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Summary

Of the six glutamate receptor (GluR) channel subunit
families identified by molecular cloning, five have
been shown to constitute either the AMPA, kainate, or
NMDA receptor channel, whereas the function of the
& subunit family remains unknown. The selective lo-
calization of the §2 subunit of the GIuRS subfamily in
cerebellar Purkinje cells prompted us to examine its
possible physiological roles by the gene targeting
technique. Analyses of the GluR32 mutant mice reveal
that the 52 subunit plays important roles in motor coor-
dination, formation of parallel fiber-Purkinje cell syn-
apses and climbing fiber-Purkinje cell synapses, and
long-term depression of parallel fiber-Purkinje cell
synaptic transmission. These results suggest a close
relationship between synaptic plasticity and synapse
formation in the cerebellum.
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Introduction

The glutamate receptor (GluR) channel mediates most of
the fast excitatory synaptic transmission in the vertebrate
central nervous system (Mayer and Westbrook, 1987) and
is essential for synaptic plasticity, which is thought to un-
derlie development, learning, and memory (lto, 1989; Mc-
Donald and Johnston, 1990; Bliss and Collingridge, 1993).
Molecular cloning has revealed a number of GluR channel
subunits, which can be classified into six subfamilies ac-
cording to their amino acid sequence identity (for reviews,
see Mishina et al., 1993; Seeburg, 1993; Holimann and
Heinemann, 1994; Nakanishi and Masu, 1994). The a
(GluR1-4), B (GIuR5-7), v (KA), € (NR2), and ¢ (NR1) sub-
unit families have been shown by functional expression
studies to constitute the GIuR channel selective for ei-
ther a-amino-3-hydroxy-5-methyl-4-isoxazole-propionate
(AMPA), kainate, or N-methyl-D-aspartate (NMDA). We
have found the & subunit family by successive screening
of mouse brain cDNA libraries (Yamazaki et al., 1992) and,
with respect to the amino acid sequence identity, the &
subunit family positions in between the NMDA and non-
NMDA receptor channel subunits (Yamazaki et al., 1992;
Araki et al., 1993; Lomeli et al., 1993). Thus far, no GluR
channel functions have been detected after expression of
the & subunit cDNAs in Xenopus oocytes or mammalian
cells (Araki et al., 1993; Lomeli et al., 1993). Based on
the selective localization of the 82 subunit in cerebellar
Purkinje cells, we have speculated that GluR82 might be
involved in Purkinje cell-specific functions, such as cere-
bellar long-term depression (LTD) (Araki et al., 1993). To
examine the possible physiological roles of the 82 subunit,
we have employed the gene targeting technique (Capec-
chi, 1989). Here, we show that mice defective in the GiuR
channel 82 subunit are ataxic and have defects in Purkinje
cell synapse formation and cerebellar LTD. Studies with
primary cultures and antisense oligonucleotides have also
suggested the involvement of the 52 subunit in the cerebel-
lar LTD (Hirano et al., 1994).

Results

Mice Defective in the GluR Channel 62 Subunit

To disrupt the GluR&2 locus in murine embryonic stem
cells by homologous recombination, we constructed a tar-
geting vector containing a 12 kb GIuR82 genomic DNA
fragment in which the exon encoding putative transmem-
brane segment M3 was replaced by a neomycin phospho-
transferase gene (Figure 1A). A diphtheria toxin A frag-
ment gene was linked to the mutated GluR32 gene for
negative selection (Yagi et al., 1993a). The targeting vec-
tor was transfected into TT2 embryonic stem cells (Yagi
et al., 1993b), and five targeted clones were identified by
G418 selection, polymerase chain reaction (PCR), and
Southern blot hybridization, the frequency of homologous
recombination being 0.5% of G418-resistant clones. Cells
of three clones were injected into 8-cell embryos of ICR
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mice to produce chimeras. Chimeras were mated to
C57BL/6 mice, and those derived from clones L.143 and
M32 transmitted the mutation through the germline. Het-
erozygous progenies were intercrossed, and the offspring
were analyzed by Southern blot hybridization (Figure
1B). GIluR&2 mutant mice homozygous for the disrupted
GluR&2 allele (—/—) were viable and fertile, though the
mating efficiency was low.

