses in adult cerebellum: ablation of the GluD2 gene in
adult cerebellum using an inducible recombinase resulted in the
gradual loss of normal PF synapses over 8 weeks (Takeuchi et al.,
2005). Very recently, the N-terminal domain (NTD) of GluD2
was shown to induce synapse formation in heterologous cells in
vitro (Uemura and Mishina, 2008). However, whether uninner-
vated spines in mature GluD2-null Purkinje cells i1 vivo could be
restored by the expression of GluD2 remained unknown. Here,
we show that a virally introduced wild-type GluD2 transgene
rapidly induces PF synapse formation and rescues ataxia in adult
GluD2-null mice 1 d after infection. Furthermore, we demon-
strate that the NTD of GluD2 is necessary and sufficient for syn-
aptogenesis both in vitro and in vivo. Therefore, we propose that,
in addition to the CTD-based signaling, the NTD of GluD2 inde-
pendently regulates morphological integrity at PF—Purkinje cell
synapses in the cerebellum.

Materials and Methods

All procedures related to animal care and treatment were approved by the
Animal Resource Committee of the School of Medicine, Keio University.
cDNA constructs. The NTD region immediately after the signal se-
quence (amino acids 24—415) (see Fig. 1 A) was deleted using a standard
PCR-based mutagenesis method with Pyrobest PCR polymerase
(Takara) to produce a mutant GluD2 lacking the NTD (designated as
GluD22N™P) (see Fig. 1 A). Because the NTD is required for the assembly
of the initial dimers of iGluR subunits (Ayalon and Stern-Bach, 2001)
and an artificial tetramerization peptide GCN-LI (RMKQIEDKLEEIL-
SKLYHIENELARIKKLLGER) was shown previously to replace this func-
tion of the NTD (Matsuda et al., 2005), we introduced cDNA encoding
the tetramerization peptide GCN-LI to GluD2*N™ to produce
GluD2 **"ANTP However, because GluD2 NP and GluD2 2NTP were
similarly transported to the cell surface and synapses, GluD2 NP and
GluD2 *N™P were used interchangeably. The NTD of the kainate receptor
GluR6 [GluK2 (Collingridge et al., 2009)] (amino acid 32—400) (see Fig.
6A) was replaced with the NTD of GluD2 to produce a GluK2 chimera
GluD2NTP—GIuK2 (see Fig. 6B). A cDNA encoding a hemagglutinin
(HA) was added immediately upstream of the stop codon of GluR1
(GluAl), GluR2 (GluA2), GluR4 (GluA4), GluK2, and GluD2 cDNA (see
Fig. 8). The valine at position 617 was replaced with arginine to produce
GluD2 V'R (see Fig. 7A) (Kakegawa et al., 2007b), and the arginine at
position 530 was replaced with lysine to produce GluD2 */X (see Fig. 7B)
(Hirai et al., 2005a). The nucleotide sequences of the amplified open
reading frames were confirmed using bidirectional sequencing and were
cloned into the expression vector pTracer—enhanced green fluorescent pro-
tein (GFP) (Invitrogen), pCAGGS (kindly provided by Dr. J. Miyazaki,
Osaka University, Osaka, Japan), or the Sindbis virus vector (see below).
Recombinant Sindbis virus and in vivo injection. The recombinant
Sindbis virus for the expression of each GluR in combination with a GFP
was constructed as described previously (Matsuda et al., 2003). Under
deep anesthesia with an intraperitoneal injection of ketamine/xylazine
(80/20 mg/kg; Sigma), the solution containing the recombinant Sindbis
virus (titer, 1.0 X 10®7 TU/ml) was injected into the subarachnoidal
space above the cerebellar vermis in postnatal day 35 (P35) to P45
GluD2-null mice (ho5] mice; The Jackson Laboratory), as described pre-
viously (Hirai et al., 2003). Briefly, a microsyringe needle (33 gauge) was
inserted into the surface of the cerebellar vermis, and a 5 ul viral solution
was injected into the subarachnoidal space at a rate of 40 ul/h. To prevent
the leakage of viral solution from the puncture, the injection site was sealed
with a silicone elastomer (Kwik-Sil; World Precision Instruments) during
the operation. In some experiments for electrophysiology and immunohis-
tochemistry, the viral solution (2 ul) was directly injected into the vermis of
cerebellar lobules V=VIII using a glass pipette (30 um in diameter) and a
microinjector (Nanoliter; World Precision Instruments).
Immunohistochemistry and electron microscopy. Under deep anesthe-
sia, virus-infected mice were fixed by cardiac perfusion with 0.1 M so-
dium phosphate buffer (PB), pH 7.4, containing 4% paraformaldehyde
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(4% PFA/PB); the cerebellum was then removed and soaked in 4%
PFA/PB for 4 h. After rinsing the specimens with PBS, parasagittal slices
(100 wm) were prepared using a microslicer (DTK-2000; D.S.K.) and
were permeabilized with 0.2% Triton X-100 in PBS with 2% normal goat
serum and 2% bovine serum albumin (BSA) for 6 h at 4°C. Immunohis-
tochemical staining was performed using selective antibodies against
GluD2 (1:500; Millipore) at 4°C, followed by incubation with Alexa546-
conjugated secondary antibodies (1:1000; Invitrogen). The stained slices
were viewed using a confocal laser-scanning microscope (Fluoview;
Olympus). For double fluorescence, microslicer sections pretreated with
1 mg/ml pepsin in 0.2N HCl at 37°C for 3 min were incubated with rabbit
GluD2C antibody [1 ug/ml (Araki etal., 1993)] and rabbit GFP antibody
(1 pg/ml; Invitrogen), followed by incubation of cyanine 3 (Cy3)-
conjugated secondary antibodies (1:200 for each; Jackson ImmunoRe-
search). GFP and Cy3 signals were scanned by a confocal laser-scanning
microscope (FV1000; Olympus).

