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Spinocerebellar Ataxia Type 4 (SCA4)
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. SUMMARY

SCA4 is a rare spinocerebellar ataxia characterized not
only by cerebellar ataxia but also peripheral neuropathy and
pyramidal tract involvement (Gardner et al., 1994; Flanigan
et al., 1996). It was reported only in a large five-generation
family of Scandinavian origin residing in Utah and
Wyoming. The clinical manifestations include cerebellar
ataxia such as ataxic gait, limb ataxia and dysarthria, loss of
deep sensation and areflexia due to axonal sensory neuro-
pathy, and occasional extensor plantar responses. The gene
locus was mapped to chromosome 16q22.1. The same locus
was demonstrated to show linkage in several Japanese
families presenting with autosomal dominant pure
cerebellar ataxia or cortical cerebellar atrophy (ADCCA).
The 16q-linked ADCCA may be allelic to SCA4.

II. PHENOTYPE

SCA4 patients start to suffer from gait ataxia typically in
the fourth or fifth decade with a median age at onset of 39.9
(19-59) years (Flanigan et al, 1996). Gait disturbance is
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followed by difficulty in fine motor tasks and dysarthria.
On examination, in addition to ataxic gait (95%) and limb
dysmetria (95%), loss of vibration and joint-position sense
(100%}) as well as minimal loss of pinprick sense (95%) is
frequently demonstrated. Ankle and knee-jerk are lost in
almost ali patients and complete areflexia is found in 25%.
Extensor plantar response is seen in 20%. Distal limb
weakness is reported in 4 and proximal as well as distal
limb weakness is in 2 out of 20 patients. The patients
showing weakness have positive Babinski’s sign suggesting
pyramidal tract involvement. Dysarthria is present in 50%
and there are rare eye signs including saccadic pursuit and
spentaneous lateral movements. Genetic anticipation is not
very clear since the median age at onset is 41.9 years for
the fourth generation and 36.7 years for the fifth generation.
The phenomenon is observed in some families and not
in other families. Differential diagnosis may include
Friedreich ataxia because both diseases share possible
dorsal column involvement and areflexia. Friedreich ataxia,
however, is characterized by autosomal recessive inheritance,
juvenile onset, and the presence of various extra-neural
signs such as pes carvus, scoliosis, and cardiomyopathy.
Other autosomal dominant ataxias including even SCAI,
SCA2, Machado-Joseph disease, and SCA7 do not have
such a severe sensory disturbance. Ataxias such as SCAS
and SCA6 show pure cerebellar ataxia which is very
distinct from SCA 4 phenotype.

lll. GENE LOCUS

The gene was reported to be tightly linked to the micro-
satellite marker D16S397 (lod score = 5.93 at theta = (.00)
in the 6-cM interval between 12165514 and D16S398.

Copyright 2003, Elsevier Science (USA). ALl rights reserved.
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IV. DIAGNOSTIC AND ANCILLARY TESTS

Sural nerve sensory response is absent in 12 out of 13
patients examined and radial sensory response is lost in 3.
No reports on neuroimaging, cellular and animal models
and treatment were available.

V. NEUROPATHOLOGY

The authors appeared to consider the phenotype of SCA4
similar to that of a French-German family with a late-onset
ataxia and areflexia reported in 1954 (Biemond). In 1997,
two sib cases with an SCA4 phenotype (Nachmanoff et al.,
1997) were also reported. These reports included autopsy
findings in which the dorsal column and dorsal roots of the
spinal cord as well as the cerebellar cortex were affected.
However, there has been no definite evidence that the cases
of Biemond or Nachmanoff were SCA4.

VI. ADCCA OR PURE CEREBELLAR ATAXIA
LINKED TO SCA4 LOCUS

Recently a linkage study demonstrated many families of
autosomal dominant pure cerebellar ataxia in Japan linked
to a gene on SCA4 Jocus (Nagaoka, 2000). The gene locus

SCA4 locus
«+—— (Flanigan, et. al., 1996) b

D1583089.: D1653050 D16S3043 D16S3107, D165515 D1653051

-—+—Total

20
Z max-3
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o
Is]
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0
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Genetic distance (cM)

FIGURE 6.1 Multipoint lod scores of 16q-linked autosomal dominant
pure cerebellar ataxia. The locus is supposed to be in the 10.9 cM region
between 1.7 cM telomeric to DI653089 and 1.3 cM centromeric to
D168515. The SCA4 locus lies in the region. (From Fig. 3, Nagacka, U. er
al, (2000). Neurology 54, 1971—-1975. With permission.)

was reported on 10.9cM around DI16S3107 (Fig. 6.1)
which was later narrowed into 3.0 ¢M at the same region
(Takashima et al, 2001). The mean age at onset is 55.9
(45-72) years with mild genetic anticipation (the age at onset
is 4.9 years younger in offspring). The initial symptom is
gait ataxia followed by cerebellar dysarthria (92.6%), limb
ataxia (92.6%), hypotonus (92.6%), and horizontal gaze
nystagmus (63.0%). Except for a mild decrease in vibration
sense in a very old patient with long duration of the iliness,
there are no sensory deficits. Tendon reflexes are almost
normal except that only 16.6% of the patients have slightly
decreased ankle-jerks. No pyramidal tract signs including
Babinski’s sign are observed.

Sensory and motor nerve conduction studies and EEG
are normal in all the patients examined. Brain MRI reveals
cercbellar atrophy without apparent involvement of the
brainstem and other structures (Fig. 6.2). Therefore the
phenotype is that of pure cerebellar ataxia or autosomal
dominant cerebellar ataxia type II1 (ADCA-TII) of
Harding’s classification (Harding, 1982) and completely
different from that of SCA4 which is characterized by
profound sensory disturbance and classified into Harding’s
ADCA-I. The 16q-linked ADCCA shares almost the same
phenotype as SCA6 and is distinguished from SCA6 only
by gene analysis. Identification of the causative gene would
address the question whether the 16g-linked ADCCA and
SCA4 are allelic or not.

FIGURE 6.2 Brain MRI of a patient with 1ég-tinked ADCCA. The
cerebellum, particularly in the vermis, is atrophic but the pons is well
preserved.
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The ;2.1 (a;,) subunits of P-type and Q-type Ca®*
channels are encoded by a single gene, Cacnala. Al-
though these channels differ in the inactivation kinetics
and sensitivity to w-agatoxin IVA, the mechanism under-
lying these differences remains to be clarified, Alterna-
tive splicings of the Cacnala transcript have been pos-
tulated to contribute to the respective properties,
however, the splice variants responsible for P-type Ca®*
channels have not been identified. To explore P-type-
specific splice variants, we aimed at cloning o, 2.1 from
isolated mouse Purkinje cells using single-cell reverse
transcription-PCR, because in Purkinje cells P-type cur-
rents dominate over the whole currents (>95%) with
Q-type currents undetected. As a result, two novel splice
variants were cloned. Compared with the previously
cloned mouse «,2.1, two novel variants had additional 48
amino acids at the amino termini, six single amino acid
changes, and splicing variations at the exon 46/47
boundary, which produced different carboxyl termini.
Furthermore, one variant had one RNA editing site.
However, electrophysiological and pharmacological
studies indicated that these variants did not generate
P-type current in cultured cells. These results suggest
that P-type-specific splice variants may exist but that
post-translational processing or modification by un-
characterized interacting proteins is also required for
generating the P-type current,

Voltage-dependent Ca?' channels (VDCCs)! have diverse
functions and play important roles in many physiological ac-
tivities such as secretion, contraction, migration, excitation,
and gene expression (1, 2). VDCCs are composed of multiple
subunits, designated «;, B, a,8, and y. Among them, the o
subunit is the largest and constitutes an ion-conduction pore,
voltage sensor, and gating apparatus. Although the other aux-
iliary subunits modulate channel properties, the diversity of
VDCCs comes primarily from the existence of multiple forms of

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™ /EBI Data Bank with accession number(s) ABOG6608
and ABOBG60Y.
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Fax: 81-3-5803-0122; E-mail: t-tanabe. mphm@tmd.ac.jp.