In situ hybridization analyses of the parasagittal brain
sections with an oligonucleotide probe corresponding to
the disrupted region (probe D2J) showed that normal
GluR&2 RNA transcripts were absent in the mutant mice
(Figure 1C). The transcripts from the disrupted GluR&2
gene were detected with an oligonucleotide probe corre-
sponding to the intact region (probe D2B), but their
amounts were much lower than those of the normal
GluR382 mRNA in the wild-type mice. The expression of
the GIuR51 mRNA was not appreciably affected by the
GluR&2 mutation. Western blot analysis of total cerebellar
proteins showed that the mutant mice (—/-) had no detect-
able GIuRa&2 protein, and the content of the protein of the
heterozygous mice (+/—) was approximately half of the
wild-type mice (+/+), whereas the contents of calbindin
(Yamakuni et al., 1984), a marker protein of cerebellar
Purkinje cells, and mGIluR1 metabotropic GIuR (Masu et
al., 1991; Shigemoto et al., 1994) were not appreciably
affected by the GluR&2 mutation (Figure 1D).

Motor Coordination

The GIuR82 mutant mice showed moderate locomotor
ataxia, which could be noticed already at approximately
postnatal day 12 (P12). The mutant mice often walked with
tottering steps and sometimes scrambled to their hind-
limbs. The spontaneous activities of the wild-type and mu-
tant mice at P26—-P28 were recorded in a computerized
activity-tracing chamber, which used infrared photobeams
to monitor horizontal and vertical movements (Figure 2).
The mutant mice showed significantly reduced horizontal
activity measured as total walking distances as compared
with the wild-type mice (t test, p < .01). There,also was a

brain sections.

(D) Western blot analysis of cerebellar proteins
with antibodies against GluR&2, calbindin, and
mGluR1.
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significant difference in total running time with high speeds
(>20 cm/s) between the wild-type and mutant mice (t test,
p < .01). The vertical activity typically consisted of rearing
or standing up on their hindlimbs. When rearing, the mu-
tant mice often pitched and rolled, owing to their poor
balance. Total rearing time of the mutant mice was sig-
nificantly shorter than that of the wild-type mice (t test,
p <.01).

We then applied two motor tasks, the rope climbing and
running along an elevated runway tasks, that were suc-
cessfully used to assess quantitatively the deficits in motor
performance of the lurcher mutant mice with defects in
cerebellar Purkinje celis (Goldowitz et al., 1992). In the
rope climbing task, mice were placed at the base of a
suspended piece of 50 cm twine with knots at ~15 mm
intervals, and the time required to climb to the top was
recorded with a stopwatch. Mice at P21 were given four
trials per day for 5 consecutive days. The mutant and wild-
type mice climbed the twine with comparable speeds on
the first two days (Figure 3C). On the last 3 days, the
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Figure 2. Locomotor Activities of the Wild-Type and Mutant Mice

Wild-type mice are indicated by (+/+); mutant mice are indicated by
(—/-). Mice from lines L143 (open and closed bars) and M32 (hatched
bars) were measured for 30 min in daytime using a behavioral tracing
analyzer (Model BTA-I, Muromachi Kikai, Tokyo); L143 (+/+),n = 9;
L143 (=/-), n = 8; M32 (+/4), n = 10; M32 (—/-), n = 11.
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Figure 3. Behavioral Characterization of the
GluR&2 Mutant Mice

(A and D) The runway task. Number of slips
was counted during walking 100 cm on a run-
way; L143 (+/4), n = 13; L143 (—/-), n = 13;
M32 (+/+), n = 3; M32 (~/-), n = 10.

(B and E) The rotating rod task. The test was
carried out for 5 min using Rota-Rod Treadmill
(Muromachi Kikai, Tokyo). Retention time on
the rotating rod at 10 rpm was counted; L143
(++), n = 9; L143 (—/-), n = 8; M32 (+/4),
n = 13; M32 (-/-),n = 9.