For the electron microscopy (EM) analysis, mice were fixed transcar-
dially with 0.1 M sodium PB, pH 7.4, containing 4% PFA and 0.5%
glutaraldehyde, and the cerebellum was further immersed in the same
fixative for 4 h. Immunogold EM analyses was performed as described
previously (Fukaya et al., 2003). To identify the infected Purkinje cells,
virally expressed GFP was labeled by the silver-enhanced preembedding
immunogold method using rabbit anti-GFP antibody (1 wg/ml; Invitro-
gen), 1.4 nm gold particle-conjugated anti-rabbit antibody (Nanogold;
Nanoprobes), and silver enhancement kit (HQ silver; Nanoprobes). To
evaluate synaptic expression of virally transfected GluD2 and
GluD22N™P_ double postembedding immunogold was performed using
ultrathin Lowicryl HM20 resin sections. After etching with a saturated
solution of NaOH in absolute ethanol for a few seconds and blocking
with 2% normal goat serum (Nichirei) in 10 mMm Tris-buffered saline
(TBS), pH 7.6, containing 0.1% Tween 20 (TBS-T), nickel grids were first
immunoreacted with rabbit anti-GFP antibody (5 ng/ml) overnight and
20 nm colloidal gold-conjugated anti-rabbit IgG (1:100; British Bio Cell
International) in 2% normal goat serum for 2 h. Then, grids were blocked
with normal rabbit serum and immunoreacted overnight with 10 nm
colloidal gold-conjugated rabbit GluD2C antibody (ODs,,, 0.2) in 2%
normal rabbit serum according to the method described by Slot and
Geuze (1985). After each step, girds were washed with TBS-T. Finally,
grids were stained with 2% uranyl acetate for 5 min and mixed lead
solution for 30 s. Electron micrographs were taken randomly by an
H-7100 electron microscope (Hitachi High-Technologies). For quanti-
tative analysis, the numbers of contacted synapses expressing GFP and
immunogold particles were counted on electron micrographs using
MetaMorph software (Molecular Devices).

Behavioral analysis. A walking footprint pattern analysis and the rotor-
rod test were performed as described previously (Hirai et al.,, 2005a;
Kakegawa et al., 2007a). Briefly, the GluD2-null mice were subjected to a
rotor-rod test before and 1 d after viral injection. Each test comprised six
continuous trials performed at 30 s intervals using a rotor-rod speed of 20
rotations per minute (rpm); the time that the mouse stayed on the rod
was measured (maximum score, 120 s).

Electrophysiology. Current responses were recorded from human em-
bryonic kidney 293 (HEK293) (a kind gift from Dr. R. Horn, Thomas
Jefferson University Medical School, Philadelphia, PA) or Purkinje cells
using an Axopatch 200B amplifier (Molecular Devices) and the pClamp
system (version 9.2; Molecular Devices), as described previously (Kohda
et al., 2000; Kakegawa and Yuzaki, 2005; Kakegawa et al., 2008). Sagittal
and coronal slices (200 wm thick) were prepared from virus-infected
cerebella, and whole-cell patch-clamp recordings were performed from
Purkinje cells that emitted GFP fluorescence. The resistances of the patch
pipettes were 3—5 M) when filled with an internal solution of the follow-
ing composition (in mm): 65 Cs-methanesulfonate, 65 K-gluconate, 20
HEPES, 10KCI, 1 MgCl,, 4 Na,ATP, 1 Na,GTP, 5 sucrose, and 0.4 EGTA,
pH 7.25 (295 mOsm/kg). The solution used for slice storage and record-
ing was composed as follows (in mm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1
MgCl,, 1.25 NaH,PO,, 26 NaHCOj3, and 10 p-glucose. This solution was
bubbled continuously with a mixture of 95% O, and 5% CO, at room
temperature. Picrotoxin (100 pm; Sigma) was always present in the saline
to block inhibitory synaptic transmission. In the recordings made from
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Purkinje cells virally expressing GluK2 or
GluD2NTP_GluK2 (in which the Q/R site was
unedited), 1-naphtylacetyl spermine (NASP)

(100 um), a selective blocker of Ca?*-

permeable AMPA and kainate receptors (Koike
et al., 1997), was added to the extracellular so-
lution to remove GluK2-mediated current re-
sponses. To elicit PF-evoked EPSCs (PF-EP-
SCs), a stimulating glass pipette was placed on
the molecular layer (square pulse, 10 us, ~200
rA), and the selective stimulation of PFs was
confirmed by the paired-pulse facilitation of
PF-EPSCs with a 50 ms stimulation interval. In
experiments on the input—output relationship
of PF-EPSCs, increasing the stimulus intensity
sometimes resulted in contamination with
climbing fiber (CF)-evoked EPSC and granule
cell axon-evoked responses, which exhibited a
faster rise time and a higher release probability
than the PF-EPSCs (Sims and Hartell, 2005) in
sagittal slices of GluD2-null cerebella, probably
because of their thinner molecular layer and the
abnormally expanded CF territory (Kurihara et
al., 1997; Hashimoto et al., 2001; Ichikawa et al.,
2002). Therefore, recordings were performed us-
ing coronal slices, and a stimulating electrode was
set midway between the Purkinje cell layer and the
pia mater to a depth of 50—100 wm at a position
>200 um lateral to the recorded Purkinje cell to
stimulate pure PFs (Marcaggi and Attwell, 2005;
Sims and Hartell, 2005).

In the LTD sessions, PF-EPSCs were re-
corded successively at a frequency of 0.1 Hz
from Purkinje cells clamped at —80 mV
(Kakegawa et al., 2007a). After a stable PF—
EPSC amplitude had been observed for at
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least 10 min, a conjunctive stimulation (CJ-
stim) consisting of 30 single PF stimuli to-
gether with a 200 ms depolarizing pulse from
a holding potential of —60 to +20 mV was
applied for LTD induction. Access resistances
were monitored every 10 s by measuring the
peak currents in response to hyperpolarizing
steps (50 ms, 2 mV) throughout the experi-
ments; the measurements were discarded if
the resistance changed by >20% of its origi-
nal value. The normalized EPSC amplitude
on the ordinate represents the EPSC ampli-