} The abbreviations used are: VDCCs, voltage-dependent Ca®* chan-
nels; w-Aga IVA, w-agatoxin IVA; SCAB, spinocerebellar ataxia type 6;
RT, reverse transcription; ACSF, artificial cerebrospinal fluid; 3'-
RACE, 3’ rapid amplification of cDNA end; nt, nuclestide(s); HEK,
human embryonic kidney.
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the «, subunits. Electrophysiclogically and pharmacologically,
VDCCs are divided into six types (L, N, P, Q, R, and T}, and ten
genetically different cDNAs, which encode the o) subunit, have
been identified. They are grouped into three families based on
the similarities of deduced amino acid sequences (3). The Ca,1
family (Ca,1.1 through Ca,1.4} includes channels containing
fys, o Gyp, and ayp, which constitute L-type Ca?* channels.
The Ca,2 family (Ca,2.1 through Ca,2.3) includes channels
containing a;a, a;p, and a;g, which constitute P/Q-type, N-
type, and R-type Ca®* channels, respectively. The Ca,3 family
(Ca,3.1 through Ca,3.3) includes channels containing o g, om,
and a,;, which mediate T-type Ca®* currents. P/Q-type Ca®*
channels are expressed mainly in the central nervous system
and contribute to neurotransmitter release (4-6). P-type Ca®*
channels were originally identified in cerebellar Purkinje cells
(T), and Q-type Ca®* channels were first described in cerebellar
granule cells (8). Native P-and Q-type Ca®* channels differ in
inactivation kinetics and sensitivity to w-agatoxin IVA (w-Aga
IVA) (8, 9). Recently, much attention has been paid to P/Q-type
Ca?* channels, because mutations in the «;2.1 subunit were
reported to cause several neurological disorders such as famil-
ial hemiplegic migraine, episodic ataxia type 2, and spinocere-
bellar ataxia type 6 (SCA8) (10, 11). Clinically, SCAG is char-
acterized by pure progressive cerebellar ataxia (12).
Pathologically, SCA6 is marked by the severe loss of Purkinje
cells, where only P-type Ca®" channels are expressed, and
relatively intact cerebellar granule cells, where both P- and
Q-type Ca®" channels are expressed (13, 14}. Although the
relationship between P/Q-type Ca®* channels’ function and the
pathophysiclogy underlying SCA6 has been extensively stud-
ied (15-17), the mechanisms relating Ca®" c¢hannels’ funetion
to SCAS are still unclear. To determine the relationship, it is
important to elucidate the mechanism for the generation of P-
and Q-type currents.

It has been hypethesized that the differences in the proper-
ties between P- and Q-type Ca®* channels originate from al-
ternative splicings of the pre-mRNA encoding o,2.1 subumit (1,
18). In fact, the Ca,2.1 gene encodes both P- and Q-type Ca®*
channels. This was confirmed by two recent findings: 1) anti-
sense oligonuclectide blocked both P- and Q-type currents (19,
20% 2) both P- and Q-type currents were eliminated in «,2.1-
deficient mice (21). Many Ca,2.1 splice variants have been
cloned by screening of mammalian ¢cDNA libraries (11, 16, 18,
22), However, these variants have never shown native P-type-
like currents when expressed in cultured cells (16, 18, 22,
94-926), One of the reasons why the possible P-type-specific
splice variants have not been cloned may be that the amount of
P-type splice variants is quite small in the ¢eDNA libraries. It is
difficult to obtain ¢DNAs from specific cells by screening of a
conventional ¢eDNA library, because it is made up of cDNAs

This paper is available on line at http://www.jbc.org
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Fig. 1. Novel splice variants of mouse a,2.1 subunit from Purkinje cells. A, single amino acid substitution at six sites and one RNA editing
site are indicated as black dots along the proposed topography of mouse «,2.1 subunit. These substitutions, including the RNA editing site, are

compared among the sequences of previously reported mouse (30), rat (23),

rabbit (22), and human (10, 11, 16) ;2.1 subunits. The slashes at amineo

acid positions 886 and 1085 indicate that correspending amino acid sequences were not determined, because of the diverged sequences among
mouse and other species, B, different exon 46/47 boundaries are shown for MPI and MPII. MP! contains a 5-bp (GGCAG) insertion prior to the TAG
stop codon, and MPII lacks this TAG stop codon. This 8-bp difference leads to a translational frameshift in the exon 47. The exon numbers used
in this figure are deduced from those of the human o,2. 7 subunit gene (10}, because the mouse «,2.1 gene structure has not been clarified yet. C,
deduced carboxyl-terminal amino acid sequences of MPI and MPII Identical amino acids between the two variants before exon 47 are shaded. RNA

editing causes a single amino acid substitution from arginine (R) to trypto;
terminates at the positien indicated by an arrowhead. Asterisks indicate

derived from heterogeneous cells. Recently single-cell reverse
transcription-polymerase chain reaction (RT-PCR) was devel-
oped to investigate the expression of genes in a specific cell and
has proven to be a useful tool for the identification of ion
channel subunits (27, 28). In this study, we applied the single-
tell RT-PCR to cloning of «,2.1 subunit from isolated mouse
single Purkinje cells, where almost all the Ca®* currents are
P-type and no Q-type currents are recorded.

EXPERIMENTAL PROCEDURES

Preparation of RNA—C57BL/6N mice were anesthetized with meth--
oxyflurane and decapitated, and the brains were quickly removed. Then
cerebral cortices and cerebella were dissected. Total RNA was ohtained
from mouse cerebral cortices and cerebella using the standard acid
guanidinium thiocyanate-phenol-chloroform extraction method (29).

Single Cell RT-PCR and Sequence Analysis—To obtain a single Pur-
kinje cell or granule cells, a mouse cerebellum was cut into 300-pm
slices in artificial cerebrospinal fluid (ACSF) saturated with 95% (,-5%
CO,, and then the slices were incubated for 2 h at room temperature in
the saturated ACSF to allow recovery from the injury due to slicing, The

phan (W) at amino acid position 2102 in MPI. The coding region of MPe
stop codons. MPII has a terminal DDWC-COOH motif.

ACSF consisted of (in millimolar) 137 NaCl, 2.5 KCl, 0.58 NaH,PQ,, 1.2
MgCl,, 2.5 CaCl,, 21 NaHCOQ,, and 10 glucose. A single Purkinje cell
was identified morphologically and then aspirated into a glass micropi-
pette by applying negative pressure. Granule cells were also collected in
a group usging the same procedure. Aspirated single Purkinje cells or
granule cells were directly expelled into thin-walled plastie tubes
(PerkinElmer Life Sciences, Norwalk, C'T) containing 5X First Strand
buffer (4 pl), dNTP mixture (4 pl, 2.5 mum), RNase inhibitor (0.5 pl,
28,000 units/ml), dithiothreitol (2 ul, 0.1 M), and random hexamer (0.5
ul, 5 ng/ul) (PerkinElmer Life Sciences, Pomona, CA). The reaction
mixture was incubated at 70 °C for 10 min and then placed on ice.
SuperScript II reverse transcriptase (1 ul, 200 units/pl} (Invitrogen,
Gaithersburg, MD} was added to the mixture, and then the reaction
mixture was incubated at 25 °C for 10 min, 42 °C for 50 min, and 70 °C
for 15 min. After the treatment, 1 pl of RNase H was added, and the
sample was incubated at 37 °C for 15 min.

Primers were designed in reference to the sequence of the previously
reported mouse o,2.1 cDNA (30) and of the 5'-upstream region of mouse
Ca,2.1 gene (31) (Table I). To discriminate PCR products derived from
the genomic DNA, all the primer pairs were designed so that each
primer was located in different exons. Nested PCR was carried out to
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TasLE 1
Primer sets

The exon numbers are deduced from those of human CACNAIA gene (10). The sequences which are exhibited as bold letters are added to the

primers for subcloning.

