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The spontaneous recessive mutant mouse stargazer (stg) be-
gins to show ataxia around postnatal day 14 and display a
severe impairment in the acquisition of classical eyeblink con-
ditioning in adulthood. These abnormalities have been attrib-
uted to the specific reduction in brain-derived neurotrophic
factor (BDNF) and the subsequent defect in TrkB receptor
signaling in cerebellar granule cells (GCs). In the stg mutant
cerebellum, we found that EPSCs at mossy fiber (MF) to GC
synapses are devoid of the fast component mediated by
AMPA-type glutamate receptors despite the normal slow com-
ponent mediated by NMDA receptors. The sensitivity of stg
mutant GCs to exogenously applied AMPA was greatly re-
duced, whereas that to NMDA was unchanged. Glutamate
release from MF terminals during synaptic transmission to GCs
appeared normal. By contrast, AMPA receptor-mediated EP-

SCs were normal in CA1 pyramidal cells of the stg mutant
hippocampus. Thus, postsynaptic AMPA receptor function was
selectively impaired in stg mutant GCs, although the transcrip-
tion of four AMPA receptor subunit genes in the stg GC was
comparable to the wild-type GC. We also examined the cere-
bellum of BDNF knockout mice and found that their MF-GC
synapses had a normal AMPA receptor-mediated EPSC com-
ponent. Thus, the impaired AMPA receptor function in the stg
mutant GC is not likely to result from the reduced BDNF-TrkB
signaling. These results suggest that the defect in MF to GC
synaptic transmission is a major factor that causes the cere-
bellar dysfunction in the stg mutant mouse.
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The stargazer (stg) mutant mouse is characterized by ataxia and
head tossing as well as spike-wave seizures (Noebels et al., 1990;
Qiao et al,, 1996). It has recently been revealed that the gene
disrupted in stg and waggler (allelic to stg) encodes a 36 kDa
brain-specific protein stargazin (Letts et al., 1998). This is a
neuronal counterpart of the y subunit of skeletal muscle voltage-
gated Ca?" channels and is expressed widely in the brain, includ-
ing the cerebellum and hippocampus (Letts et al., 1998). Inap-
propriate Ca®" entry resulting from this gene mutation may
cause functional changes in cortical neurons, which is thought to
contribute to the pronounced seizure phenotype in the sfg mutant
mouse (Di Pasquale et al., 1997; Letts et al., 1998). On the other
hand, ataxia has been considered to result from cerebellar dys-
function. The stg mutant mouse displays a severe impairment in
the acquisition of classical eyeblink conditioning (Qiao et al.,

Received Feb. 9, 1999; revised April 27, 1999; accepted April 29, 1999.

This work has been partly supported by grants from the Japanese Ministry of
Education, Science, Sports and Culture (M.K., M.W.) and the Human Frontier
Science Program (M.K.) and by Special Coordination Funds for Promoting Science
and Technology from Science and Technology Agency (M.K., M.W.). We thank Dr.
N. Kawai for continuous encouragement throughout the course of this study, E.
Kushiya, R. Natume, K. Matsumoto, and Y. Okada for excellent technical assis-
tance, and Drs. T. Ohno-Shosaku, T. Tabata, and N. Suzuki for critically reading this
manuscript.

Correspondence should be addressed to Masanobu Kano, Department of Physi-
ology, Kanazawa University School of Medicine, 13-1 Takara-machi, Kanazawa
920-8640, Japan.

Copyright © 1999 Society for Neuroscience 0270-6474/99/196027-10$05.00/0

1998), a motor learning paradigm that is critically involved in the
cerebellar function and plasticity (Thompson, 1986; Kim and
Thompson, 1997; Yeo and Hesslow, 1998). Immature granule cell
(GC)-like neurons persist in the adult sfg cerebellum, which
suggests retarded cytodifferentiation of stg mutant GCs (Qiao et
al., 1998).

In addition to these cerebellar phenotypes, the stg mutant
mouse displays near-total reduction of brain-derived neurotro-
phic factor (BDNF) mRNA expression in the GC layer of the
cerebellum, despite normal BDNF expression in other brain
regions, including the hippocampus (Qiao et al., 1996). The
absence of BDNF mRNA in the GCs was observed at postnatal
day 14 (P14), which is coincident with the onset of ataxia. In the
cerebellum, expressions of both full-length and truncated TrkB, a
neurotrophin receptor for BDNF, were also normal, whereas
TrkB receptor-mediated tyrosine phosphorylation was reduced
significantly (Qiao et al., 1998). Because BDNF is reported to
enhance excitatory synaptic transmission (Lessmann et al., 1994;
Kang and Schuman, 1995) and long-term potentiation (Figurov et
al., 1996), it has been assumed that the impaired BDNF-TrkB
signal transduction is the major cause of abnormalities in cere-
bellar physiology and development in the stg mutant mouse (Qiao
et al., 1998).