Figure 1. Expression of GluD2", but not GluD2 "™, rescued gross motor dyscoordination of mature GluD2-null mice. A,
Schematic diagrams of GluD2 " and GluD2 “"™. The red line indicates the extracellular NTD (amino acids 28 — 427) of GluD2™".
The NTD was deleted from GluD2*" in GluD2 "™, The open hoxes at the (-terminal ends indicate the C-terminal PDZ ligand
regions. TM, Transmembrane segment. B, Schema showing the subarachnoidal injection of the Sindbis virus into adult GluD2-null
mice. The Sindbis virus was injected into the subarachnoidal supracerebellar space above the cerebellar vermis of G/uD2-null mice
aged P35—P45. C, Virally introduced GFP expression in GluD2-null cerebellum. One day after injection, GFP signals were observed
in many Purkinje cells in almost all lobules, with a noticeable gradient from the injected site (C,—C,,). A bright-field (BF) image is
also shown in C;. D, Representative gait patterns of GluD2-null mice 1 d after introduction of various transgenes. The paws of the
mice were marked with black paint. The irregular, shortened gait skips made by GluD2-null mice were markedly improved at 1d
after the injection of Sindbis viruses carrying GluD2 **, unlike those injected with viruses carrying GFP only (Vector) or GluD2 A"™.
E, Results for the rotor-rod test. GluD2-null mice were placed on the rod rating at 20 rpm or before (Pre) and 1 d after (Post)
receiving a subarachnoidal injection of Sin—GFP (Vector), Sin—GluD2 “*~GFP (GluD2""), or Sin—GluD2 *"T°—GFP (GluD2 A"™),
The average time was calculated from the results of six trials. *p << 0.05. ns, Not significant.

tude for the average of six traces for 1 min
divided by that of the average of six traces for
1 min immediately before CJ-stim. Signals were filtered at 1 kHz and
digitized at 4 kHz.

Synapse formation assay in HEK293 cells. HEK293 cells were cultured
in DMEM (Invitrogen) supplemented with 10% fetal calf serum and
L-glutamine (1 mwm) and were grown in 10% CO, at 37°C. “Mixed”
cerebellar cultures were prepared from embryonic day 17 to day-of-birth
ICR mice, as described previously (Matsuda et al., 2006). Cells were
plated at a density of 2 X 107 cells on plastic coverslips (diameter, 13.5
mm) and were maintained in a mixed culture medium composed of
DMEM/F-12 (Invitrogen) containing 100 uM putrescine, 30 nm sodium
selenite, 0.5 ng/ml tri-iodothyronine (Sigma), 3.9 mm glutamate (In-
vitrogen), 0.25 mg/ml BSA (Sigma), and N3 supplement (100 ug/ml
apo-transferrin, 10 pug/ml insulin, and 20 nm progesterone; all from Sigma)
in 5% CO, at 37°C. After transfection with or without a GFP expression
vector (pCAGGS-GFP) using CellPhect (GE Healthcare), the HEK293 cells
were added to the cerebellar culture at 7 d in vitro and cocultured for 5 d in
the presence of 5-fluoro-2'-deoxyuridine (1 uMm; Sigma). Cocultured cells
were fixed with 4% PFA/PBS for 15 min and subsequently with 100% meth-
anol at —20°C for 5 min. After permeabilization with 0.4% Triton X-100 in

PBS with 2% normal goat serum and 2% BSA for 1 h, the cells were stained
with synaptophysin (1:1000; Sigma), vesicular glutamate transporter 1
(VGIuT1) (1:1000), vesicular GABA transporter (VGAT) (1:2000), HA (1:
1000; Covance Research Products), or GFP (1:2000; Millipore), followed by
incubation with Alexa546, 488, and 305-conjugated secondary antibodies
(1:2000; Invitrogen).

To quantify synaptophysin accumulation in the transfected HEK293
cells, at least eight images were randomly taken using fixed gains and
exposures for each fluorescent channel per transfected cDNA. The im-
ages were analyzed using IP-lab software (version 3.61; BD Biosciences).
HA- or GFP-immunopositive regions were selected using macro “auto-
segmentation.” The intensity of synaptophysin immunoreactivity within
the segmented area was averaged, and the background immunoreactivity
was subtracted. Subtracted intensity values above the threshold were
measured and normalized to the autosegmented area of the transfected
HEK293 cells.

Data analysis and statistics. Data are presented as the mean * SEM,
and statistical significance was defined as p < 0.05, as determined
using the paired Student’s ¢ test, the Mann—Whitney U test, the Fish-
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indicate GluD2-positive gold particles detected on the PSD and in the cytosol, respectively.

er’s exact test, or an ANOVA, followed by the Bonferroni’s test for
multiple comparisons.

Results

Virally introduced GluD2 rapidly rescues the ataxic gait and
motor dyscoordination

We showed previously that antibodies [anti-GluD2 antibody
(Hirai et al., 2003)] or proteins [Cbln1 (Ito-Ishida et al., 2008)]
injected into the subarachnoid supracerebellar space above the
cerebellar vermis affected motor coordination and gait pattern in
vivo. Thus, to examine whether the expression of GluD2 could
restore cerebellar functions in mature GluD2-null mice in vivo,
we injected Sindbis virus carrying a gene encoding GluD2"" and
GFP (Sin-GluD2"“'-GFP) into the subarachnoidal space of
GluD2-null mice aged P35-P45 (Fig. 1 B). Sindbis virus was used

The role of the NTD in trafficking of GluD2. 4, The current—voltage relationship of HEK293 cells expressing the lurcher
mutant GluD2 (GluD2"; Lc), GluD2 * lacking the NTD (Lc-ANTD), and a vector. B, Channel activity of mutant GluD2 in HEK293 cells
expressing Lcand Lc-ANTD. The holding current at —80 mV was measured. The error bars indicate the SEM. *p << 0.05, **p <
0.01, ***p < 0.001. €, Confocal images of Purkinje cells transduced with GluD2"® and GluD2 "™, The transduced GluD2
immunoreactivities were visualized using Alexa546 (red) and were overlaid with the GFP signals to indicate the infected Purkinje
cells. Arrows indicate typical GluD2-immunopositive spines. D, Representative postembedding immunogold EM images showing
synapses between PFs and Purkinje cells expressing GFP only (Vector), GFP plus GluD2*" (GluD2**), and GFP plus GluD2 ANTD
(GluD2 “"™) in GluD2-null cerebella. Infected Purkinje cells were identified using anti-GFP antibodies and large gold particles (20
nm) and GluD2 was visualized using anti-GluD2 antibodies conjugated to small gold particles (10 nm). Arrows and arrowheads