Forward primer

Reverse primer

Region, fragment size "
Primer name

Primer sequences (5'~»3')

Primer name Primer sequences (5'—3")

exon 1-6, 1001 bp MalA-5"-F1

MalA-5'-F2

Quter primers
Inner primers

ACAGCCCGGCCAGCCTGAGCA MalA-R1
AAGCTTTCGCCGCAGCAACAGCAGCCG  MalA-R2

AGGAGATCAGTCCAGCCTTCCAT
CACTGGAAAACAGTGAGCACAGC

exon 6-12, 785 bp Quter primers MalA-Fb ACGACATCCAGGGTGAGTCGC MalA-R5 AAGAGTGGAAGTAAGGCCGCGT
Inner primers MalA-F6 GACAGAGGAGCCTGCCCGCA MalA-R6 AACATTTCGGACATAAAGAGTCCTAA
exon 11-19, 831 bp Outer primers MalA-F7 GGTCTCCCTTCGCCAGAGCCA MalA-R7 ACGGCTATGGACATGTTGGCTG
inner primers MalA-F8 TCACAAGAAGGAGAGAAGAATGCG MalA-R8 TACCTCCTTGGCTTTCTGTAGAG
exon 16-25, 1806 bp Quter primers MalA-ex16-F2  TTTCAGATCCTGACTGGCGAAGAT Mald-ex25R2 CTTCAGCTTTGGCAGCCGCTTG
Inner primers MalA-ex16-F1  CGGCATGGTGTTCTCCATCTA MalA-ex25-R AATGTCCTTTCCTTTGCTATTGCCA
exon 23-29, 997 by Quter primers MalA-F13 TGCTGCGATATTTTGACTATGTTTTT MalA-R13 GTACTCTTCCATCATCTTGTCTCC
Inner primers MalA-F14 CAGGCGTGTTTACCTTTGAGATG MalA-Ri4 CTGAAAGGTGATGATGATCAAGGC
exon 28-36, 900 bp Quter primers MalA-F11 GGTCCTCAAGCACTCAGTGGAT MalA-R11 CAGAAACGAGCACAGGAAGATGAA
Enner primers MalA-F12 CATGGAGATGTCCATCTTCTACGT MalA-R12 GTTGCCGCAGTCTGCCGTGAG
exon 3442, 959 bp Quter primers MalA-F9 GTGTTTGGCAACATCGGCATTGA MalA-R9 AGGCATGTCGATGGGTGGCCC
Inner primers MalA-F10 GAGGATGAATTCCAAATCACGGAG MalA-R10 GCTCCAGGTGCCAGTCTTCTG
excn 41-47, 1364/1506 bp Outer primers MalA-F3 AACCGGACACCACTCATGTTCCA MalA-3"-R3 TAATAAGCTTGGCGTGGCCC
Inner primers MalA-F4 ATGGAGCCTCCATCACCAACACA MalA-3"-R4 TCTAGATAGCACTCCCGTGGGTCTGA
exon 41-46, 821 bp Outer primers MalA-F3 AACCGGACACCACTCATGTTCCA Mala-3'-R3 TAATAAGCTTGGCGTGGCCC
Inner primers MalA-F4 ATGGAGCCTCCATCACCAACACA MalA-R4 TCTAGACTACTGTCTGTGTGT

amplify @, 2.1 cDNA from single Purkinje cells. Single-cell cDNA (2.5 ul)
was used as a template for the first PCR amplification. The reaction
mixture contained: PCR-grade H,0O (7.5 pl), 5% Advantage-GC PCR
Buffer (5 pl), ANTP mixture (2.5 pl, 2.5 mM), GC Melt (2.5 ul, 5 1), each
primer (2 ul, 2.5 um), and 50% Advantage-GC cDNA polymerase mix (1
ub) (CLONTECH, Palo Alto, CA). The thermal cyeling program for the
first PCR was 35 cycles of 96 °C for 4 min, 60 °C (56 °C for some
primers) for 1 min, and 72 *C for 3 min. The first PCR product (2.5 ul)
was used as a template for the second PCR. The reaction mixture
contained: PCR-grade H,O (10 wl), 10x Cloned Pfi. DNA polymerase
reaction buffer (2.5 ), dimethyl sulfoxide (2.5 ul), ANTP mixture (2.5
wl, 2.5 mm), each primer (2 pl, 2.5 um), and PfuTurbo DNA polymerase
(1 ul, 2.5 units/ul} (Stratagene, La Jolla, CA). The second PCR program
was the same as the first except that the number of PCR cycles was 20
or 25, To obtain the 3'-downstream region, 3' rapid amplification of
cDNA end (3'-RACE) was performed initially with 1 ug of poly(A)* RNA
from mouse cerebellum using a Marathon ¢DNA amplification kit
(CLONTECH) according to the manufacturer’s instructions. The reac-
tion products were subcloned into pCR 2.1 (Invitrogen, San Diego, CA)
and sequenced using an ABI Prism 310 genetic analyzer (PerkinElmer
Life Sciences). Then reverse primers were designed so that they were
located downstream from the termination codons of any reading frames
{(MalA3'R3 and MalA3'R4; Table [}. With these primers, nested PCR
was also performed with a single Purkinje cell as described above. All
PCR products were gel-purified and subcloned into the Hinell site of
pUC18 and sequenced. We used two independent Purkinje cells to avoid
possible PCR errors.

Expression Vectors—Eight independent nested PCR reactions were
designed so that the resulting PCR products covered the entire coding
region of the mouse ,2.1 subunit. The adjacent PCR products pas-
sessed overlapping sequences in which unique restriction sites oc-
curred, making it easy to connect all the fragments to construet expres-
sion vectors {pcDNAL/Amp, Invitrogen, was used as the backbone
vector). With regard to the most 3’ region, two fragments with different
sizes (1364 and 1506 bp) were amplified (Table I). The «,2.1 with the
shorter 3’ sequence was designed MPI and the longer MPIIL Thus, MPI
and MPII differed only in their 3’ sequence corresponding to the exon
41-47 (Fig. 10).

PKCRa?2 and PKCRS that encode 2,5 and B,, subunits, respectively,
were described previcusly (32). The expression vector for the B,, or B;
subunit was constructed by subcloning the inserted fragment of pBHI19
or pBH23 (33) into pKCRH2 (34), respectively. The expression vector for
the B, subunit was constructed by subcloning the inserted fragment of
B k213 (35) into pcDNAT/Amp.

Construction of MPc—We also constructed a plasmid carrying the
mouse o, 2,1 whose coding region terminated in the end of exon 46 and
designated this version of «,2.1 as MPc. A stop codon (TAG) was
artificially introduced immediately after the end of exon 46 by PCR
using MPII as a template and primer MalAF4 and MalAR4 (Table I) as
a mutagenic primer. Then MPe was constructed by connecting the
artificially made exon 41-46 fragment together with the seven same
fragments that were used to construct MPI or MPIIL

Colony Hybridization for Detection of RNA Editing Events—Frag-
ments with a size of 780 bp containing nucleotide (nt) 6358 were
PCR-amplified from ¢cDNAs that were prepared from single Purkinje
cells, cerebellar granule cells, or cerebral cortex. The primers used were
MalA-F4 (Table I) as a forward primer and MalA-RE (5'-TGGGC-
GAGCGGGACCAGCG-3') as a reverse primer. Each PCR product was
subjected to both direct sequencing and subeloning into pCR 2.1. For
control experiments, we used two plasmids that contained the exon
41-47 fragment of MPI and MPIIL The Escherichie coli colonies were
transferred to nylon membranes (Hybond-N+, Amersham Biosciences,
Inc., Uppsala, Sweden). The membranes were hybridized with 18-mer
oligonucleotide probe 6358C (5'-AGAACCAACGGTACCACC-3') or
6358T (5'-AGAACCAATGGTACCACC-3'). The probes were #*P-end-
labeled using [v-32PIATP (>5000 Ci/mmel) and T4 polynucleotide ki-
nase (New England BioLabs, Beverly, MA), Hybridization was per-
formed at 37 °C for 16 h in 4% SSC containing 0.1% SDS, 1X Denhardt’s
reagent, and 50 ug/ml herring sperm DNA (Roche Molecular Biochemi-
cals, Mannheim, Germany). After hybridization, the membranes were
washed in 1x 8SC with 0.1% SDS at 37 °C for 20 min. Autoradiography
was performed with Hyperfilm-ECL (Amersham Biosciences, Inc.) at
—80 °C using an intensifying screen.