In the present study, we found that EPSCs at mossy fiber (MF)
to GC synapses of the szg mutant cerebellum are devoid of the
AMPA receptor-mediated fast component without significant
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change in the NMDA receptor-mediated slow component. Our
results indicate that this abnormality is attributable to defects in
postsynaptic AMPA receptor function but not in presynaptic
glutamate release. We also examined the cerebellum of the
BDNF-deficient mouse and found that MF-GC synapses had a
normal AMPA receptor-mediated EPSC component. Thus, the
defect in AMPA receptor function in the sfg mutant GC seems
unlikely to result from the lack of BDNF production. We propose
that the impaired AMPA receptor function at MF-GC synapses
leads to functional deafferentation of the cerebellar circuit, which
would cause cerebellar dysfunction in the szg mutant mouse.

MATERIALS AND METHODS

Animals. Wild-type (C57BL/6J; +/+) and stargazer mutant (C3B6Fe+;
stg/stg) mice were obtained from the breeding colonies of the Jackson
Laboratory. Mice were maintained in the vivarium of Jichi Medical
School and Kanazawa University on a 12 hr light/dark cycle with free
access to food and water. Heterozygous males (+/stg) and homozygous
females (szg/stg) were mated to produce stg mutant mice. Because we have
not found any electrophysiological difference so far between +/+ and
+/stg, nonmutant littermates including both genotypes were used in
electrophysiological analyses as wild-type controls. Null-mutant mice of
BDNF were obtained from Jackson Laboratory. For the study of BDNF
knockout mice, littermates including +/+ and +/— were used as wild-
type controls.

Electrophysiology. Sagittal cerebellar slices of 200-250 wm thickness
were prepared from szg mutant mice and wild-type mice (P30-P89) or
from BDNF knockout mice and wild-type mice (P18-P20), as described
previously (Edwards et al., 1989; Llano et al., 1991; Kano and Konnerth,
1992; Aiba et al., 1994). A whole-cell recording was made from visually
identified GCs using a 40X water immersion objective attached to an
Olympus (BH-2 or BX-50) upright microscope (Edwards et al., 1989;
Farrant et al., 1994; Ebradlidze et al., 1996; Takahashi et al., 1996). The
resistance of patch pipettes was 5-10 M(Q when filled with an intracel-
lular solution composed of (in mm): 60 CsCl, 30 Cs D-gluconate, 20
TEA-CI, 20 BAPTA, 4 MgCl,, 4 ATP, and 30 HEPES (pH 7.3, adjusted
with CsOH). The composition of standard bathing solution was (in mm):
125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgSO,, 1.25 NaH,PO,, 26 NaHCO;, and
20 glucose, bubbled continuously with a mixture of 95% O, and 5% CO..
Bicuculline (10 M) was always present in the saline to block spontaneous
IPSCs. For the analysis of CA1 pyramidal cells, transverse hippocampal
slices of 200-250 wm thickness were cut, and a whole-cell recording was
made from visually identified CA1 pyramidal cells (Edwards et al., 1989).
The composition of the pipette solution for recording from CAl pyra-
midal cells was (in mm): 120 CsCl, 20 CsOH, 8 NaCl, 10 EGTA, 4 ATP,
and 10 HEPES (pH 7.3, adjusted with CsOH). Ionic currents were
recorded with an Axopatch-1D patch-clamp amplifier (Axon Instru-
ments). The pipette access resistance was compensated as described
previously (Llano et al., 1991). Stimulation and on-line data acquisition
were performed using the PULSE program (version 7.5, HEKA). Signals
were filtered at 3 kHz and digitized at 20 kHz. The decay phase of EPSCs
was fitted with the PULSE-FIT program (version 7.5, HEKA). For
stimulation of MFs in the cerebellum or Schaffer collateral/commissural
afferents in the hippocampus, a glass pipette with a 5-10 um diameter tip
filled with standard saline was used. Square pulses (duration, 0.1 msec;
amplitude, 1-10 V) were applied for focal stimulation. Most of the
experiments were performed at a bath temperature of 32°C, unless
indicated otherwise.