in neurons (Ehrengruber, 2002). Indeed,
1 d after injection, we observed GFP sig-
nals in many Purkinje cells (85% of total
Purkinje cells in the injected region) (sup-
plemental Fig. S1, available at www.jneu-
rosci.org as supplemental material); these
signals were distributed widely through-
out the cerebellar cortex of all the lobules
with a noticeable gradient from the in-
jected site (Fig. 1C). Virally expressed
Q GluD2"" exerted a remarkable effect on
the locomotive performance of adult
GluD2-null mice 1 d after injection (Fig.
1D). To evaluate the level of ataxia
quantitatively, the mice were placed on a
rod that rotated at 20 rpm (Fig. 1E)
(supplemental movie, available at ww-
w.jneurosci.org as supplemental mate-
rial). The average retention time on the
rotating rod significantly improved
within 1 d after the injection of Sin—
GluD2"'-GFP (3.5 * 0.4 s before infec-
tion and 51.3 = 14.3 s after infection;
n = 6; paired Student’s f test, p = 0.021)
but not after the injection of an empty
vector (Sin—GFP; 4.0 = 0.3 s before in-
fection and 6.7 = 1.7 s after infection;
n = 8; paired Student’s t test, p = 0.171).
These findings indicate that, although
the recovery was partial compared with
the motor performance of the wild-type
mice (day 1, 81 = 5s;day 2, 113 = 4's;
n = 7), the expression of GluD2 rapidly
restored motor performance in adult
GluD2-null mice in vivo.

We next examined the role of the most
NTD on synapse formation by preparing
GluD2 lacking the NTD (GluD2 ANTD)
(Fig. 1A). Unlike Sin—GluD2"“'-GFP, a
Sindbis virus carrying GluD2*N"™ (Sin—
GluD2*N"P_GFP) could not rescue ataxic
gait (Fig. 1 D) or poor performance on the
rotor-rod test (4.0 = 0.4 s before infection
and 9.7 *£ 2.7 s after infection; n = 7;
paired Student’s t test, p = 0.090) (Fig. 1 E)
(supplemental movie, available at www.j-
neurosci.org as supplemental material) of
adult GluD2-null mice, indicating that the
NTD of GluD2 plays an indispensable role in cerebellar functions
in vivo.

NTD of GluD2 regulates the receptor trafficking, but it is
dispensable for LTD induction

When the surface delivery of GluD2 was evaluated using the
lurcher mutant GluD2 (GluD2'), which exhibits continuous
channel activity on the cell surface (Kohda et al., 2000; Wollmuth
et al., 2000), the current amplitude was significantly reduced by
deleting the NTD from GluD2 Le (Fig. 2A,B) (ANOVA followed
by Bonferroni’s test, F = 15.047, p = 0.002). An immunobhisto-
chemical analysis of GIuD2-null Purkinje cells transduced with
Sin—GluD2“V'-GFP or Sin—-GluD2*NT™P_GFP also indicated that,
although immunoreactivities of GluD2*N"™ and GluD2"* were
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Figure 3.  Recovery of abrogated LTD in GluD2-null Purkinje cells by viral expression of
GluD2 " or GluD2AN™. Representative (top) and averaged (bottom) data of cerebellar
LTD recorded from GluD2-null Purkinje cells expressing GFP (Vector), GFP plus GluD2""*
(GluD2*Y), or GFP plus GluD2 *"™ (GluD2 "™). To induce LTD, CJ-stim [30 episodes of
(Purkinje cell depolarization plus PF stimulation) at 1 Hz] was applied at time 0 (arrow).
The inset traces show the PF—EPSCs just before (a) or 30 min after (b) CJ-stim and their
superimposition (a + b).

similarly distributed throughout Purkinje cells, GluD2*N"" im-
munoreactivity was weaker than GluD2™ immunoreactivity
within spines (Fig. 2C). Furthermore, double-labeling postem-
bedding immunogold analysis revealed that GluD2-
immunopositive gold particles were less frequently observed at
the postsynaptic density (PSD) of Purkinje cells transduced with
Sin-GluD2“N"™P_GFP (0.03 particles/100 nm PSD; n = 82
spines) than those transduced with Sin—GluD2"'~GFP (1.2 par-
ticles/100 nm PSD; n = 95 spines) (Fig. 2 D). Similarly, the NTD
is reportedly required for the assembly of the initial dimers of
iGluR subunits (Ayalon and Stern-Bach, 2001) and the traffick-
ing of iGluRs to the cell surface (Matsuda and Yuzaki, 2002;
Wang et al., 2003; Matsuda et al., 2005; Motohashi et al., 2007).
These findings indicate that one of the functions of the NTD of
GluD2 is to stably express GluD2 proteins at the cell surface.
The induction of LTD and motor learning absolutely require
signaling via the C-terminal end of GluD2 (Kohda et al., 2007;
Kakegawa et al., 2008). However, the contribution of the NTD of
GluD2 to LTD induction has remained unclear. Thus, we exam-
ined whether LTD could be restored in GIuD2-null Purkinje cells
transduced with Sin—-GluD2*N"—GFP. In GluD2-null Purkinje
cells transduced with Sin—-GluD2"“'~GFP, a conjunctive stimula-
tion, which consisted of 30 single PF stimuli together with a 200
ms depolarization of the Purkinje cells, successfully induced LTD
in PF-EPSCs but did not induce LTD in Purkinje cells expressing
GFP only (Fig. 3). The amplitude of the PF-EPSCs 25-30 min
after conjunctive stimulation was 76 * 5% (n = 7 from 5 mice)

Kakegawa et al. @ N-Terminus of GluD2 Regulates PF Synaptogenesis

(Fig. 3) of the control responses in Purkinje cells transduced with
Sin—GluD2 “'-GFP, whereas that of cells treated with Sin—GFP
was 96 * 4% (n = 7 from 5 mice; ANOVA followed by Bonfer-
roni’s test, F = 4.508, p = 0.043). Interestingly, the conjunctive
stimulation induced a robust LTD in GluD2-null Purkinje cells
transduced with Sin—-GluD2*N""—GFP (Fig. 3). The amplitude
of PF-EPSCs 25-30 min after conjunctive stimulation was 75 =
7% (n = 8 from 5 mice) of the control responses ( p = 0.041 vs
Sin—GFP and p > 0.05 vs Sin—-GluD2"'~GFP). These findings
indicate that the NTD of GluD?2 is dispensable for the induction
of LTD. Previously, the motor performance and LTD were shown
to be completely restored in transgenic mice when the expression
levels of the GluD2"" transgene were as low as 10% of that in
endogenous GluD2 in wild-type mice (Yuzaki, 2005). Therefore,
a small amount of GluD2*N"P delivered to the PF synapses (Fig.
2C,D) was likely sufficient to restore LTD in GluD2-null mice.