(C) The rope climbing task. Time required for
climbing 50 cm along a vertically suspended
twine was measured with a stopwatch; L143
(+/H+), n = 9; L143 (-/-), n = 6; M32 (+/4),
n = 4; M32(-/-),n = 3.
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mutant mice took a somewhat longer time, though it was
not very significant.

In the runway task (Goldowitz et al., 1992), mice run
along an elevated runway with low obstacles intended to
impede the progress of mice (Figure 3A). The runway was
100 cm long and 2 cm wide, about the shoulder width of
amouse, and at this width, the digits of the hindfoot usually
hung over the runway edge, so a slight lateral misstep
would result in a slip. The number of slips was counted
during each trial. Mice at P21 were given four trials per
day for 5 consecutive days. There was a clear difference
in the number of slips between the wild-type and mutant
mice (Figure 3D). The wild-type mice quickly ran through
with few slips, except for the first day. In contrast, the
mutant mice walked slowly along the runway with many
slips, although an improvement was observed on the
first day.

We employed the rotating rod task to further compare
the motor coordination ability (Dunham and Miya, 1957).
Mice at P21 were placed onto a rod of 87 mm in diameter,
and the rod was rotated at 10 rpm (Figure 3B). The reten-
tion time of mice on the rod was automatically recorded
(Figure 3E). Tentrials per day were given for 5 consecutive
days. The wild-type mice quickly learned to retain them-

+/+

selves on the rod. On the other hand, the retention time
of the mutant mice was much shorter than that of the wild-
type mice, though an improvement was observed; only a
few of L143 line showed improvements, and there may
have been some differences between two lines. These
results suggest that the GluR82 mutant mice are impaired
in motor coordination, which is in accordance with the
selective localization of the 82 subunit in cerebellar Pur-
kinje cells.

Histology

Figure 4 shows the anatomical organization of the cere-
bella of the wild-type and mutant mice at P28. The cerebel-
lum of the mutant mice showed apparently normal histo-
logical appearance (Figures 4A and 4E). In Nissl-stained
sections, no significant abnormality was observed in the
development of the folium, the organization of the molecu-
lar, Purkinje cell, and granule cell layers, and the numbers,
shapes, and distributions of neuronal and glial cells (Fig-
ures 4B and 4F). As shown by immunohistochemistry with
anti-inositol trisphosphate receptor (IPsR) antibody, Pur-
kinje cells of the mutant mice had well-differentiated den-
dritic arbors, and the dendrites were studded with spines
as numerous as the wild-type mice (Figures 4C and 4G).

Figure 4. Histological and Immunohistochem-
ical Analyses of Wild-Type and Mutant Cere-
bella

(A~D) Wild-type cerebella; (E-H) mutant cere-
bella.

(A and E) Nissl-stained sagittal sections of the
cerebellar vermis.

(B and F) Higher magnification of (A) and (E)
at the culmen.

(C and G) Cerebellar cortex immunostained
with anti-IP;R antibody. Insets show dendritic
shafts and spines of Purkinje cells.

(D and H) Cerebellar cortex immunostained
with anti-GluR&2 antibody.
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Figure 5. Electron Micrascopic Analysis of the Wild-Type and Mutant
Purkinje Cell Synapses

(A) Wild-type and (B) mutant Purkinje cell synapses. Asterisks, den-
dritic spines of the Purkinje cells with synaptic terminals; triangles,
dendritic spines without synaptic terminals; arrows, high electron den-
sity in dendritic spines without synaptic terminals; BG, the processes
of Bergmann glial cells; P, the dendritic shafts of Purkinje cells.

GluR82 immunostaining was found in the molecular and
Purkinje cell layers of the wild-type cerebellum as de-
scribed (Araki et al., 1993), but was abolished in the mutant
cerebellum (Figures 4D and 4H).