In situ hybridization. Two homozygous stg and two wild-type mice at 7
postnatal weeks were used for in situ hybridization analysis. Under deep
pentobarbital anesthesia, adult mouse brains were excised from the skull
and immediately frozen in powdered dry ice. Fresh frozen sections (20
um in thickness) were prepared by cryostat and mounted on glass slides
precoated with 3-aminopropyltriethoxisilane or poly-L-lysine (Sigma, St.
Louis, MO). For isotopic detection of the mouse AMPA receptor subunit
mRNAs, 45-mer antisense oligonucleotides were synthesized against C-
terminal regions downstream to the transmembrane domain M4. The
sequence is antisense to 5'-GGTTTCTGTTTGATTCCACAGCAATC-
CATCAATGAAGCCATACGGO-3' of the mouse GluRal subunit cDNA
(nucleotide residues 2467-2511; GenBank Accession No. X57497), 5'-
GTGGCAAAGAATGCACAGAATATTAACCCATCTTCCTCGCAG

Hashimoto et al. + AMPA Receptor Dysfunction in Ataxic Mutant Mouse

AAT-3" of the mouse GluRa2 subunit cDNA (nucleotide residues 2479—
2523; GenBank Accession No. X57498), 5'-CTCACAAAGAACACC
CAAAACTTTAAGCCTGCTCCTGCCACCAAC-3" of the mouse
GluRa3 subunit cDNA (nucleotide residues 2491-2535; GenBank Acces-
sion No. AB022342), and 5'-CTGACTTTTTCCGAAGCCATAA-
GAAACAAAGCCAGGTTATCCATC-3' of the mouse GluRa4 subunit
cDNA (nucleotide residues 2482-2526; GenBank Accession No.
AB022913). These oligonucleotides were labeled with *>S-dATP to a spe-
cific activity of 0.5 X 10° dpm/mg DNA, using terminal deoxyribonucle-
otidyl transferase (BRL, Bethesda, MD). Sections were processed for
fixation, acetylation, prehybridization, and hybridization, as reported pre-
viously (Watanabe et al., 1993). The slides were washed twice at 55°C for 40
min in 0.1 X SSC containing 0.1% sarcosyl and were exposed to Hyper-
film-B max (Amersham, Buckinghamshire, England) for 1 month.

Antibody and immunoblot. Rabbit polyclonal antibody against the
mouse GluRa4 was produced. A complementary DNA fragment encod-
ing the C-terminal amino acid residues 828—-881 of the mouse GluRa4
(TFSEAIRNKARLSITGSVGENGRVLTPDCPKAVHTGTAIRQSS
GLAVIASDLP, GenBank Accession No. AB022913) was introduced
into pGEX-4T-2 plasmid vector (Pharmacia Biotech AB, Uppsala, Swe-
den) to obtain glutathione S-transferase (GST) fusion protein. The
fusion proteins expressed in Escherichia coli BL21 were purified with
glutathione Sepharose-4B (Pharmacia), and the polypeptide of GluRa4
was separated from GST by thrombin digestion followed by RP-HPLC.
The purified polypeptide was injected into female New Zealand White
rabbits at intervals of 2-4 weeks. From the antiserum sampled 2 weeks
after the sixth injection, immunoglobulins were separated using Protein
G-Sepharose (Pharmacia), and antibodies specific to the GluRa4
polypeptide were affinity-purified using fusion protein-coupled CNBr-
activated Sepharose 4B (Pharmacia).

The stg mutant and wild-type mice (P21) were decapitated under
anesthesia, and cerebella were removed rapidly. Each cerebellum was
homogenized in 10 vol of buffer H (10 mm Tris-Cl, pH 7.2, 5 M MEDTA,
0.32 M sucrose, 1 mM phenylmethylsulfonyl fluoride, and 10 mg/l leu-
peptin) within 3 min of decapitation and centrifuged at 700 X g for 10
min to obtain a postnuclear fraction. Protein determination was made by
the method of Lowry et al. (1951). Equal amounts of the protein were
fractionated by SDS-PAGE and electroblotted onto a nitrocellulose
membrane (Schleicher and Schuell, Dassel, Germany). The blot was
immunoreacted with anti-GluRa4 antibody at 1 ug/ml and visualized by
chemiluminescence (ECL detection system, Amersham, Tokyo, Japan).
For semi-quantitative analysis, the immunoreactive bands were scanned
using a densitometer (Shimazu CS-9300PC).

RESULTS

Reduction of the non-NMDA receptor-mediated
component of EPSCs at mossy fiber-granule cell
synapses in stg mutant mice

In parasagittal cerebellar slices prepared from wild-type and stg
mutant mice, GCs were recorded in the whole-cell configuration
(Edwards et al., 1989; Farrant et al., 1994; Ebradlidze et al., 1996;
Takahashi et al., 1996). In GCs from wild-type mice, EPSCs
induced by MF stimulation (MF-EPSCs) were composed of a
fast component followed by a slow component. The amplitude of
the slow component at a holding potential of —70 mV was
significantly smaller than that at +40 mV (Fig. 14). The current—
voltage (I-V') relationship for the fast component was linear,
whereas that for the slow component measured at 50 msec after
the stimulus exhibited a characteristic outward rectification
(Fig. 1C). The fast and slow components were selectively
blocked by a non-NMDA receptor antagonist, 6-nitro-7-
sulfamoylbenzo[f]quinoxaline-2,3-dione (NBQX, 5 um), and
an NMDA receptor antagonist, 3-(R-2-carboxypiperazin-4-yl)-
propyl-1-phosphoninc acid (R-CPP, 10 uMm), respectively, in 14
GCs examined (Fig. 1E). These results indicate that the fast and
slow components of MF-EPSCs in wild-type mice are mediated
by non-NMDA and NMDA receptors, respectively.