NTD of GluD2 is necessary for PF—Purkinje cell synapse
formation in vivo

A major morphological characteristic of GluD2-null mice is a
marked reduction in PF-Purkinje cell synapses in the cerebellum;
although the total spine densities are similar, the percentage of
normal spines contacted by PF terminals is reduced in GluD2-
null Purkinje cells to ~50—60% of that in wild-type Purkinje cells
(Kurihara et al., 1997; Lalouette et al., 2001). Thus, to examine
the morphological basis of the behavioral recovery, we next per-
formed an immunogold EM analysis on serial sections prepared
from GluD2-null cerebellum 1 d after the injection of Sin—
GluD2"'-GFP, Sin-GluD2*N""_GFP, or Sin—-GFP and deter-
mined the percentage of the contacted spines that were immu-
nopositive for GFP (Fig. 4A—C). Although we could not observe
the longer-term effects because of the cytotoxicity of the Sindbis
virus (Ehrengruber, 2002), the percentage of contacted spines
was significantly higher (Fisher’s exact test, p = 3.622 X 10 %) in
Purkinje cells transduced with Sin—-GluD2"'~GFP (87%; n = 101
spines) than in those transduced with Sin—-GluD2*N"P_GFP
(51%; n = 71 spines) or Sin—GFP (54%; n = 68 spines) (Fig. 4 D).
These results indicate that, in mature GluD2-null cerebellum, the
expression of GluD2™ rapidly induces synapse formation be-
tween PF and Purkinje cells as early as 1 d after infection and in a
manner that is dependent on the NTD.

NTD of GluD2 is necessary and sufficient for functional PF
synapse formation
To examine whether the new synapses induced by GluD2"" ex-
pression were functional, we next compared the input--output
relationship of PF-EPSC amplitudes from GluD2-null Purkinje
cells transduced with Sin-GluD2 “'~GFP, Sin-GluD2 *N"°-GFP,
or Sin—-GFP in acutely prepared cerebellar slices using the whole-
cell patch-clamp method (Fig. 5A-C). We found that GluD2-null
Purkinje cells transduced with Sin—-GluD2“'~GFP displayed sig-
nificantly larger PF-EPSCs than those transduced with Sin—
GluD2*NTP_GFP or Sin—-GFP (1 = 25 each; ANOVA followed by
Bonferroni’s test, F = 9.460, p = 0.005 vs Sin—GluD2 ANTD_GGRp,
p < 0.001 vs Sin-GFP, and p > 0.05 in Sin—-GluD2*N"P_GFP vs
Sin—GFP) (Fig. 5D). These results indicate that GluD2*" induced
functional PF synapses in a manner dependent on the NTD and
that the amplitudes of PF-EPSCs provide an alternative measure
of the synaptic integrity of PF-Purkinje cell synapses.

Next, to examine the specificity of the NTD of GluD2, we
transduced GluD2-null Purkinje cells with the kainate receptor
GluK2, which is not highly expressed in Purkinje cells (Wisden
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PF-Purkinje cell synapses in mature
GluD2-null Purkinje cells. In addition,
these findings indicate that the NTD is not
only involved in trafficking of GluD2 but
also plays an essential role in PF synapse
formation.

Channel activities and ligand binding
are not required for the synapse-
forming ability of GluD2

The replacement of valine with arginine in
the putative channel pore of GluD2
(GluD2Y"®) (Fig. 7A) blocks the constitu-
tive currents observed in GluD2™ (Kak-
egawa et al., 2007b); a similar mutation is
also known to disrupt the channel pores of
AMPA and kainate receptors (Dingledine
et al., 1992; Robert et al., 2002). Because
the introduction of GluD2Y"® completely
rescued impaired LTD in GluD2-null Pur-
kinje cells, we indicated previously that
channel activity was not required for
GluD2 to regulate LTD induction (Kak-
egawa et al., 2007b). However, whether

D 100 - another function of GluD2 (i.e., the for-

2 A% mation of PF—Purkinje cell synapses) re-

kY 80 quires the channel activities of GluD2 has

g 60| remained unclear. Thus, we examined PF—

) EPSCs from GluD2-null Purkinje cells

. % 40 - transduced with Sin—-GluD2"“'-GFP, a
24 2 Sindbis virus carrying GluD2"'® (Sin-
© 201 GluD2Y"®-GFP), or Sin—-GFP in acutely

prepared cerebellar slices. We found that

3 St Sin-GluD2™'-GFP and Sin-GluD2"/®-
i P * GFP similarly increased the amplitudes of

Contacted

Figure 4.  Viral expression of GluD2"™, but not GluD2“"™, rapidly induced PF—Purkinje cell synapses in mature GluD2-null
mice. A-C, Representative immunogold EM images showing synapses between PFs and Purkinje cells expressing GFP (Vector,
A,~A,), GFP plus GluD2"" (GluD2"", B,~B,), or GFP plus GluD2"™ (GluD2 "™, €,~C,) in GluD2-null cerebella. Infected
Purkinje cells were identified using anti-GFP antibodies and gold particle labels. F and C indicate free and contacted spines,
respectively. To analyze the synapse ultrastructures in detail, serial sections were made (1to 4 of A,-A,, B,~B,, and (,—=C,). The
arrows represent free spines, and the asterisks indicate Purkinje cell spines. D, Percentage of contacted synapses. The total
numbers of the counted spines in GFP-expressing Purkinje cells are shown in the parentheses. **p = 3.622 X 10 ~# (Fisher's

exact test).

and Seeburg, 1993). To exclude the contamination of PE-EPSCs
by currents directly mediated by homomeric GluK2 channels, we
measured PF-EPSCs in the presence of NASP (100 uM), which
blocks the channels formed by Ca**-permeable AMPA or kai-
nate receptors. We found that the expression of GluK2 did not
increase PE-EPSCs in GluD2-null Purkinje cells (Fig. 6A,C). In
contrast, the expression of a chimeric GluK2 (GluD2 NTD_
GluK2), in which the NTD of GluD2 replaced that of GluK2,
significantly increased PF-EPSCs in GluD2-null Purkinje cells
(n = 25 each; Mann—Whitney U test, p = 0.025) (Fig. 6C), al-
though GluK2 was more efficiently trafficked to the cell surface
than GluD2N"™—GluK2 (supplemental Fig. S2, available at ww-
w.jneurosci.org as supplemental material). Therefore, a small
amount of the NTD of GluD2 was sufficient to induce functional

PF-EPSCs (n = 25 each; ANOVA followed
by a Bonferroni’s test, F = 7.320, p > 0.05
vs Sin—GluD2"'-GFP and p = 0.001 vs
Sin—GFP) (Fig. 7C). Similarly, both Sin—
GluD2"'-GFP and Sin-GluD2"/*~GFP
rescued the poor performances on the
rotor-rod test (4.3 * 0.6 s before infection
and 42.4 * 12.7 s after infection, n = 5;
paired Student’s t test, p = 0.040) (Fig. 7D)
of adult GluD2-null mice.