Further inspection with electron microscopy, however,
revealed an anatomical difference between the wild-type
and mutant mice. Synaptic contacts with postsynaptic
densities were sparse on the dendritic spines of the mutant
Purkinje cells (Figure 5, asterisks). The numbers of syn-
apses on the dendritic spines per 100 um? counted on
electron microscopy photographs were 16.6 + 3.6 (mean
+ SEM; n = 20)and 22.0 = 4.5(n = 19) for two wild-type
mice, and 7.1 = 1.6 (n = 20) and 9.9 = 2.3 (n = 20)
for two mutant mice, respectively (difference between the
wild-type and mutant mice, t test, p < .01). Correspond-
ingly, spines without synaptic contacts but surrounded by
sheets of Bergmann glial cells were found more abun-
dantly in the mutant mice than in the wild-type mice (Figure
5B, triangles). Some of these spines possessed high elec-
tron density, like postsynaptic membranes, but missed the
synaptic contact with parallel fibers (PFs; Figure 5B,
arrows). These observations suggest that the formation
or maintenance of PF-Purkinje cell synapses is disturbed
in the mutant mice.

Purkinje Cell Responses

Cerebellar Purkinje cells receive two distinct excitatory
inputs, one from PFs and the other from climbing fibers
(CFs). Voltage responses to PF and CF stimulation were
measured under blind-patch recording of Purkinje cell
dendrites in cerebellar slices (Shibuki and Okada, 1992).
Both responses were not affected by 50 uM D-2-amino-5-
phosphonovarelate, but were virtually eliminated by 10
pM 6-cyano-7-nitroquinoxaline-2,3-dion, in accordance
with the previous observations (Konnerth et al., 1990;
Perkel et al., 1990; data not shown). The rising slopes of
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Figure 6. Voltage Responses of Purkinje Cells

(A and B) Changes in PF stimulation-evoked EPSPs in the wild-type
(A) and mutant (B) Purkinje cells as increasing stimulus intensities at
0.5 or 1 pA steps. Insets show the EPSP traces.

(C and D) White matter stimulation-evoked CF responses of the wild-
type (C) and mutant (D) Purkinje cells. Two traces each were recorded
at the threshold intensities of 3 pA (C) or of 9, 15, and 17 pA indicated
by one, two, and three arrowheads, respectively (D).

(E) Number of steps of CF EPSP of the wild-type (open bar) and mutant
(closed bars) Purkinje celis.

PF stimulation-evoked excitatory postsynaptic potentials
(EPSPs) gradually increased depending on the stimulus
intensities, and no clear difference was observed in the
slope-intensity relationships between the wild-type and
mutant Purkinje cells (Figures 6A and 6B). CF responses
of the wild-type Purkinje cells appeared at the threshold
intensity of stimulation, and the rising EPSP slope was
constant at larger stimulus intensities (n = 40 from 11
mice; Figure 6C), in accordance with innervation of a sin-
gle CF to one Purkinje cell in adult animals (Crepel, 1982).
In contrast, CF responses in 39 out of 85 mutant Purkinje
cells (22 mice) changed in a step-wise manner at stimulus
intensities larger than the threshold (Figure 6D). The rising
slopes of the responses were constant between the steps.
From the number of distinctive steps in CF responses,
33%, 12%, and 1% of Purkinje cells from the mutant mice
were estimated to be innervated by at least two, three,
and four CFs, respectively (Figure 6E). Thus, we conclude
that Purkinje cells in the mutant mice remain to be multiply
innervated by CFs even at the adult stage.