In stg mutant GCs, MF-EPSCs were devoid of distinguishable
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Lack of non-NMDA receptor-mediated fast component in MF-GC excitatory synaptic transmission in the sfg mutant mice. 4, B, EPSCs

elicited by MF stimulation in GCs from the wild-type (A) and stg mutant (B) mice at holding potentials of +40 mV (top panels) and —70 mV (bottom
panels). Each trace is a single-sweep record, and several traces are superimposed for each record. C, D, I-V relationships of MF-EPSCs from wild-type
(C) and stg mutant (D) mice measured at the peak (O) and 50 msec after (@) the stimulus. The EPSC amplitudes were normalized to the mean value
at +40 mV in each experimental condition. Each data point and attached error bar represent mean and SEM. E, F, Effects of NBQX (5 um) and CPP
(10 um) on MF-EPSCs in GCs from wild-type (E) and stg mutant (F) mice at a holding potential of +40 mV. Each trace is an average of 10 consecutive
sweeps. Records in the control external solution, in the solution containing NBQX (5 uM), and in that containing CPP (10 uM) are superimposed. MF

stimulation was repeated at 0.2 Hz.

Table 1. Properties of the NMDA receptor-mediated component of MF-EPSCs

Decay (71) (msec)

Decay (72) (msec)

Genotype Amplitude (pA)  Rise time (msec)
Wild type (n = 11) 17.8 £9.3 25+038 153 £85
stg mutant (n = 13) 18.8 =95 2307 142 £5.6

61.0 = 20.6
56.9 = 29.0

GCs near the surface of the slices were recorded in the presence of NBQX (5 um) or CNQX (10 um) at a holding potential

of +40 mV. The bath temperature was 32°C. Data are expressed as mean = SD.

fast components (Fig. 1B). The MF-EPSC amplitude was much
smaller at a holding potential of —70 mV than at +40 mV (Fig.
1B). The I-V relationship exhibited a characteristic outward
rectification measured at both peak and 50 msec after the stim-
ulus (Fig. 1D). MF-EPSCs were not affected by NBQX (5 um)
but were almost abolished by R-CPP (10 um) in 15 stg mutant
GCs examined (Fig. 1F). These results indicate that MF-EPSCs
in stg mutant GCs are mediated by NMDA receptors and are
devoid of the non-NMDA receptor-mediated fast component.
The lack of non-NMDA receptor-mediated fast component was
obvious at P14, which coincides with the onset of ataxia in the stg
mutant mouse (Qiao et al., 1996). The defect was obvious also in

younger stg mutant mice at P11. On the other hand, the lack of
non-NMDA receptor-mediated fast component was found in
MF-EPSCs of the stg mutant mouse around P80, indicating that
the defect persists into adulthood. When measured at a holding
potential of +40 mV, the amplitudes of MF-EPSCs in stg mutant
GCs were similar to that of the slow component of MF-EPSCs in
the wild-type GCs (Table 1). The 10-90% rise time and the
decay time constants (71 and 72, fitted with double exponentials)
were also similar (Table 1). These results indicate that szg mutant
GCs have a specific defect in non-NMDA receptor function at
MF-GC synapses without apparent abnormality in NMDA-
receptor function.
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Figure 2. Significantly reduced sensitivity to
exogenous AMPA in GCs of the stg mutant
mice. 4, B, Instantaneous /-} relationships of
the AMPA (10 um)-induced current evoked
in GCs from wild-type (4) and stg mutant
(B) mice. Currents were measured during
voltage ramp from +40 to —110 mV (dura-
tion, 2000 msec). C, D, Instantaneous -V
relationships of the NMDA (100 pm)-
induced current evoked in GCs from wild-
type (C) and stg mutant (D) mice. Currents
were measured and illustrated as in 4 and B.
Records were taken in the presence of tetro-
dotoxin (0.5 uM) and strychnine (1 um). For
leak subtraction, evoked currents measured
in the control solution were subtracted from
those in the presence of AMPA or NMDA.
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Each I-V curve is an average of data from
9-12 different GCs. Error bars at —100, —80,
—60, —40, —20, 0, +20, and +40 mV repre-
sent SEM.