Recent x-ray crystallography revealed
that D-serine and glycine bound to the
ligand-binding core of GluD2 by interact-
ing with the conserved arginine residue
(Naur et al.,, 2007). Thus, to address the question whether
synapse-forming activity of GluD2 requires agonist binding, we
virally expressed a GluD2 transgene (GluD2"™*) (Fig. 7B) in
which lysine replaced the conserved arginine in the ligand-
binding core. We found that GluD2"™* rescued decreased PF-
EPSC amplitudes (n = 25 each; ANOVA followed by a Bonfer-
roni’s test, F = 6.756, p = 0.714 vs Sin—-GluD2"'-GFP and p =
0.045 vs Sin—GFP) (Fig. 7C) and the poor performance on the
rotor-rod test (3.9 * 0.3 s before infection and 36.7 * 8.1 s after
infection; n = 6; paired Student’s ¢ test, p = 0.010) (Fig. 7D) of
adult GluD2-null mice. Similarly, a genetically introduced
GluD2™% completely rescued all abnormal phenotypes of
GluD2-null mice, including LTD and hypoplasia of PF—Purkinje
cell synapses (Hirai et al., 2005a). Together, these findings indi-
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cate that two major functions of GluD2,
the control of LTD induction and the for-
mation of PF synapses, do not require the
channel activity and the ligand binding
ability of GluD2.

GluD2 specifically induces artificial

Glub2"t
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excitatory synapses in vitro

So far, only three cell adhesion molecules,
neuroligins, synCAMs, and netrin-G li-
gands (NGLs), have been shown to serve as
presynaptic organizers, which are suffi-
cient to drive presynaptic contact forma-
tion on heterologous cells in coculture sys-
tems (Scheiffele et al., 2000; Biederer et al.,
2002; Levinson and El-Husseini, 2005;
Kim et al., 2006). Thus, to further clarify
the nature of the synaptogenic capability
of GluD2, we transfected HEK293 cells
with ¢cDNA encoding HA-tagged GluD2,
GluAl, GluA2, GluA4, or GluK2, together
with GFP ¢cDNA, and then cocultured
these cells with cerebellar neurons. Syn-
apses formed on the transfected HEK293
cells were estimated using immunohis-
tochemical analysis with antibodies
against HA and synaptophysin, a marker
for presynaptic terminals (Fig. 8A). We
found that GluD2 specifically recruited

Figure 5.
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Functional restoration of PF—Purkinje cell synapses in GluD2-null mice by viral expression of GluD2"™* but not
GluD2 A"™. A, Schematic diagrams of GluD2 constructs and representative PF-evoked EPSC traces in GluD2-null Purkinje cells
transduced with GFP (Vector, 4), GFP plus GluD2"" (GluD2 ", B), or GFP plus GluD2 "™ (GluD2 4™, €). D, Averaged input--
output (I-0) relationship of PF-EPSCs in each construct. The error bars indicate the SEM. *p << 0.05, **p << 0.01, ***p << 0.001.
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presynaptic terminals around trans-
fected HEK293 cells; such effects were
never observed for other iGluRs (Fig.
8B). Therefore, GluD2 is a unique iGluR
member that can serve as a potent pre-
synaptic organizer, and GluD2 is suffi-
cient for the accumulation of presynap-
tic terminals on heterologous cells in
vitro.

Unlike synCAMs and NGLs, neuroli-
gins are involved in both excitatory and
inhibitory synapses (Levinson and El-
Husseini, 2005). Thus, we examined the
identity of GluD2-induced presynaptic
terminals by immunostaining against
VGIuT1, a specific marker for glutama-
tergic excitatory presynaptic terminals, and VGAT, a marker
of glycine- and GABA-containing inhibitory terminals. We
found that, unlike the immunoreactivity for VGAT (Fig. 8C),
the immunoreactivity for VGluT1 accumulated in the vicinity
of cells expressing GluD2 and was colocalized with synapto-
physin immunoreactivity (Fig. 8 D). These findings indicate
that GluD2 specifically induced excitatory synapses in the cur-
rent coculture system.

Finally, we examined the role of the NTD in the formation of
artificial synapses by expressing GluD2 ' or GluD2 *N'™ together
with GFP in HEK293 cells and coculturing the cells with cerebel-
lar neurons (Fig. 8 E). Unlike GluD2*", mutant GluD2 lacking the
NTD could no longer recruit presynaptic terminals in the vicinity
of the transfected HEK293 cells (Fig. 8 F). Furthermore, although
GluK2 could not induce synaptogenesis, GluD2N""—GluK2 was
capable of causing the accumulation of presynaptic terminals
(Fig. 8, F). These findings are consistent with in vivo data (Fig.

Figure6.

[ [
‘ ;E; + NASP [é; + NASP
200 pA :

400

200 1

PF-EPSC amplitude (pA)

0.

50 100 150 200
20 ms Stimulus intensity (WA)

The N-terminal domain of GluD2 is sufficient for the functional restoration of PF—Purkinje cell synapses in GluD2-null
mice. 4, B, Schematic diagrams and PF—EPSC traces recorded from GluD2-null Purkinje cells expressing GFP plus GluK2 (GluK2, 4)
orGFP plus GluD2 "™—-Gluk2 (GluD2 "™-GluK2, B). PF—EPSCs were recorded in the presence of NASP (100 ), a selective blocker
against Ca® " -permeable AMPA/kainate receptors, to exclude GluK2-mediated current responses. €, Averaged input--output
(I-0) relationship of the PF—EPSCs. The error bars indicate the SEM. *p < 0.05.

6) and indicate that the NTD of GluD2 is necessary and sufficient
to induce artificial synapses onto heterologous cells.