Cell Culture and Transfection—The procedures of cell culture and
transfection were the same as those previously described (16). In brief,
human embryonic kidney (HEK) 293 cells were grown in Dulbecco’s
modified Eagle’s medium/F-12 medium (Invitrogen) supplemented with
10% fetal bovine serum {Invitrogen) and 50 ug/ml gentamicin (Invitro-
gen). The «,2.1 subunits were transiently cb-expressed with «,8 and
one of the B subunits, and pEGFP-C2 (CLONTECH) was used as a
transfection marker, Transfection was performed with a caleium phos-
phate precipitation method (Mammalian Transfection kit, Stratagene}.
Electrophysiclogical analysis was performed 36 —72 h after transfection.

Whole-cell Recordings—Patch pipettes were pulled from borosilicate
glass (GC150F-4, Warner, Instruments, Hamden, CT) and filled with a
solution consisting of (in millimolar) 140 CsCl, 2 MgCl,, 10 EGTA, 10
HEPES, 3 ATP-Mg (pH 7.4 with CsOH). Pipette resistance ranged from
2 to 4 M{). The external solution consists of (in millimolar} 15 BaCl,,
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CCAANGGTA CCAACGG TA CCAALCGGTA
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Cerebellar
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Fic. 2. Nucleotide sequence and colony hybridization analy-
ses to detect RNA editing in mouse «,2.1 subunit in Purkinje
cells. A, direct sequencing of the PCR. fragments, which were amplified
from mouse genomic DNA and ¢cDNAs prepared from Purkinje cells,
cerebellar granule cells, or cerebral cortex. The nucleotide position 6358
is indicated by arrows. B, control hybridization experiments to show the
specificity of the probes. Colonies containing the PCR fragments of MPL
are shown in the leff half of each membrane, and colonies containing the
PCR fragments of MPII are shown in the right half. The upper mem-
brane was hybridized with probe 6358C, and the lower with probe
6358T. Colonies containing the PCR fragments of MPI and MPII show
clearly different hybridization patterns with probes 6358C and 6358T.
C, cell specificity of the RNA editing, Probes 6358C and 6358T hybridize
with about the same number of colonies containing the PCR fragments,
which were amplified from ¢cDDNA from Purkinje cells (left). In contrast,
probe 6358C but not 6358T hybridizes specifically with the colonies
containing the PCR fragments of cerebellar granule cells {center), or
cerebral cortex {right).

145 tetraethylammonium chloride, 10 HEPES, and 10 glucose (pH 7.4
with tetraethylammonium-OH). Barium currents were recorded at
room temperature (22-25 °C) under a whole-cell mode of the patch
clamp recording with an amplifier (EPC-9, HEKA, Lambrecht/Pfalz,
Germany). The holding potential was —80 mV unless otherwise stated.
Series resistance was electronically compensated by 50-80%. All illus-
trated and analyzed currents were corrected for remaining capacitance
and leakage currents using the —~P/4 method. Data were filtered at 3
kHz (four-pole Bessel filter) and sampled at 10 kHz. The software
(Pulse+PulseFit 8.09, HEKA) was used for data acquisition and anal-
ysis. In the experiments with w-Aga IVA (Peptide Institute, Inc., Osaka,
Japan), the external solution was supplemented with 0.1 mg/ml cyto-
chrome ¢ to prevent nonspecific binding of the toxin.

Statistical Analysis—All data were presented as mean * S5.E. Sta-
tistical analysis was performed using an unpaired Student’s £ test.

RESULTS

Cloning of Novel Mouse «,;2.1 Subunit Variants—We cloned
two novel splice variants of «;2.1 subunit from the mouse
Purkinje cell using the single-cell RT-PCR technique. Com-
pared with the sequences of rabhit «2.1 subunit (BI-1) or rat
a;2.1 (rbA-1), the previously reported mouse o;2.1 lacked 46 or
48 amino acids in the amino terminus, respectively (30). How-
ever, a;,2.1 variants we cloned in this study commonly con-
tained the 5’ sequences homologous to those of BI-1 and rbA-1,
suggesting that the amino termini of our newly cloned «,2.1
variants are longer by 48 amino acid residues than that of the
previously reported mouse a,2.1. Together with this difference,
two novel o, 2.1 had single base substitutions at 186 sites located
from exon 1 to exon 41 compared with the previously reported
mouse a,2.1. We confirmed these 16 single base substitutions
in two independent Purkinje cells. Therefore, PCR errors are
unlikely to be the cause of the substitutions. Ten of the 16
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substitutions were silent polymorphisms leading to no amino
acid changes, and the rest of them resulted in amino acid
changes. Two altered amino acids found in IT-III loop (L88GP,
D1085N) were identical to the sequence of rbA-1, and the
remaining four found in repeat I (P79S, F82L) and repeat I11
(F1409L, F1433L) were conserved in Bl-1, rbA-1, and human
a,2.1 subunit (Fig. 14).

In the human Ca,2.1 gene, differential splice acceptor usage
at the boundary of intron 46/exon 47 is known to yield an ;2.1
variant with a longer carboxyl terminus {11), because the stop
codon in the beginning of exon 47 was no longer in-frame. The
same kind of variant was also found in rat «;2.1 (36). But the
nucleotide sequence of mouse ¢, 2.1 corresponding to the vari-
ant with a lenger carboxyl-tail has not been reported so far.
This carboxyl-terminal sequence, which is thought to be en-
coded by exon 47, is expressed abundantly in rat Purkinje cell
bodies and dendrites as revealed by an immunohistochemical
study (17) and may affect channel properties. Therefore, we
tried to clone the mouse exon 47 by 3'-RACE. Because a single
Purkinje cell has an extremely small amount of RNA, it is
expected to be difficult to apply 3'-RACE. Therefore, we first
applied 3'-RACE to mouse cerebellar poly(A)" RNA. As a re-
sult, a novel fragment with a size of 1504 bp was cloned, and
sequence analysis revealed that there were termination codons
in all the reading frames on the sequence. Then we designed
reverse primers {MalA-3'-R3, MalA-3'-R4; Table I) to perform
RT-PCR with single Purkinje cells. Two fragments with differ-
ent sizes of 1364 and 1506 bp were amplified. We assigned the
novel ;2.1 with the shorter fragment MPI, and the «,2.1 with
the longer fragment MPII. The nucleotide sequences of MPI
and MPII were completely the same except for these most 3’
sequences, where several distinctive features were found in the
two variants (Fig. 1, B and ). First, a single nucleotide con-
version (C to T) was observed at nt 6358 in MPI, This conver-
sion led to an amino acid substitution from arginine to trypto-
phan (Fig. 1, B and ). Second, there were two variations at the
beginning of exon 47. In MPI, 5 nucleotide residues (GGCAG)
were inserted, whereas in MPII 3 nucleotide residues {TAG)
were deleted, when compared with the previously published
sequence (30) (Fig. 1B). These 5-bp insertion and 3-bp deletion
steps resulted in different reading frames in exon 47, It may be
worth noting that the previously reported variant was cloned
from cerebellar cDNA but not from Purkinje cell cDNA. Third,
in MPI, a 150-bp sequence corresponding to nt 6831-6980 in
MPII was deleted (Fig. 1B). The 3' sequence of the MPII (nt
6691-7149) was identical to the corresponding mouse genomic
sequences (GenBank™ accession number AC079509), suggest-
ing that this region was encoded by a single exon. This also
suggests that the 150-bp deletion in MPI was caused by an
alternative splicing. Finally, carboxyl-terminal sequences are
different. MPII has an evolutionarily conserved sequence
(DDWC-COQH) at the carboxyl terminus but MPI does not
have this sequence (Fig. 1C).

Sequence analysis of MPI and MPII revealed an open read-
ing frame of 6981 and 7095 nucleotides encoding a protein of
2327 and 2365 amino acid residues, respectively. Except for the
exon 47 sequences, deduced amino acid sequences of MPI and
MPII were 89%, 91%, and 99% identical to those of BI-1 (22),
human o, 2.1 (16), and rbA-1 (23), respectively.