The excitatory synaptic transmissions on Purkinje cell
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were further characterized by the thin slice whole-cell
patch-clamp technique (Konnerth et al., 1990). There was
no significant difference in the time courses of PF stimula-
tion-induced excitatory post synaptic currents (EPSCs) be-
tween the wild-type and mutant slices. Time to peak and
half-height width were 5 = 0.5 msand 16 * 24 ms (n =
7) for the wild-type cells, and 5 + 0.4 ms and 16 = 1.5
ms(n = 12) for the mutant cells, respectively. The current-
voltage relations of PF responses were similar between
the two types of the cells (Figure 7A). The reversal potential
was—1 = 1 mV (n = 3) for the wild-type cells and -1 %=
1mV (n = 5) for the mutant cells. No significant difference
was found in the time courses of CF stimulation-induced
EPSCs between the wild-type and mutant slices. Time to
peak and half-height width were 1 £ 0.4 msand8 = 1.2
ms (n = 3) for the wild-type cells and 1 + 0.2 ms and
7 £ 2.7 ms (n = 5) for the mutant cells, respectively.
The current-voltage relationships of CF responses were
similar (Figure 7C). The reversal potential was —2 = 1
mV (n = 3) for the wild-type cellsand 1 £ 2mV (n = 4)
for the mutant cells.

As reported by Konnerth et al. (1990), the PF and CF
responses exhibited paired-puise facilitation and depres-
sion, respectively (Figures 7B and 7D). The extent of
paired-pulse facilitation of PF stimulation-induced EPSCs
and that of paired-pulse depression of CF stimulation-
induced EPSCs were not significantly different between
the wild-type and mutant Purkinje cells, except for the facil-
itation at the interval of 100 ms (t test, p < .05).

Cerebellar LTD

Coactivation of CF and PF inputs at low frequency induces
LTD of the synaptic transmission between PFs and Pur-
kinje cells, which has been considered as a cellular basis
of motor learning (Ito, 1989; Linden, 1994). We employed
the thin slice whole-cell patch-clamp technique to examine
the cerebeliar LTD in the mutant mice. With this method,
Konnerth et al. (1992) showed in rats that simultaneous
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activation of the CFs and PFs innervating single Purkinje
cells caused a LTD of transmission of the PF-Purkinje
cell excitatory synapse, and the CF stimulation could be
replaced by brief depolarization of Purkinje cells. Pairing
of brief depolarization of the wild-type Purkinje ceils with
PF stimulation gradually decreased PF stimulation-induced
EPSCs after strong transient depression in 12 out of 16
cells, the extent of reduction at 30 min after stimulation
being 32% + 5% (n = 16 from 10 mice; Figures 8A and
8C). However, the extent of reduction was significantly
smaller in the mutant Purkinje cells (5% =+ 3%; n = 21
from 10 mice; t test, p <.01), although the strong transient
depression was always observed (Figures 8B and 8C). Of
21 mutant cells, 18 exhibited little depression, and 3 cells
showed moderate depression. Thus, cerebellar LTD is im-
paired in the mutant mice.

Voltage-gated Ca?" currents, which are required for the
induction of LTD (Hirano, 1990; Sakurai, 1990; Crepel and
Jaillard, 1991), were similar in amplitudes and current-
voltage relations between the wild-type and mutant Pur-
kinje cells (data not shown). The peak current amplitudes
were 1.72 + 0.64nA(n = 5)and 1.45 = 0.55nA (n =
7) for the wild-type and mutant cells, respectively. The
most negative potential at which the current was activated,
the potential at which the peak amplitude attained one-half
of the maximum value, and the potential at which the peak
amplitude attained the maximum value were —52 + 3mV,
-32 = 2mV, and —19 * 2 mV for the wild-type cells
(n = 5),andwere —55 £ 3mV,-28 = 2mV,and —16 =
2 mV for the mutant cells (n = 7), respectively.

Discussion

In the present investigation, we have provided experimen-
tal evidence by gene targeting that the 2 subunit of the
GluR channel plays important physiological roles in vivo.
Deprivation of the 82 subunit results in disturbance of mo-
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Figure 8. LTD in the Wild-Type and Mutant
Cerebellar Thin Slices
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tor coordination, synapse formations between the PFs and
Purkinje cells and between the CFs and Purkinje cells,
and LTD of PF-Purkinje cell synaptic transmission in the
mutant mice. The involvement of the 82 subunit in the
cerbellar LTD is in agreement with in vitro studies using
cerebellar primary cultures and antisense oligonucleo-
tides (Hirano et al., 1994).