Discussion

GluD2 plays two unique and crucial roles at PF—Purkinje cell
synapses in the cerebellum: control of LTD induction and forma-
tion of PF synapses (Yuzaki, 2004). Although the former function
is known to be achieved by signaling via the CTD of GluD2 (Ko-
hda et al., 2007; Kakegawa et al., 2008), how the latter function is
regulated has remained unclear. Here, we show that, unlike
GluD2"™, GluD2 lacking the NTD (GluD2 ANTDY 5uld not re-
cruit presynaptic terminals onto mature GluD2-null Purkinje cell
dendrites in vivo (Figs. 1, 4, 5) nor could it recruit them onto
heterologous cells in vitro (Fig. 8). Furthermore, although GluK2
did not increase the PE-EPSC amplitudes in GluD2-null Purkinje
cells in vivo (Fig. 6) and did not induce synaptogenesis in heter-
ologous cells in vitro (Fig. 8), chimeric GluK2 containing the
NTD of GluD2 (GluD2N"P-GluK2) was capable of performing
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Figure7.

GluD2 channel function and ligand binding ability are not required for the recovery of impaired PF—Purkinje cell synapses in GluD2-null mice. 4, B, Schematic diagrams of mutant GluD2s

and representative PF—EPSCs recorded from GluD2-null Purkinje cells expressing GFP plus GluD2 /* (GluD2 *"* A) or GFP plus GluD2 ** (GluD2 */¥, B). The valine at position 617 in the selectivity filter
domain (indicated by a star in A) was replaced with arginine and the arginine at position 530 in the putative ligand binding site (indicated by X in B) was replaced with lysine to produce the
“pore-dead mutant” and “ligand binding-dead mutant,” respectively. , Averaged input—output (I-0) relationship of the PF-EPSCs. The PF—EPSC amplitudes from GluD2-null Purkinje cells
expressing GFP (Vector), GFP plus GluD2 ** (GluD2 **), GFP plus GluD2 /® (GluD2 */®), or GFP plus GluD2 ** (GluD2 **) were averaged. The error bars indicate the SEM. D, Results for the rotor-rod test.
Mice were placed on the rotor-rod at 20 rpm before (Pre) and 1d after (Post) receiving a subarachnoidal injection of Sin—GFP (Vector), Sin—GluD2 "*~GFP (GluD2 "), Sin-GluD2 /*~GFP (GluD2 /%),
or Sin—GluD2 M*~GFP (GluD2 ¥X). The average time was calculated from the results of six trials. For comparison, the data for Sin—GFP and Sin—GluD2 **~GFP in Cand D were taken from Figures 5

and 1, respectively. *p << 0.05, **p << 0.01. ns, Not significant.

both of these activities (Figs. 6, 8). These data indicate that the
NTD of GluD2 is necessary and sufficient for the role of GluD2 in
the regulation of PF—Purkinje cell synaptogenesis.

Dual functions differentially mediated by NTD and CTD

of GluD2

How is NTD-mediated signaling related to CTD-mediated sig-
naling? Synaptic adhesion molecules, such as EphB and the neu-
ral cell adhesion molecule, are not simple glues but act as signal-
ing molecules to activate tyrosine kinase (Pasquale, 2008) or
mitogen-activated protein kinase (Schmid et al., 1999; Kolkova et
al,, 2000), respectively. Thus, the NTD of GluD2, by interacting
with a certain molecule expressed on PF terminals, may also
modulate the CTD-based intracellular signaling involved in the
LTD. However, LTD was restored in GluD2-null Purkinje cells
expressing GluD2*N"" (Fig. 3), indicating that the CTD was suf-
ficient for regulating LTD induction. Conversely, because
GluD2N"™_GluK2, which contained the NTD but lacked the
CTD of GluD2, could induce synapse formation in vitro and in
vivo (Figs. 6, 8), the CTD of GluD2 was dispensable for the syn-
aptogenic activity. Therefore, NTD-based signaling regulating PF
synapse formation and CTD-based signaling controlling LTD
induction are likely mediated by two independent mechanisms
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material).

The NTD of iGluRs is thought to have evolved from the bac-
terial periplasmic amino acid-binding protein LIVBP (leucine/
isoleucine/valine-binding protein). The NTD of GluD2 shares a
sequence similarity of ~35% with the NTD of the AMPA or
kainate receptor family. Like the NTD of iGluRs, the NTD of
GluD2 was also involved in the trafficking of GluD2 to the cell
surface (Fig. 2). Similarly, we showed previously that various
mutations in the NTD of GluD2 impaired the assembly capabil-
ities of GluD2, resulting in impaired trafficking of GluD2 to the
cell surface and GluD2-null phenotypes in several kinds of hotfoot
mutant mice (Matsuda and Yuzaki, 2002; Wang et al., 2003; Mo-
tohashi et al., 2007). In the present study, we have clarified an-
other function of the NTD of GluD2. Interestingly, the NTD of

the AMPA receptor subunit GluA2 has been shown to promote
the formation and growth of dendritic spines in cultured hip-
pocampal neurons by interacting directly with the cell adhesion
molecule N-cadherin (Saglietti et al., 2007). Similarly, axonally
derived neuronal pentraxin (NP) 1 and NP receptor have been
shown recently to cluster the postsynaptic AMPA receptor GluA4
by interacting directly with the NTD of GluA4 (Sia et al., 2007).
Thus, the NTDs of AMPA receptors and GluD2 share two com-
mon functions: the regulation of subunit assembly and the con-
trol of morphological integrity at the synapses. However, GluD2
is unique in that it serves as a presynaptic organizer; in contrast,
GluA2 and GluA4 mainly mediate certain aspects of postsynaptic
differentiation. Furthermore, among the numerous molecules
involved in synapse formation, only synCAMs, NGLs, neuroli-
gins (Scheiffele et al., 2000; Biederer et al., 2002; Levinson and
El-Husseini, 2005; Kim et al., 2006), and now GluD2 are capable
of driving presynaptic contact formation on heterologous cells in
vitro (Fig. 8) (Uemura and Mishina, 2008).