RNA Editing in the o,2.1 Subunit Occurred Specifically in
Purkinje Cells—Sequence analysis of genomic DNA revealed
that the nuclectide corresponding to position 6358 of the cDNA
was C (Fig. 24), therefore, the cytidine-to-uridine (C-t0-T in
cDDNA) conversion in MPI was thought to be due to RNA edit-
ing. We then directly sequenced ¢cDNA fragments containing
this region, which were prepared from single Purkinje cells,
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Fic. 3. Normalized current-voltage relationships in MP1, MPII, and MPc channels. Barium current was elicited by 400-ms depolarizing
pulses from a holding potential of —80 mV to test potentials (—40 mV to 70 mV) with an increment of 10 mV. Representative current traces of MPI
(top), MPIIL (upper middle), and MPc (fower middle) co-expressed with 3., (A), By, (B), By (C), and B, {D) subunits. Normalized current-voltage
relationships are shown in the bottom row. MPI (open circle), MPII {open square), and MPc (clozed diamond) were co-expressed with B,, {n = 20,
24, 24, respectively}, By, (n = 12, 11, 9, respectively), B, (n = 14, 10, 8, respectively), or B, (n = 7, 10, 8, respectively).

granule celly, or cerebral cortex. The sequence analysis re-
vealed that nucleotide position 6358 is C in granule cells and
cerebral cortex. On the other hand, in Purkinje cells, sequence
analysis at the same position displayed N, suggesting that C
and T were simultaneously exhibited (Fig. 2A}. Then colony
hybridization was performed to confirm the specificity and
efficiency of this conversion. In control experiments, autoradio-
grams of representative hybridization with the 32P-end-labeled
oligonuclectide probes, 6358C and 6358T, sharply discrimi-
nated the colonies carrying plasmids, which contained the exon
41-47 fragment of MPI and that of MPII {Fig. 2B). As for the
experiment with Purkinje cells, the number of colonies hybrid-
izing with the probe 6358C and 6358T was almost the same. By
contrast, no hybridization of the probe 6358T occurred in the
experiments with cerebellar granule cells or cerebral cortex
(Fig. 2C). These results suggest that C-to-T conversion oc-
curred specifically and in approximately half of the Ca 2.1
mRNA in this Purkinje cell.

Electrophysiological and Pharmacological Studies of MPI,
MPII, and MPc Channels Expressed in HEK293 Cells—MPI,
MPII, or MPc was expressed together with «,5 and one of the
four B subunits (8, Bos, Bs, and By) in HEK293 cells, and the
electrophysiological properties were studied with a whole-cell
patch-clamp technique. Because functional properties of the
previously cloned mouse o, 2.1 were not reported, we needed a
control mouse «,2.1 to investigate how the carboxyl termini of
MPT and MPII influence channel properties. To this end, we
constructed MPe whose coding region was terminated in the
end of exon 46. Expression plasmids encoding this version of
;2.1 of other species have been used for many electrophysi-
ological studies (18, 22, 25, 26, 28, 41). Although MPe as well as
MPI and MPII contained six single amino acid changes from

exon 1 to exon 41 compared with the sequence of the previously
cloned mouse o,2.1, the changed amino acids were conserved
among the ;2.1 cloned from other species (Fig. 1A). Therefore,
these amino acid changes were supposed to affect the channel
properties little, In fact, the current recorded from the MPc
channel was similar to those recorded from the channels con-
taining «,2.1 of other species (Fig. 3).

Barium currents were elicited by 400-ms depolarizing test
pulses from a holding potential of —80 mV to test potential
(—40 to +50 mV) in 15 mM Ba®" solutions. Whole-cell Ba®"
currents recorded in HEK293 expressing MPI, MPII, or MPc
were almost the same. Although B subunits were reported to
significantly influence Ca%* chanuel properties, we were not
able to record precise P-type currents from the cells expressing
any combinations of ;2.1 and B subunits (Fig. 3, A-D). All
channels were activated at a test potential of —20 mV, and the
currents gradually developed to maximal amplitude at about
20 mV. Normalized current-veltage curves were not signifi-
cantly different among MPI, MPII, and MPc. To compare the
activation kinetics, we quantified the time course by fitting the
currents to single-exponential function. To compare the inacti-
vation kinetics, we quantified the time course by fitting the
currents to double-exponential function in B,,-associated chan-
nels and single-exponential function in the other channels. The
obtained time eonstants for activation and inactivation at 20
mV are shown in Table I1. They were not significantly different
among these channels. Next, the voltage dependence of activa-
tion for the expressed Ca®* channels was compared (Fig. 4 and
Table II1). Conductance was calculated from the peak current.
The normalized values of conductance were then fitted to a
single Boltzmann function. The half-maximal voltage of acti-
vation (Vi,), the slope factor (&), and the percent decaying were
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TapLe IE
Activation and inactivation kinetics of MPI, MPII, and MPc in HEK293 cells at 20 mV

Values are means * S.E., n, number of cells recorded; ,.,, time constants for activation; 7., and 7., fast and slow time constants for
inactivation. Activation kinetics were derived by fitting a single exponential funetion: I, = Iyl ~ exp(~#/r_.,)], where I, is the total current, and
I is the steady-state current, to the activating segment of test currents. Inactivation kinetics were obtained by fitting single- or double-exponential
functions: I, = 1,00 — exp(~ti1y,,) — NTor Lo, = —Ip. - exp(~ting,) — Ly, - exp(—t/r,,,) — NI, respectively; Linaas total inactivation component
of the total current, Iy, and I, the fast and slow inactivation component of the total current; NI, the noninactivating component of the total
current.

Activation Inactivation
B subunit ay2.3 n B —
Tact Tepat Talow
ms
Bla MPI 12 1.20 = 0.08 294 27 1327 = 13.7
MPII 10 1.17 = 0.17 29.1+x21 1282 = 148
MPc 10 1.10 = 0.17 323=x18 1292 £ 146
B2a MPI 12 4.19 = 0.06 M2+52
MPIE 9 4.57 = 0.07 69.4 £ 4.2
MPc 7 4.21 *=0.12 65.3 = 1.7
B3 MPI 10 1.14 = 0.05 42.0* 3.6
MPU 9 1.21 £ 0.05 425+ 43
MP¢ 7 1.08 = 0.03 386 £35
B4 MPIL 5 1.70 = 0.16 142.1 * 11.7
MPII 9 181 =015 155.0 = 14.8
MPc 6 180 =0.15 163.8 = 14.0
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Fic. 4. Voltage dependence of activation and inactivation of MPI, MPIIL, and MPc expressed in HEK293 cells. A, voltage dependence
of activation. Activation was estimated by relative conductance (G, /G max). Values of conductance (G,) were caleulated as Gg, = Io/(V,, —
V.ew), where I, and V,_ were the peak current for the test potential (V,)), and the reversal potential, respectively. The V... value was obtained
from peak Iy, — V,, data. Mean normalized conductances were plotted against test potentials and fitted to the Boltzmann equation. MPI, open
circle; MPII, open square; MPe, closed diamond with B8,, (n = 20, 12, 14, respectively}, B, (n = 12, 8, 7, respectively), 8, (n = 9, 8, 7, respectively),
B, (n = 5, 10, 6, respectively). B, Voltage dependence of inactivation. Currents were elicited by a two-pulse protocol: a 2-8 conditioning prepulse
(voltage ranging from —100 to 0 mV with a 10-mV increment) was given before 50-ms test pulge (20 mV). The values of current amplitude
normalized by the mazimum amplitude in the series were plotted against potentials of the conditioning prepulse. Means + S.E. were obtained from
MPI, MPII, and MPec channels under the presence of 8, (n = 9, 10, 10, respectively), Bz, (n = 9,11, 7, respectively), B, (n = 11, 10, 8, respectively),
or B, (n =7, 10, 6, respectively). | '

not different among the channels. Compared with §,,- and (from —100 to 0 mV with a 10-mV increment) preceded a test
Bg-associated channels, 8,,- and B,-associated ones demon- pulse of 20 mV. The values of normalized current amplitude
strated slower inactivation currents. However, they were still were plotted against holding potentials (Fig. 4). The Vi, and &
faster than P-type current, which does not decay over 15 (37).  were not significantly different among the channels (Table II1).
A two-pulse protocol was applied to examine the voltage de- The major pharmacological difference between P- and Q-type
pendence of inactivation. To reach a steady state, a 2-s prepulse  Ca2™ channels is the sensitivity to the spider peptide toxin,
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TasLE III
Parameters of voltage dependence of activation and inactivation of MPI, MPII, and MPc in HEK293 cells
Values are means + 8.E. n, number of cells recorded; Vi, half-maximal voltage of activation and inactivation: &, slope factor. Data were fitted
with a single Boltzmann function: Ge /Gy = (1 + exp[—(V,, — Viulkl)~* for activation, IoT e = (1 + expl(Vy, — Vig/k]) ™" for inactivation, where
GoulG s, i8 the relative conductance, I /I, the relative current and V_, membrane potential. Percent decay is defined as 100 X ([, —