Selective reduction of AMPA sensitivity in stg mutant
granule cells

To examine whether the reduced non-NMDA receptor-mediated
component of MF-EPSCs in the szg mutant mouse is caused by
the defect in postsynaptic receptor function, we directly mea-
sured the whole-cell currents through AMPA receptors and
NMDA receptors in GCs (Tempia et al., 1996). Leak-subtracted
voltage ramps (from a holding potential of +40 to —110 mV, 2000
msec duration) were adopted to construct instantaneous -V
relationships of the current induced by bath-applied AMPA or
NMDA. Wild-type GCs responded well to both AMPA (10 um)
and NMDA (100 pum). The I-V relationship during AMPA ap-
plication was linear (Fig. 24), whereas that during NMDA ap-
plication exhibited a clear outward rectification (Fig. 2C). In
contrast, szgg mutant GCs had almost no response to the challenge
of AMPA (Fig. 2B), whereas they exhibited an outwardly recti-
fying I-V relationship during NMDA application (Fig. 2D).
These results indicate that postsynaptic AMPA receptor function
is impaired in the szg mutant GCs without a significant change in
NMDA receptor function.

Because NMDA receptors have higher affinity to glutamate
than AMPA receptors, it is possible that reduced presynaptic
glutamate release could preferentially reduce the AMPA
receptor-mediated component of EPSCs. To pursue this possibil-
ity, we estimated the time course of free glutamate concentration
in the MF-GC synaptic cleft by application of a-amino pimelic
acid (a-APA) (Fig. 34), a rapidly dissociating NMDA receptor
antagonist that displaces synaptically released glutamate (Scan-
ziani et al., 1997). To isolate NMDA receptor-mediated compo-
nents, MF-EPSCs were recorded at a holding potential of +40
mV in the presence of a non-NMDA antagonist, 6-cyano-7-
nitroquinoxaline-2,3-dion (CNQX, 10 um). We found no signifi-

cant difference in the inhibitory potency of a-APA on MF-
EPSCs between the wild-type and stg mutant mice at all
antagonist concentrations tested (10-1000 um) (Fig. 34,B), sug-
gesting normal glutamate release from MF terminals in stg mu-
tant mice.

Non-NMDA receptor-mediated EPSC component
is normal in CA1 pyramidal cells of the stg
mutant mouse

To clarify whether the defect in AMPA receptor function is
specific to GCs, we studied excitatory synaptic transmission in
CA1 pyramidal cells (Fig. 4). In both wild-type and stg mutant
pyramidal cells, stimulation of Schaffer collateral/commissural
afferents evoked EPSCs at a holding potential of —65 mV (Fig.
4A) that were significantly blocked by a non-NMDA antagonist,
CNQX (10 uMm) (data not shown). When the holding potential
was changed to +45 mV, the slow EPSC component became
larger (Fig. 4A4), and this was blocked by an NMDA-blocker,
DL-2-amino-5-phosphonopentanoate (AP-5, 50 um) (data not
shown). These results indicate that peak EPSC at —65 mV
[EPSC(—65)] and EPSC 100 msec after the stimulus at +45 mV
[EPSC(+45)]) represent non-NMDA and NMDA receptor-
mediated components at respective holding potentials. The mean
amplitudes of the peak currents at —65 mV were 39.9 + 25.9 pA
and 49.1 = 24.3 pA (mean = SD) for the wild-type (n = 20) and
the szg mutant (n = 22) mice, respectively. Those of the currents
at 100 msec at +45 mV were 6.7 + 5.0 pA and 11.0 = 11.8 pA
(mean = SD) for the wild-type (n = 20) and the stg mutant (n =
22) mice, respectively. These values were not significantly differ-
ent between the wild-type and stg mutant mice. Moreover, the
amplitude ratio of EPSC(+45) to EPSC(—65) in the stg mutant
mouse was not different from that in the wild-type mouse (Fig.
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Figure 3. Effects of a low-affinity NMDA receptor blocker, a-amino pimelic acid (a-4PA), on the NMDA receptor-mediated components of
MF-EPSCs. Specimen records (A) and summary graph show concentration—inhibition curves (B) for the wild-type (top record in A; open circles in B)
and stg mutant (bottom record in A; closed circles in B) GCs. Each trace in A is an average of 20 consecutive sweeps. The ordinate in B indicates percentage
of the control EPSC amplitude before application of a-amino pimelic acid (mean = SEM). Records were taken at a holding potential of +40 mV and

in the presence of CNQX (10 um) and bicuculline (10 um).

4B). These results suggest that AMPA receptor function at
Schaffer collateral/commissural afferents to CAl pyramidal cell
synapses is normal in the sfg mutant mouse.