Sindbis virus-mediated behavioral recovery of

GluD2-null mice

Immature Purkinje cells are normally innervated by multiple
CFs, but redundant CFs are gradually eliminated until a one-to-
one relationship is established by the end of the third week of
postnatal development (Crepel et al., 1980). In contrast, GluD2-
null Purkinje cells remain innervated by supernumerary CFs even
during adulthood (Hashimoto et al., 2001; Ichikawa et al., 2002).
We reported previously that the expression of GluD2 " by a Sind-
bis virus could not rescue the sustained innervation by multiple
CFs and ataxic gait in GluD2-null mice (Kohda et al., 2007).
Similarly, in the present study, we observed that GluD2-null Pur-
kinje cells remained innervated by supernumerary CFs after
transduction with Sin—-GluD2™" (data not shown). Nevertheless,
ataxic gait and motor dyscoordination (as measured using the
rotor-rod test) were significantly rescued by transduction with
Sin—-GluD2 " in the present study. The reason why motor perfor-
mance was restored in the present study was probably because the
Sindbis virus injected into the subarachnoidal space transduced
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Figure8. Expression of GluD2 in heterologous cells, with specific accumulation noted at the excitatory synaptic terminalsin cerebellar cultures. 4, Representative images of presynaptic terminals
on HEK293 cells expressing HA-tagged GluD2, GluA1, GluA2, GluA4, or GluK2. The cells were plated on cerebellar neuron cultures and immunostained with HA (green) and a presynaptic marker,
synaptophysin (red). B, Quantification of the signal intensity of synaptophysin on HA-immunopositive regions. The error bars indicate the SEM (n = 9images from 3 independent experiments). C,
D, GluD2 specifically accumulated at the VGIuT1-positive excitatory terminals (red, D), not the VGAT-positive inhibitory terminals (red, €), on HEK293 cells expressing HA-GIuD2 (blue). E,
Representative images of presynaptic terminals on HEK293 cells expressing GluD2™*, GluD2 "™, Gluk2, or Gluk2 "™—-GluD2 with GFP. The cells were plated on cerebellar neuron cultures and
immunostained with GFP (green) and synaptophysin (red). F, Quantification of the signal intensity of synaptophysin in the GFP-immunopositive regions. The error bars indicate the SEM (n = 9 cells
from 2 independent experiments). **p << 0.01.
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more Purkinje cells than when it was injected into the cerebellar
cortex.

It has not been completely clear whether motor coordination
depends on an animal’s ability to acquire discrete motor learning
and cerebellar LTD. Analyses of various gene knock-out mice
displaying cerebellar ataxia have indicated that motor coordina-
tion (as measured using the rotor-rod test and the footprint anal-
ysis) is not dependent on LTD but rather affected by the inner-
vation pattern of Purkinje cells by CFs (Chen et al., 1995).
However, the present results suggest that the CF innervation pat-
tern may not play a major role. Because a genetically introduced
GluD?2 transgene lacking the CTD rescued the hypoplasia of PF—
Purkinje cell synapses and the motor dyscoordination of GluD2-
null mice without affecting the abrogated LTD (Kakegawa et al.,
2008), LTD failure is also not responsible for motor dyscoordi-
nation. Together, these results suggest that the number of normal
PF-Purkinje cell synapses likely affects gross motor performance,
such as gait and coordination on a rotating rod.

GluD2 rapidly and dynamically regulates synaptogenesis in
adult cerebellum
The development of the complete synaptic ultrastructure and its
mature electrophysiological properties is thought to require sev-
eral days (McAllister, 2007). Indeed, mature synapses in adult
barrel cortex were shown recently to develop a few days after the
appearance of a new spine (Knott et al., 2006). In contrast, we
observed a significant increase in ultrastructurally and function-
ally normal synapses in adult GluD2-null cerebellum just 1 d after
the injection of the Sindbis virus, which must have required at
least 4—6 h to express the transgene (Ehrengruber, 2002). Thus,
the time course of synaptogenesis induced by GluD2 in vivo was
exceptionally rapid. The extremely high transgene expression lev-
els achieved by the Sindbis virus may have contributed to the
rapidity of this effect. In addition, the rapid synaptogenic effects
of GluD2 may reflect its role in the assembly of existing presyn-
aptic and postsynaptic structures rather than the induction of
completely new synapses. Indeed, dendritic spines are main-
tained as “free spines” without any attached PF terminals in adult
GluD2-null cerebellum (Kurihara et al., 1997; Lalouette et al.,
2001); in contrast, the differentiation of dendritic spines and pre-
synaptic boutons is highly correlated in the hippocampus and in
the cortex (Friedman et al., 2000; Okabe et al., 2001). Because of
the cytotoxicity of the Sindbis virus (Ehrengruber, 2002), we
could not observe the longer-term effects of GluD2 transduction
on PF innervation. However, because the ablation of the GluD2
gene in adult cerebellum using an inducible recombinase resulted
in the gradual loss of normal PF—Purkinje cell synapses (Takeuchi
et al., 2005), GluD2 is likely required for the maintenance of
PF-Purkinje cell synapses in adult cerebellum. These findings
have led us to suspect that GluD2 plays a crucial role in dynamic
regulation of the contact state of PF-Purkinje cell synapses.
Cbln1, a member of the C1q/tumor necrosis factor superfam-
ily, is secreted from cerebellar granule cells (Yuzaki, 2008). Inter-
estingly, the behavioral, physiological, and anatomical pheno-
types of cblnl-null mice precisely mimic those of GluD2-null
mice (Hirai et al., 2005b). Recently, we found that a single appli-
cation of recombinant Cblnl rapidly, but transiently, induced
new PF-Purkinje cell synapses in adult cblnl-null mice (Ito-
Ishida et al., 2008). Cblnl also rapidly induced functional PF
synapses as early as 8 h after its application in cerebellar slices
acutely prepared from young cbinl-null mice (Ito-Ishida et al.,
2008). Thus, in addition to the striking phenotypic similarities
shared by GluD2-null and cblnI-null mice, GluD2 and Cbln1 had
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very similar rapid synaptogenic effects in mature cerebellum. We
postulate that Cblnl, which is released from granule cells, may
directly or indirectly interact with the NTD of GluD2 to hold
together presynaptic and postsynaptic elements at PF-Purkinje
cell synapses in adult cerebellum. As other members of the Cbln
family and GluRé1 (GluD1; a relative of GluD2) are expressed in
other brain regions (Wada and Ohtani, 1991; Safieddine and
Wenthold, 1997; Pang et al., 2000; Magdaleno et al., 2006; Miura et
al., 2006), this trans-synaptic process may represent a novel and
more widespread mechanism controlling synaptic structure. There-
fore, additional analysis of the detailed molecular mechanism un-
derlying GluD2—Cbln1-based signaling pathways is warranted.
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