Because available evidence suggests that the 62 sub-
unit is selectively localized in cerebellar Purkinje cells (Ar-
aki etal., 1993; Lomeli et al., 1993), the motor coordination
deficiency of the GIuR82 mutant mice should be ascribed
primarily to the dysfunction of the mutant Purkinje cells
lacking the 82 subunit. [t is possible that the 62 subunit
function may be pleiotropic, and thus the subunit would
play roles independently in the formation of PF-Purkinje
cell synapses, the formation of CF-Purkinje cell synapses,
and the cerebellar LTD. Alternatively, there may be one
primary function of the 82 subunit, and this defect could
cause the other secondary phenotypes. Since oligonucle-
otides antisense to the GluR82 mRNA suppress LTD (Hir-
ano et al., 1994) when added to cerebellar primary cul-
tures, the 82 subunitis likely to be directly involved at least
in the induction of the cerebellar LTD. It is known that
during the normal course of development of the rodent
cerebellum, the adult one-to-one relationship between
CFs and Purkinje cells is preceded by a transient stage
of multiple innervation (Crepel, 1982). However, Purkinje
cells remain to be multiply innervated by CFs when the
formation of PF-Purkinje cell synapse formation is hin-
dered by X-ray irradiation or spontaneous mutations, such
as weaver, reeler, and staggerer (Crepel, 1982). Thus, the
multiple innervation of Purkinje cells by CFs in the GluR52
mutant mice might be due to the reduced PF-Purkinje
cell synapse formation. Though the causal relationships
of these phenotypes of GIuR82 mutant mice remain to
be established, our findings provide direct evidence for a
close relationship between synaptic plasticity and synapse
formation in the cerebellum.

The & subunit family of the GluR channel was discovered
by molecuiar cloning (Yamazaki et al., 1992). In contrast
to the wide and weak expression of the 81 subunit mRNA,
the 82 subunit mRNA is selectively localized in the cerebel-

1 (A and B) Time course of EPSC amplitudes of
the wild-type (A) and mutant (B) Purkinje cells.
. The EPSC was evoked by stimulating PFs at
EH 1 Hz throughout experiments. At time 0, depo-
: larization to 0 mV for 50 ms was applied 10
times in conjunction with the PF stimulation;
onset of depolarization preceded by 10 ms.
Each point indicates mean + SD of peak am-
plitudes of EPSCs in a 1 min bin. Lower traces
are averages of 10 individual EPSCs recorded
just before (1), just after (2), and 30 min after
(3) the depolarization.

(C) The EPSC amplitude change in each exper-
iment normalized by dividing the mean peak
amplitude between 25 and 30 min after depo-
larization by the mean between 5 and 0 min
before depolarization.

lar Purkinje cells (Araki et al., 1993; Lomeli et al., 1993).
The 82 subunit protein is expressed and distributed
throughout the molecular layer, where the Purkinje cell
dendrites develop, forming synapses with terminals of the
PFs and CFs, as shown by immunostaining with anti-
GluR&2 antibody (Araki et al., 1993). Thus far, no evidence
is available that the classical classification of the AMPA,
kainate, and NMDA receptor channels can be adopted to
the & subunit family. Among diverse GluR channel sub-
units, the 8§ subunit, in view of the amino acid sequence
identity, positions in between the NMDA and non-NMDA
receptor channel subunits (Yamazaki et al., 1992; Araki et
al., 1993; Lomeli et al., 1993). The AMPA receptor channel
mediates the fast excitatory synaptic transmission in most
of the central nervous system, whereas the NMDA recep-
tor channel serves as a molecular coincidence detector
to play a role in synaptic plasticity and synapse formation
(Mayer and Westbrook, 1987; McDonald and Johnston,
1990; Bliss and Collingridge, 1993). Rabacchi et al. (1992)
showed that chronic in vivo application of D-2-amino-5-
phosphonovarelate into rat cerebellum prevented the re-
gression of supernumerary CF synapses in Purkinje cells.
In view of our findings that the 82 subunit plays a role in
synaptic plasticity and synapse formation, like the NMDA
receptor channel, it would be of interest to examine
whether the 82 subunit forms a complex with any known
GIuR channel subunit or an unidentified novel subunit.