Expressions of four AMPA receptor subunit mRNAs
are normal

To clarify whether the selective AMPA receptor dysfunction in
stg mutant GCs results from altered expressions of AMPA recep-
tor subunits, we comparatively examined the expression of four
AMPA receptor subunit mRNAs by in situ hybridization with
33S-labeled subunit-specific antisense oligonucleotide probes (Fig.
5). In the brain of adult wild-type mice (Fig. 54-D), characteristic
distributions of the GluRal1-4 mRNAs were visualized in pat-
terns consistent with previous results reported in the adult rat
brain (Boulter et al., 1990; Keindnen et al., 1990). Briefly, the
GluRa1-3 mRNAs were highly expressed in both the telenceph-
alon and cerebellum, whereas the GluRa4 mRNA predominated
in the cerebellum. Within the cerebellum, the granular layer
displayed abundant signals for the GluRa2 and GluRa4 mRNAs
but not for the GluRal or GluRa3 mRNA. In the hippocampus,
the CAl pyramidal cell layer expressed high levels of the
GluRa1-3 mRNAs. The brain of the szg mutant mouse, including
the granular layer of the cerebellum and CA1 pyramidal cell layer
of the hippocampus, showed distribution patterns and compara-

ble transcription levels similar to those of the wild-type mouse
(Fig. 5SE-H). The hybridization and washing for the wild-type and
stg mutant mice were performed in the same experiment under
the same conditions, and glass slides were exposed to a single
x-ray film. These characteristic signals disappeared when hybrid-
ization was performed in the presence of excess unlabeled anti-
sense oligonucleotides or with use of sense probes (data not
shown). Therefore, the expression of AMPA receptor subunits in
the stg mutant brain is normal, at least at the transcription level.

The GluRa4 protein level is normal in the sig
mutant cerebellum

To further examine at the translational level, we compared the
size and amount of GluRe4 in the cerebellum. This subunit is
transcribed abundantly in the cerebellar GC but is almost absent
in the hippocampal pyramidal cell layer (Fig. 5D). We raised
polyclonal rabbit IgG against the C terminus of the mouse
GluRe4, which is low in homology with other mouse AMPA
receptor subunits (Sakimura et al., 1990) (GenBank Accession
No.: GluRa3, AB022342; GluRa4, AB022913). Immunoblot de-
tected a single protein band at 102 kDa, whose apparent size was
slightly higher than that calculated from the amino acid sequence
deduced from the cloned mouse GluRa4 cDNA, probably caused
by glycosylation. In the wild-type and sfg mutant mice, the 102
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Figure 4. Normal excitatory synaptic responses in hippocampal CA1 pyramidal cells of the stg mutant mice. A, EPSCs elicited by stimulation of Schaffer
collateral/commissural afferents in CA1 pyramidal cells from the wild-type (fop traces) and stg mutant mice (bottom traces) measured at holding potentials
of +45 mV (upward traces) and —65 mV (downward traces). B, Ratios of EPSC at +45 mV measured at 100 msec after the stimulus [EPSC(+45)] to peak

EPSC at —65 mV [EPSC(—65)]. Error bars represent SEM.

kDa protein bands were detected in similar size (Fig. 6), and their
amounts were measured semiquantitatively by using a densitom-
eter. The mean density of the band from the stzg mutant cerebella
(n = 5) was 93% of that from the wild-type cerebella (n = 5),
showing no significant difference. Therefore, the GluRa4 protein
level is normal in the stg mutant cerebella.

Defect in stg mutant cerebellum is not caused by
impaired BDNF expression in granule cells

It has been reported previously that szg mutant GCs exhibit a
selective reduction of BDNF mRNA expression in cerebellar
GCs (Qiao et al., 1996), which has been assumed to be a major
cause of cerebellar dysfunction leading to ataxia and impaired
eyeblink conditioning (Qiao et al., 1998). To examine whether the
aforementioned electrophysiological abnormalities of the AMPA
receptor function can be ascribed to a defect in BDNF expres-
sion, we studied the cerebellum of the BDNF-deficient mouse
(Ernfors et al., 1994; Jones et al., 1994).

In GCs from wild-type (Fig. 74) and BDNF-deficient mice
(Fig. 7B), MF-EPSCs were composed of a fast component fol-
lowed by a slow component. The -V relationship for the fast
component was linear, whereas that for the slow component
measured at 50 msec from the stimulus exhibited a characteristic
outward rectification (Fig. 7C,D). The fast and slow components
were selectively blocked by CNQX (10 um) or AP-5 (50 um),
respectively (data not shown). These results indicate that MF to

GC excitatory synaptic transmission develops normally even in
the absence of BDNF expression.