Ilt 400 ma)/Ipenk'
Activation Inactivation
B subunit 2.1 n
Vig k Percent decay n Vi k
mV % mV
Bla MPI i1 -58+ 0.8 5707 951 = 1.8 9 —55.0+24 71+09
MPII 10 -5.0*0.7 57 0.9 93.9 =13 10 ~57.0+ 1.4 7.8x19
MPe 11 -53 0.9 54 *03 95.1 =12 14 ~56.2 + 1.6 70x05
B2a MPI 12 -1.7+04 6308 769 * 22 9 473+ 3.0 10605
MPII 9 -22+06 5813 748 * 34 11 -475+ 17 10.1 = 1.0
MPe 7 -17*02 6.5+08 771 =49 7 -43.3 3.5 104 = 0.7
B3 MPI 9 -98x18 38*+04 888 =15 11 -623 %t 14 8503
MPII 8 ~-81*14 4104 88.1 =2.7 10 —-49.0 = 3.0 89=*05
MPe 7 -11.1+19 3.7x06 90.7 =156 8 -h24x12 7.9 06
p4 MPI 5 -8.3 0.4 4808 79.0 + 256 7 473+ 3.0 10.6 + 0.5
MPII 10 -8.0x04 4308 81.7 x2.2 10 -473 = 3.0 10.6 = 0.5
MPe 6 -69=x10 50 %07 80.2 = 3.4 6 -46.1 > 1.0 11.0 0.2
wAga IVA. Co-expression studies with different 8 subunits re- A MPI B MPII
vealed that $;-associated channels exhibit high affinity to this
taxin {(38). Therefore, we chose the 8, subunit for this study. The im ATVA Zg"ﬁ; AIVA
currents mediated by MPI, MPII, and MPc channels were half- 5
blocked by 50 nM w-Aga IVA (Fig. 5). This sensitivity was close to
that of Q-type Ca®* channels previously described (8).
DISCUSSION TZFL 500pA _‘ 500pA
In this study, we have cloned two novel mouse oy2.1 vari- s 10ms
ants, MPI and MPII, carrying different 3’ sequences. There are
several distinctive features between the two variants. C MPc D 100
First, a single base substitution at nt 6358 (C or T) is likely 50nM 80
caused by RNA editing, because sequence analysis of genomic w-AgalVA &
DNA corresponding to this region revealed C. Interestingly, ; 60
this conversion occurred specifically in Purkinje cells as far as 8 40
examined and the efficiencies were variable among Purkinje & 20
cells. In some cells, the efficiencies reached to 50%, in other TﬂJGOGpA O
cells, efficiencies were very low (data not shown). These results ms MPI  MPII  MPec
suggest that MPI, which has this C-tc-T conversion, is ex- Fia. 5. w-Aga IVA sensitivity of MPL, MPIIL, and MPc tran-

pressed specifically in Purkinje cells with different abundance.
RNA editing is a post-transcriptional modification that results
in generation of nucleotides within an RNA transcript that are
different from the sequence of the genome. RNA editing may
have profeund functional consequences in protein functions.
For example, the adenosine-to-inosine {A-to-I) conversion
within the RNA encoding the GluR-B subunit of a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid-subtype gluta-
mate receptors (Q/R site) alters calcium permeability (39). Al-
though channel properties of MPI, which contains an RNA-
edited site, were not different from those of MPc in the
heterologous expression system, the cell specificity of the edit-
ing event would suggest important roles of this variant in
Purkinje cells. :

Second, the two variants differed at the beginning of exon 47,
presumably due to different splice aceeptor usage. It is known
that there are sequence variations at the boundary of exon
46/47 in @;2.1 mRNA: two variations with and without GGCAG
insertion before the TAG stop codon located at the beginning of

"exon 47 have been reported in human and rat ;2.1 (11, 26).
MPI seems to correspond to the human and rat version pos-
sessing the GGCAG insertion, however, MPI has the deduced
amino acid sequence diverged from these variants. We have
cloned another variant, MPII, in which the TAG stop codon is
deleted and carboxyl terminus is extended with different read-
ing frame from that of MPI. Thus, we have identified only the

siently expressed in HEK293 cells with B,, subunit. A-C, whole-
cell currents obtained from MPI (4), MPII (B), and MPc (C) before and
10 min after application of 50 nM w-Aga IVA. Barium currents were
elicited by 50-ms depolarization pulses te 20 mV from a holding poten-
tial of ~80 mV. D, comparison of 50 nM «w-Aga IVA sensitivity. Means
S.E. were obtained from MPI (n = 3), MPII (n = 4}, and MPc (rn = 3).

carboxyl-terminal extended versions of a;2.1 in mouse Pur-
kinje cells. An immunohistochemical study revealed that the
exon 47 sequence, with the same reading frame as MPI, is
expressed intensely in Purkinje cells (17). Interestingly, how-
ever, the ;2.1 in which the coding region is terminated in the
end of exon 46 was cloned from a cerebellar ¢cDNA library,
suggesting that these variants for ,2.1 are expressed in dif-
ferent cell populations in the cerebellum.

Third, as mentioned, MPI and MPII have different carboxyl-
terminal sequences. In MFII, there is an evolutionarily con-
served sequence at the carboxyl-taili DBWC-COOH. This (E/
DIXWC-COOH motif is conserved in the wide range of animals
from Drosophila to human, This suggests that this motif has
important biochemical roles. Indeed, it is known that this motif
is gpecifically recognized by the PDZ domain of Mint1, which in
association with CASK and Ca®* channel can modulate synap-
tic vesicle fusion and neurotransmitter release (40), Therefore,
MPI, which does not have this motif, and MPII might have
distinct functions in the control of synaptic transmission.

Taken together, our results suggest that MPI and MPII are
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differently localized in cerebellar cells with different functions.
Therefore, we then investigated the channel properties of MPI,
MPII, and MPec. It was reported that 8 subunits were influen-
tial on the Ca®* channel properties (38, 41); however, P-type-
associated B8 subunit has not yet been identified. Therefore, we
expressed MPI, MPII, or MPc with one of the various 8 sub-
units in HEK293 cells and compared their channel properties.

As a result, the characteristics of MPI, MPII, and MPe were
not significantly different, suggesting that the alternatively
spliced form of ;2.1 identified in Purkinje cells by itself is not
sufficient to generate P-type current when expressed in combi-
nation of 8 and o6 subunits in cultured cells. Our data are
inconsistent with some results of the recent report that alter-
native splicing determines properties of P- and Q-type Ca®"
channels. Bourinet et a/l. (18) reported that a non-inactivating
current form, which was similar to a P-type one, was recorded
when the «;2.1 subunit, containing a single valine insertion in
repeat [-II linker, was co-expressed with a,8 and B, subunits.
However, it is unlikely that native P-type current is encoded by
this combination of subunits for the following reasons. First,
our splice variants, MPI and MPII isolated from Purkinje cells,
lack the single valine insertion. Second, the inactivation for
MPI, MPII, or MPc channel became slower by co-expression of
B, (Fig. 3B), however, it was still faster compared with the
native P-type current (37).