Since the subunits within the same GiuR channel sub-
family show similar functional properties (for reviews see
Mishina et al., 1993; Seeburg, 1993; Holimann and Heine-
mann, 18994, Nakanishi and Masu, 1994), it seems reason-
able to assume that the widely distributed 1 subunit might
also play a role in synaptic plasticity and synapse forma-
tion. LTD in the hippocampus is prominent early in postna-
tal development (Dudek and Bear, 1993), and thus LTD in
the cerebrum might also be related to synapse formation.
Possible involvement of the 81 subunit in these processes
could be tested by the targeted disruption of the 81 sub-
unit gene.

Brain functions are based on highly organized networks
of many neurons. The formation of specific connections
among nerve cells includes innervation, preferential sur-
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vival, and elimination of synapses. The 82 subunit-defi-
cient mutant mice will provide an excellent model system
to investigate the molecular mechanisms underlying the
Purkinje cell synapse formation, the cerebellar LTD, the
motor learning, and their relationships.

Experimental Procedures

Production of GluR§2 Mutant Mice

Genomic DNA from C57BL/6 mice liver was digested by BamHI, size-
fractionated by 10%-38% sucrose density gradient centrifugation,
and inserted into EMBL3 phage vector (Stratagene). Screening of the
genomic library with the 1.3 kb Hindlll-BamHI fragment from pA37-
31 (Araki et al., 1993) yielded clone AD2-9. The 12 kb genomic DNA
insert containing 140 bp exon encompassing putative transmembrane
segment M3 of the 82 subunit and the 2.0 kb EcoRI-Hindlli fragment
from the insert were cloned into pBluescript Il KS™ to yield pD2-9 and
pD2-9EH, respectively. The 4.5 kb Hincll-Sacl fragment from pD2-
9EH and the 1.3 kb EcoRI-BamHI fragment from pGK2Neo (Yagi et
al., 1993a) were blunted and ligated to yield pD2-9Neo. The 2.4 kb
Hindlll fragment from pD2-9 was inserted into the Hindlll site of pD2—
9Neo to yield pD2-9NeoH. The 25 bp Notl-Xhol segment of pPauDT1
(Sakimura, K. et al., 1995) was replaced by synthetic linker

5'-GGCCGCCACGTGGAGCTCC-3'
3'-CGGTGCACCTCGAGGAGCT -5’

to yield pPauDT2. The 3.3 kb Notl-PmaCl fragment from pD2-9NeoH,
the 6.9 kb PmaCi-Spel and 1.5 kb Spel-Sacl fragments from pD2-
9, and the 4.0 kb Sacl-Notl fragment from pPauDT2 were ligated to
yield pTVGR&2.

TT2 embryonic stem cells (Yagi et al., 1993b) were transfected by
Notl-cleaved pTVGRS2, and GluR82 mutant mice were produced and
housed as described (Hogan et al., 1986; Nada et al., 1993). In situ
hybridization analyses were carried out as described (Watanabe et
al., 1992). Oligonuceotide probes D1A, D2B, and D2J are complemen-
tary to the nucleotide residues 2907~2951 of the 81 subunit cDNA
(Yamazaki et al., 1992) and 2901-2945 and 1818-1862 of the 82 sub-
unit cDNA (Araki et al., 1993), respectively. Western blot analyses
were carried out as described (Araki et al., 1993), except that mGluR1
protein was visualized by enhanced chemiluminescence (Amersham).
Anti-calbindin and anti-mGluR1 antibodies were provided by Dr. T.
Yamakuni and Dr. S. Nakanishi, respectively.

Histology

The sagittal sections of 20 um in thickness were prepared from mice
at P28 by a cryostat for Toluidine blue staining and immunohistochem-
istry with anti-IPsR monoclonal antibody ,C. (provided by Dr. K. Miko-
shiba) or anti-GluR52 antibody by ABC method (Hsu et al., 1981). For
detailed observation of dendritic spines of Purkinje cells, the sections
of 100 um in thickness cut by a microslicer (DSK-1000, Dosaka, Kyoto)
were immunostained with ,C,, and were osmicated for enhancement
of diaminobenzidine reaction. The sections were embedded within
flattened epoxy resin.