DISCUSSION

Selective defect of AMPA-receptor function in stg
mutant GCs

The present study has demonstrated that EPSCs at MF to GC
synapses of the stg mutant cerebellum are devoid of the AMPA
receptor-mediated fast component, whereas the NMDA
receptor-mediated slow component is normal. The sensitivity to
exogenously applied AMPA was also greatly reduced, whereas
that to NMDA was normal. In contrast, the time course of free
glutamate concentration in the M F-GC synaptic cleft was similar
between the wild-type and stg mutant GCs, as assessed by using
a rapidly dissociating NMDA receptor antagonist a-APA. These
results suggest that the loss of AMPA receptor-mediated EPSCs
in the sfg mutant mouse is likely to result from impaired postsyn-
aptic AMPA receptor function rather than reduced glutamate
release at the MF-GC synapse. By contrast, we detected normal
AMPA receptor-mediated responses at hippocampal synapses in
the stg mutant mouse. Thus, it is clear that the loss of AMPA
receptor function is not a common feature to excitatory synapses
in the stg mutant brain but occurs preferentially at the MF-GC
synapse.

Our in situ hybridization data indicate that the expression of
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four AMPA receptor subunits (GluRal-4) in the stg mutant
brain is normal at the transcription level. Our preliminary immu-
nohistochemical data indicate that the wild-type and stg mutant
cerebella exhibit similar patterns of immunoreactivity to antibod-
ies against GluRa4. In both wild-type and stg mutant cerebella,
the GluRa4 immunoreactivity was detected in the GC layer and
the molecular layer (our unpublished data). The immunoblot
analysis indicates that the size and amount of GluRa4 protein in
the stg mutant cerebellum were normal. These results suggest that
GluRa4 subunits are translated normally in the szg mutant GCs,
but their function is lost almost completely presumably because
of defects in post-translational modification.

Selective AMPA receptor defect is unlikely to result
from BDNF deficiency in stg mutant GCs

It has been reported previously that the stg mutant mouse displays
a selective and near-total reduction of BDNF mRNA expression
in the cerebellar GC layer (Qiao et al., 1996) and that TrkB
receptor-mediated tyrosine phosphorylation is downregulated
(Qiao et al., 1998). Application of BDNF potentiates the efficacy
of neuromuscular synapses in culture (Lohof et al., 1993), en-
hances synaptic strength in the hippocampus (Lessmann et al.,
1994; Kang and Schuman, 1995), and facilitates the induction of
long-term potentiation (Figurov et al., 1996), whereas it inhibits
GABA 4-receptor mediated inhibitory synaptic transmission
(Tanaka et al., 1997). On the basis of these actions, it could be
possible to postulate that the lack of BDNF in the stg mutant GCs
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Figure 5. In situ hybridization showing the
expressions of four AMPA receptor subunit
mRNAs in the adult stg mutant (4-D) and
wild-type (E-H) mice. A4, E, GluRal; B, F,
GluRe2; C, G, GluRe3; D, H, GluRa4. No
differences in the distribution and levels of
each AMPA subunit mRNA are found be-
tween the szg mutant and wild-type mice. Ros-
tral is to the left, and dorsal is to the top. Scale
bar, 1 mm.
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Figure 6. Immunoblot analysis of the GluRa4 subunit proteins from the
cerebella of three wild-type (lanes 1-3) and three stg mutant (lanes 4-6)
mice. Fifty micrograms each of the postnuclear proteins of the cerebellum
were loaded on each lane of SDS-PAGE (7% gel). The anti-GluRa4
antibody was used at 1 pg/ml. Molecular mass markers are indicated on
the left.
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wild-type

Figure 7. MF-GC excitatory synaptic
transmission in BDNF knockout mice is
normal. 4, B, EPSCs elicited by MF stimu-
lation in GCs from the wild-type (A) and
BDNF knockout (B) mice at holding po-
tentials of +40 mV (top panels) and —70
mV (bottom panels). Each trace is single-
sweep record, and several traces are super-
imposed for each record. C, D, I-V relation-
ships of MF-EPSCs from wild-type (C)
and BDNF knockout (D) mice measured at
the peak (O) and at 50 msec after the stim-
ulus (@). The EPSC amplitudes were nor-
malized to the mean value at +40 mV in
each experimental condition. Each data
point and attached error bar represent
mean and SEM.

BDNF mutant

causes impairment of excitatory synaptic transmission and plas-
ticity. However, we found normal AMPA receptor-mediated re-
sponses in the MF-GC synapse in the BDNF knockout mouse.
Moreover, we failed to observe any increment of the AMPA
receptor-mediated EPSC component by incubating the cerebellar
slices for up to 12 hr with external solution containing 100 ng/ml
BDNF (n = 15; data not shown). The same concentration of
BDNF is reported to rescue deficits in hippocampal LTP in
BDNF knockout mice (Patterson et al., 1996). Therefore, BDNF
deficiency by itself may not cause the abnormality of MF-GC
synaptic transmission in the szg mutant mouse.