Pharmacologically, P- and Q-type Ca®* channels differ in the
sensitivity to w-Aga IVA. The P-type current is significantly
blocked by w-Aga IVA, with an IC,; value of 1-2 nM (42). In
contrast, the Q-type current is less sensitive to w-Aga IVA, with
an ICs, of 89 nm (8). The sensitivity of MPI, MPII, and MPc
channels were similar to that of Q-type channels, The sensitiv-
ity to w-Aga IVA was shown to depend significantly on the type
of cells where ;2.1 was expressed. For example, the IC;, value
for rat rbA-1 is higher than 200 nw in Xenopus oocytes, whereas
it is as low as 16.3 nM in HEK293 cells (18). Recently, it has
been reported that splicing of «;2.1 alse affects the toxin sen-
sitivity: ;2.1 without arginine and proline (NP) insertion be-
tween segments S3 and 84 in repeat IV showed higher sensi-
tivity (IC5, = 16.3 nM) than o,2.1 with the NP insertion
(IC;o = 146 nM) (18). Because the sensitivity observed in
HEK293 cells was still not as high as that in Purkinje cells,
high sensitivity observed in Purkinje cells was expected to arise
from the lack of NP insertion in o,2.1 together with the specific
environment of Purkinje cells. Our results support this idea in
the pharmacological respect, because MPI and MPIT lacked the
NP insertion.

In conclusion, our results suggest that MPI and MPII may
distribute differently and play some specific roles in Purkinje
cells. Further study is necessary to substantiate this point.
MPI, MPII, and MPc cannot generate P-type currents in
HEK293 cells, suggesting that alternative splice variants of
a;2.1 subunit expressed in Purkinje cells alone are not suffi-
cient to generate native P-type currents in heterclogous expres-
sion system. Some specific environmental modifications such
as post-transiational processing or modulation by putative pro-
teins agsociated with the channels may be necessary to gener-
ate the native P-type current.

Acknowledgments—We are grateful to Dr. S. Zong for the construc-
tion of expression plasmids for 8, and 8,, Drs. 8. Toru and M. Osanai
for technical advice on the experiment and data analysis, Dr. Y. Kubo
for critical advice on electrophysiological experiments, Drs. V. Flockerzi
and F. Hofmann for providing the plasmids pBH19 and pBH23, Dr. E.
Perez-Reyes for providing the plasmid k213, and Dr. F. Chee for a
sincere effort to improve the manuseript.

REFERENCES

1. Catterall, W, A, (1998} Cell Celcium 24, 307-323
2. Dunlap, K., Luebke, J. I, and Turner, T. J. (1995} Trends Newrosci. 18, 8598

7221

3. Ertel, E. A,, Campbell, K. P,, Harpold, M. M., Hofiuann, F., Mori, Y., Perez-
Reyes, E., Schwartz, A., Snutch, T. P,, Tanabe, T., Birnbaumer, L., Tsien,
R. W, and Catterall, W. A. (2000} Neuron 25, 533-535
. Takahashi, T., and Momiyama, A_ {1993) Nuture 366, 156-158
. Mintz, I. M., Adams, M. E., and Bean, B. P. (1992) Neuron 9, B5-95
. Wheeler, D. B., Randall, A, and Tsien, R. W, {1994} Science 264, 107-111
. Llinds, R., Sugimori, M., Lin, J.-W., and Cherksey, B, (1989) Proc. Natl. Acad.
Sei. U. 8. A, 886, 1689-1693
. Randall, A., and Tsien, R, W. (1995) J. Neurosci. 15, 2995-3012
. Wheeler, D. B., Randall, A, Sather, W. A,, and Tsien, R. W. (1995) Prog. Brain
Res. 105, 65-78
10. Ophoff, R. A., Terwindt, G. M., Vergouwe, M. N_, van Eijk, R., Qefner, P. J.,
Hoffman, 8. M. G., Lamerdin, J. E., Mchrenweiser, H. W., Bulman, D. E.,
Ferrari, M., Haan, J., Lindhout, D., van Ommen, G.-J. B, Hofker, M. H.,
Ferrari, M. D., and Frants, R. R, (1996) Cell 87, 543-552
11. Zhuchenko, 0., Bailey, J., Bonnen, P., Ashizawa T., Stockton, D, W., Amos, C.,
Dobyns, W. B., Subramony, S. H., Zoghbi, H. Y., and Lee, C. C. (1997) Nat.
Genet. 15, 62-69
12, Ishikawa, K., Tanaka, H., Saito, M., Ohkoshi, N., Fujita, T., Yoshizawa, K.,
Ikeuchi, T., Watanabe, M., Hayashi, A.,, Takiyama, Y., Nishizaws, M.,
Naikano, I, Matubayashi, K., Miwa, M., Shoji, 8., Kanazawa, I, Tsuji, S.,
and Mizusawa, H. (1997) Am. J. Hum. Genet, 81, 336-346
13. Gomez, C. M., Thompson, R. M., Gammack, J. T., Perlman, 8. L., Dobyns,
W.B., Truwit, C. L., Zee, D. 5, Clark H. B., and Anderson, J. H. (1997) Ann.
Neurol. 42, 933-950
14. Ishikawa, K., Watanabe, M., Yoshizawa, K., Fujita, T, Iwamote, H.,
Yoshizawa, T., Harada, K., Nakamagoe, K., Komatsuzaki, Y., Satou, A.,
Doi, M., Ogata, T., Kanazawa, 1., Shoji, 8., and Mizusawa, H. (1999) J, Neu-
rol. Neurosurg. Psyehiatry 87, 8689
15, Matsuyama, Z., Wakamori, M., Mori, Y., Eawakami, H., Nakamura, %., and
Imoto, K, (1999} J. Neurosci. 19, 1-5
16. Toru, 8., Murakoshi, T., Ishikawa, K., Saegusa, H., Fujigasaki, H., Uchihara,
T., Nagayama, S., Osanai, M., Mizusawa, H., and Tanabe, T. (2000) J. Biol.
Chem. 275, 10839310898
17. Restituito, 8., Thompson, R. M., Eliet, J., Reike, R. 5., Riedl, M., Charnet, P.,
and Gomez, C. M. (2000) /. Neurosci, 20, 6394—-6403
18. Bourinet, E., Soong, T. W., Sutton, K., Slaymaker, 5., Mathews, E., Monteil,
A, Zamponi, G. W., Nargeot, J., and Snutch, T. P. (1999) Nat, Neurosci, 2,
467415
19. Gillard, 8. E., Volsen, 8. G,, Smith, W., Beattie, R. E., Bieakman, D., and
Lodge, D. (1997} Neuropharmacology 38, 405—409
20. Pinto, A, Gillard, S., Moss, F., Whyte, K., Brust P, Williams, M., Stauderman,
K., Harpold, M., Lang, B., Newson-Davis, J., Bleakman, D., Lodge, D., and
Boot, J. (1998) Proc. Natl, Acad. Sci. U. 8. A. 95, 8328-8333
21. Jun, K., Piedras-Renteria, E. 8., Smith, 8. M,, Wheeler, D. B., Lee, 5. B., Lee,
T. G., Chin, H., Adame, M. E., Scheller, B. H., Tsien, B. W., and Shin H.-5.
(1999) Prac. Natl. Acad. Sei. U. 8. A 96, 15245-15250
22, Mori, Y., Friedrich, T, Kim, M.-S., Mikami, A., Nakai, J., Ruth, P., Bosse, E.,
Hofmaunn, F., Flockerzi, V., Furuichi, T., Mikoshika, K., Imoto, K, Tanabe,
T., and Numa, S. (1991) Nature 350, 398.-402
23. Starr, T. V., Prystay, W., and Snutch, T. P. (1991) Proc. Natl. Acad. Sci.
{7 8. A. B8, 5621-5625
24. Krovetz, H. 8., Helton, T. D., Crews, A. L., and Horne, W. A. (2000) JJ. Neurosci.
20, 7564-7570
25. Hans, M., Urratiz, A., Deal, C., Brust, P. F., Stauderman, K., Eliis, 5. B.,
Harpold, M. M., Johnson, E. C., and Williams, M. E, (1999) Biophys. J. 76,
1384-1440
26, Sather, W. A, Tanabe, T., Zhang, J.-F., Mori, Y., Adams, M, E., and Tsien,
R. W. (1993) Neuron 11, 291-303
27, Lambolez, B., Audinat, E., Bochet, P., Crepel, F., and Rossier, J. {1892) Neuron
9, 247-258
28, Miera, E. V.-5., Rudy, B., Sugimari, M., and Llings, R. (1997) Proc. Natl. Acad.
Sei. U, 8, A. 94, 7059-7064
28. Chomezynski, P., and Sacchi, N. (1987) Anal. Biochern. 167, 156159
30. Flexcher, C.F., Lutz, C. M., O’'Sullivan, T. N., Shaughnessy, J. D., Jr., Hawkes,
R., Frankel, W. N., Copeland, N. G., and Jenkins, N. A. (1996) Cell 87,
607-617
31. Tekahashi, E.,, Murata, Y., Oki, T., Miyamato, N., Mori, Y., Takada, N,
Wanifuchi, H., Wanifuchi, N., Yagami, K., Niidome, T., Tanaka, 1., and
Katayama, K. (1999) Biechem. Biophys. Res. Commun, 260, 54-59
32. Zong, 8., Zhou, 4., and Tanabe, T. (1994) Biochem. Biophys. Res. Commun.
201, 1117-1123
33. Hullin, R., Singer-Lahat, D., Freichel, M., Biel, M., Dascal, N., Hofmann, F.,
and Flockerzi, V, (1992} EMBO J. 11, 885-890
34. Mishina, M., Kurosaki, T., Tobimatan, T., Morimoto, Y., Neda, M., Yamamoto,
T., Terao, M., Lindstrom, J., Takahashi, T., Kuno, M., and Numa, 5. (1984)
Nature 307, 604608
35. Castellano, A., Wei, X., Birnbaumer, L., and Perez-Reyes, E. (1993) J. Biol.
Chem. 268, 12359-12366
36, Ligon, B., Boyd, A. E, III, and Dunlap, K. (1998) J. Biel. Chem. 273,
13905-13911
37, Regan, L. J. (1991) J. Neurosct, 11, 22592269
38. Moreno, H., Rudy, B., and Llinas, R. (1997) Prec, Notl, Acad. Sci. U. 5. A, 94,
14042-14047
39. Sommer, B., Kohler, M., Sprengel, R., and Seeburg, P. H. (1991) Cell 8%, 1119
40. Maximov, A, Siidhof, T. C., and Bezprozvanny, 1. (1999) J. Biol. Chem. 274,
244553-24456
41. Stea, A,, Tomlinson, J., Seong, T. W., Bourinet, E., Dubel, S. J., Vincent, S. R.,
and Snoutch, T. P. (1994) Proe, Na:l. Acad. Sci. U. 8. A. 91, 10576-10580
42. Mintg, I. M., Venema, V. J., Swiderel, K. M., Lee, T. D., Bean, B. P., and
Adams, M. E. (1992} Nature 355, B27-829