Mice at P28 were perfused with 0.1 M phosphate buffer (pH 7.4)
containing 4% paraformaldehyde and 0.5% glutaraldehyde. Sagittal
blocks of the cerebellum postfixed with 1% osmium were embedded
within epoxy resin. Ultrathin sections of the cuimen were double-
stained with 1% uranyl acetate and mixed lead solution. For quantita-
tive measurements, the molecular layer of the cerebellum at the two-
fifths depth from pial side was selected. Number of synapses on the
dendritic spines was counted on photographs at a final magnification
of 12,000 x .

Electrophysiology

Parasagittal slices (400 um thick) of the cerebellar vermis were pre-
pared from mice at P28 to P44. Intracellular voltage recording from
Purkinje cell dendrites within 100 pm from the cut surface of slices
(Shibuki and Okada, 1992) was done at 30°C by a blind-patch re-
cording technique with glass micropipettes of 12-34 MQ filled with a
medium containing 140 mM potassium methanesulphonate, 10 mM

KCl, 10 mM HEPES (adjusted to pH 7.2 with KOH), 1 mM disodium
citrate, 2 mM Na-ATP, 0.3 mM GTP, and 50 mM giucose. External
perfusing medium contained 124 mM NaCl, 5 mM KCl, 1.24 mM
NaH.PO,, 1.3 mM MgS0O,, 2.4 mM CaCl,, 10 mM glucose, and 26 mM
NaHCO, saturated with 95% O, and 5% CO.. The resting membrane
potential was —53 to —40 mV, and the input resistance was 20-70
MQ. PFs were stimulated every 12 s by a biphasic pulse (duration,
200 ps; intensity, + 0.5to = 10 pA) through a glass micropipette fitlled
with 2 M NaCl and 1% or saturated Fast Green FCF, which was in-
serted into the molecular layer 300 um below the surface. CFs were
stimulated by a monophasic pulse (duration, 300 us; intensity, 13-30
nA)through a Teflon-coated platinum wire of 75 pm diameter placed on
the white matter. Stimulating pulse intensities were limited to diminish
possible effects of inhibitory interneurons.

The thin slice patch-clamp recording was carried out essentially as
described (Konnerth et al., 1992). Transverse slices (200 pm) cut from
the cerebellum of mice at P14-P22 were perfused continuously at
22°C-~24°C with an external solution saturated with 95% O, and 5%
CO: in the presence of 20 uM bicucuiline; for Ca* current measure-
ments, slices were prepared from mice at P5—-P8. A cell body of Pur-
kinje neuron was whole-cell voltage clamped at —80 mV with a patch
pipette of 3—-4 MQ. Input resistance (100-300 MQ) and series resis-
tance (20-40 M) were monitored by applying 80 ms voltage pulse
to —90 mV every 5 min, and experiments were terminated when these
values changed more than 20%. A patch pipette filled with the external
solution was positioned about 100 um away from the recorded cell
body and was used to stimulate PFs in the molecuiar layer. CF was
stimulated by placing the stimulation electrode in the vicinity of the
Purkinje cell body. The EPSC evoked by the CF was identified by
its large amplitude and its all-or-none characteristic; with threshold
stimulus, the response was either full amplitude or zero. The intracellu-
lar solution contained 140 mM CsCl, 0.5 MM EGTA, and 10 mMMHEPES
(pH 7.3); 2 mM MgATP and 0.3 mM GTP were added for the LTD
experiments and Ga* current measurements. The external solution
contained 124 mM NaCl, 26 mM NaHCO;, 1.8 mM KCI, 1.24 mM
KH.PO,, 2.5 mM CaCl,, 1.3 mM MgCl., and 10 mM glucose. Recorded
current was filtered at 10 kHz, stored in a DAT recorder (TEAC, RD-
130TE), and analyzed off-line.
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