A recent study with cultured cerebellar cells has shown that
AMPA receptor stimulation activates Lyn, an Src family nonre-
ceptor protein tyrosine kinase, which then induces BDNF expres-
sion through the mitogen-activated protein kinase cascade (Ha-
yashi et al., 1999). From the evidence, we rather speculate that the
lack of AMPA receptor function may lead to the reduced BDNF
mRNA expression in GCs. In this context, normal levels of
BDNF mRNA in the stg mutant hippocampus (Qiao et al., 1996)
can be interpreted as resulting from normal AMPA receptor-
mediated excitatory transmission. It is possible, however, that
AMPA receptor function and BDNF expression may be unre-
lated in vivo. Further studies are required to elucidate the pre-
sumed causal relationship between these two phenomena.

Motor dysfunction in stg mutant mice is caused by
functional deafferentation of the cerebellum

Because the Mg?" block of NMDA receptor channels is signifi-
cant near the resting membrane potential (approximately —60
mV) (Mayer et al., 1984; Nowak et al., 1984; D’Angelo et al.,
1994), usual excitatory synaptic transmission at low frequency is
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considered to be mediated mainly by AM PA receptors (D’Angelo
et al, 1995). The lack of AMPA receptor-mediated synaptic
currents at MF-GC synapses implies a virtual absence of massive
afferent information to GCs in sfg mutant mice in vivo. MFs
convey various sensory signals to the cerebellum via the spinal
cord and brain stem and also transmit information related to
motor command to the cerebellum from the cerebral cortex (Ito,
1984). These signals are conveyed through GCs and their axons,
parallel fibers (PFs), to various neurons in the cerebellar cortex,
including Purkinje cells (PCs), basket cells, stellate cells, and
Golgi cells. We also found that excitatory synaptic transmission
from PFs to PCs and also those from climbing fibers (CFs) to PCs
were significantly impaired in the sfg mutant cerebellum; the
amplitudes of PF-EPSCs and CF-EPSCs of stg mutant PCs were
~60% of the wild-type PCs (K. Hashimoto and M. Kano, un-
published observations). Therefore, synapses relaying two exci-
tatory inputs to the cerebellar cortex have either no (MF-GC
synapses) or significantly reduced (PF-PC synapses, CF-PC syn-
apses) AMPA receptor-mediated synaptic currents. Thus, the
cerebellar cortex of the sfg mutant mouse is functionally
deafferented.

The stg mutant mice have been reported to display severe
impairment of the acquisition of classical eyeblink conditioning
(Qiao et al., 1998), which involves both cerebellar cortex and
interpositus nucleus (Kim and Thompson, 1997). When a neutral
conditioned stimulus (CS), such as tone, is repeatedly applied
with an unconditioned stimulation (US), such as periorbital
shock, the mouse gradually develops eyeblink response to the CS.
In this learning paradigm, it is considered that signals related to
CS and those related to US are conveyed to the cerebellum via
MFs and CFs, respectively (Kim and Thompson, 1997; Yeo and
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Hesslow, 1998). Thus, the impaired acquisition of eyeblink con-
ditioning in the stg mutant mouse can be interpreted as resulting
from the failure to transmit both CS and US signals to the
cerebellar cortex. Therefore, the functional deafferentation of the
stg mutant cerebellum seems likely to cause motor learning def-
icits, leading to motor discoordination.

Defects in post-translational modification is a possible
cause of impaired AMPA receptor function in stg
mutant GCs

To seek the molecular basis for the selective loss of the AMPA
receptor function in szg mutant GCs, we performed in situ hy-
bridization and immunoblot analyses. At both the transcription
and translation levels, however, we found no appreciable changes
that could explain the selective loss. Thus, it is assumed that the
defect of AMPA receptor function occurs in the post-
translational process. After biosynthesis, AMPA receptor sub-
units undergo phosphorylation and glycosylation (Kawamoto et
al., 1995; Roche et al., 1996). Subsequently, they are targeted to
synaptic sites, where they interact with the PDZ domain-
containing protein family, such as GRIP and ABP, and become
clustered and anchored to the postsynaptic membrane (Dong et
al., 1997; Srivastava et al., 1998).

The vy subunit is an auxiliary transmembrane subunit of
voltage-gated Ca** channels (Walker and Waard, 1998). The
mutated subunit stargazin increases steady-state inactivation of
the a1 Ca?" channels in vitro, implying inappropriate Ca*" entry
through modified Ca®* channels (Letts et al., 1998). In cortical
pyramidal cells, this may cause enhancement of cesium-sensitive
inward rectifier current (Di Pasquale et al., 1997). Although it
remains uncertain how Ca®* channel function is involved in the
regulation of AMPA receptor function in the cerebellum, the
present results suggest the importance of the post-translational
process for AMPA receptor subunits to become functional chan-
nels. In this regard, the sfg mutant mouse is an intriguing model
system to elucidate the mechanisms for the regulation of AMPA
receptor function in future studies.
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