=1 Gy O oo

[1=s 1]



J Neurol (2002) 249:633-635
© Steinkopff Verlag 2002

.LETTER TO THE EDITORS

Shinji Ohara
Teruaki Iwahashi
Takashi Oide
Ryoichi Hayashi
Takashi Nakajima
Kinya Ishikawa
Hidehiro Mizusawa

Spinocerebellar ataxia
type 6 with motor neuron
loss: A follow-up autopsy
report

Received: 12 May 2001
Received in revised form:
26 November 2001
Accepted: 4 December 2001

Sirs: We have reported previously
a Japanese patient with SCA6 gene
mutation who had developed a
lower motor neuron syndrome to-
gether with cerebellar ataxia [1].
We then speculated that this un-
usual clinical constellation could be
either a chance co-occurrence of
SCA6 and motor neuron disease or
could be ascribed to a mutated
SCA®6 gene, identical to the atlA-
voltage-dependent-calcium chan-
nel subunit gene (CACNL1A4), pos-
sibly affecting metabolic steps
common to Purkinje cells and mo-
tor neurons. The following is the
follow-up autopsy report for this
patient, which unequivocally re-
veals co-existence of two distinct
pathologies of SCA6 and ALS.
Briefly, the patient presented
with dysarthria, ataxic gait, and left
foot drop at age 58. She also had
nystagmus and complained of oc-
casional diplopia and vertigo. Her
family history was positive for
ataxic gait in her father. No other
family members developed signs of
motor neuron disorder with or
without ataxia. Within the next 3
years, she developed progressive
muscle weakness and atrophy and
was placed on a respirator at age

61. She died of acute circulatory
collapse of unknown etiology at
age 64. Her mental status was com-
pletely normal up until only a few
hours before her unexpected death.
The autopsy was performed 1
hour after death. The brain was
small and weighed 920 g. Macro-
scopically, the cerebellum, espe-
cially in the upper part of the ver-
mis and the pyramis in the medulla
oblongata, was atrophic (Fig. A).
Histologically, the loss of Purkinje
cells was most marked in the ver-
mis and the upper portion of the
superior semilunar lobules associ-
ated with thinning of the molecular
layer and loss of granular cells. Im-
munocytochemistry for the alA
calcium channel protein revealed
cytoplasmic aggregations in Purk-
inje cells. No ubiquitin-immunore-
active nuclear inclusions were
found in the cerebellum. The den-
tate nucleus was well-preserved.
The substantia nigra showed mild
neuronal loss, with the presence of
extracellular melanin pigment. The
pons was histologically normal. In
the medulla oblongata, the hy-
poglossal nucleus showed severe
neurconal loss. The rostral and dor-
sal parts of the principal inferior
olivary nuclei revealed obvious
neuronal loss and gliosis, but not
comparable to the severe degree
seen in the upper portion of the
cerebellar vermis, The pyramis was
atrophic and was pale on myelin
stain. In the cerebrum, the number
of large pyramidal neurons in the
motor cortex was decreased, other-
wise the cerebral cortex, white mat-
ter, basal ganglia, and thalamus
were unremarkable. In the spinal
cord, the corticospinal and spin-
ocerebellar tracts revealed myelin
pallor (Fig. B). There was a severe
loss of neurons in the anterior
horn. In the remaining neurons,
Bunina bodies and ubiquitin-im-
munoreactive intracyteplasmic
skein-like inclusions were occa-
sionally present (Fig. C). Immuno-

histochemisty for the t1A channel
protein failed to reveal any affre-
gates in the remaining anterior
horn cells. The Clarke nuclei
showed a decreased number of
neurons and the Onufrowitz nuclei
was intact. Anterior spinal roots in
the cervical, lumbar spinal seg-
ments showed a marked loss of
myelinated fibers (Fig. D). There
was no loss in neurons in the dor-
sal root ganglion and autonomic
ganglion.

In the present case, the autopsy
revealed clinically unsuspected up-
per motor neuron degeneration in
addition to lower motor neuron
loss in the spinal cord and lower
brainstem motor nuclei. The motor
neuron loss was associated with the
appearance of intracytoplasmic in-
clusions including Bunina bodies
and ubiquitin-immunoreactive
skein-like inclusions which are the
histological hallmark of ALS [2].
The apperance of these intracyto-
plasmic inclusions has not been re-
ported in SCA®, although it is wor-
thy of note that slkein-like
ubiquitin-positive deposits in the
anterior horn cells and brain stem
motor neurons have been de-
scribed in a patient with SCA3 [3].
Indeed, upper motor neurons signs
are regularly seen in SCA3 with on-
set before the age of 40 years and
the axonal neuropathy is present in
the age-related manner in this dis-
ease [4, 5]. 1t should also be men-
tioned that in the previous autopsy
studies of SCA6, one patient re-
vealed axonal degeneration in the
corticospinal tract below the level
of the medulla [6]. On the other
hand, features of pure cerebellar
degeneration were also evident in
the present case. The dentate and
pontine nuclei were well preserved,
and the loss of Purkinje cells was
predominantly in the upper vermis
and the upper cerebellar hemi-
sphere. These features of cerebellar
lesions were consistent with those
of the previous autopsy cases of
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