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SCA14 (Chen et al. 2003), TATA-binding protein for
SCA17 (Koide et al. 1999), and FGF14 for ADCA with
FGF14 mutation (van Swieten et al. 2003). Puratrophin-
1 is the first known protein related to intracellular sig-
naling and cytoskeleton that is associated with ADCA.
Our preliminary results suggest that the frequency of
chromosome 16q22.1-linked ADCA is relatively high,
since it was ranked the third most frequent ADCA in
Japan, after MJD/SCA3 and SCA6. Since chromosome
16q22.1-linked ADCA had a strong founder effect, it
will be important to clarify whether this specific C—=T
change is seen in other ethnic groups. Particularly, it is
extremely important to clarify whether original patients
with SCA4 reported from North American and German
populations harbor mutation within the puratrophin-1
gene (Flanigan et al. 1996; Hellenbroich et al. 2003).

A heterozygous, single-nucleotide substitution in the
5" UTR that is associated with aggregation of the gene
product is a unique feature as a cause of human disease.
Generally, a single-nucleotide substitution in the 5 UTR
may result in expression of aberrant mRNA, abnormal
trafficking of mutant transcripts due to conformational
changes, or reduced transcription of mRNA, as in 8
thalassemia intermedia (Sgourou et al. 2004). In the
present study, no aberrant transcripts were cloned from
patient brains. Instead, the result from the in vitro study
suggested that the transcription efficiency could be re-
duced significantly by the C—T substitution in the §'
UTR of the puratrophin-1 gene. Consistent with this in
vitro finding, levels of puratrophin-1 mRNA tended to
be lower in cerebella of patients with 16q22.1-linked
ADCA than in those of AD-affected controls. Further
studies comprising a larger number of samples that in-
clude “neurologically normal™ controls will be neces-
sary to confirm that reduced puratrophin-1 mRNA ex-
pression is associated with the C—=T change in the §'
UTR. Although aggregations of mutated proteins in
most neurodegenerative diseases are due to conforma-
tional changes produced by amino acid alterations, re-
duced protein expression may also cause protein ag-
gregation, such as the neurofilament light-chain aggre-
gation in anterior horn cells of patients with amyotro-
phic lateral sclerosis (ALS) (Bergeron et al. 1994). It is
currently not known how the C—T change in the pur-
atrophin-1 gene leads to puratrophin-1 aggregation.
However, it is possible that alteration in the stoichiometry
or changes in the protein stability, observed in neuro-
filament proteins in ALS (Ge et al. 2003), also exist for
puratrophin-1 in chromosome 16922.1-linked ADCA.
In addition, it should be noted that since reduction of
puratrophin-1 mRNA levels in patient cerebella was
small, that may not be a sufficient explanation of the
formation of aggregation. It will be important to assess
the puratrophin-1 mRNA levels specifically in Purkinje
cells, where the protein aggregates.
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Puratrophin-1 is a novel protein with four important
domains: the spectrin repeat, CRAL/TRIO, Rho GEF/
DH, and PH domains. Therefore, the puratrophin-1
gene would be the fifth gene that encodes Rho GEF
protein to be associated with human disease, after the
FGDI1GEF gene for faciogenital dysplasia (Pasteris et
al. 1994), the ARHGEF6 gene for X-linked nonsyn-
dromic mental retardation (Kutsche et al. 2000), the
ARHGEF10 gene for autosomal dominant neuropathy
with thin myelinated fibers (Verhoeven et al. 2003), and
the ALS2 gene for the autosomal recessive juvenile mo-
tor neuron disease ALS2 (Hadano et al. 2001; Yang et
al. 2001). GEFs exert diverse functions in intracellular-
membrane trafficking and microtubule dynamics and
ultimately regulate numerous cellular responses—such
as proliferation, differentiation, and movement—by ac-
tivating small G-protein GTPases (Rossman et al. 2005).
Although Rho GEF/DH and PH domains are typical for
Rho GEF proteins, the presence of a spectrin repeat
suggests that puratrophin-1 could be targeted to the
Golgi-apparatus membrane, where it may regulate cer-
tain membrane dynamics through modulating actin
(Godi et al. 1998; Lemmon et al. 2002). The CRAL/
TRIO domain is implicated in the nerve growth factor
(NGF) pathway that leads to neurite outgrowth through
activating Rho G (Estrach et al. 2002), which indicates
that puratrophin-1 may also have a role in cell differ-
entiation signaling through NGF. In the present study,
we showed that the Golgi-apparatus membrane protein
and spectrin both form aggregation in the Purkinje cells
of patient brains, which strongly supports the hypothe-
sis that puratrophin-1 indeed interacts with these es-
sential cytoskeletons. Formation of these aggregations,
which seems to be a new phenomenon implicated in
pathogenesis of human disecase, could be deleterious for
cells, since Golgi-apparatus membrane proteins and spec-
trin are important in maintaining cellular architecture,
as noted for autosomal dominant polycystic kidney dis-
eases (Charron et al. 2000). In addition, it also seems
rational to speculate that disturbance of puratrophin-1
may affect Purkinje-cell morphology and eventually
cause the peculiar Purkinje-cell atrophy that character-
izes chromosome 16g22.1-linked ADCA, since Rho
GEFs are implicated parricularly in neural morphogene-
sis and connectivity by regulating actin dynamics (Godi
et al. 1998).

Finally, the association of progressive hearing im-
pairment in patients with chromosome 16g22.1-linked
ADCA may suggest a role of puratrophin-1 in hearing.
As far as we were able to examine by auditory tests,
42.8% of study families had hearing impairment. Au-
diometric configurations showing mid-frequency U-
shaped or flat-shaped pattern also suggested that the
hearing impairment of these patients was not a simple
age-related hearing loss. However, it should be noted
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that some families had moderate hearing impairment,
whereas other families had only mild hearing impair-
ment, which may indicate the presence of other modi-
fying genetic factors for this phenorype. Further clinical
analyses with use of detailed auditory tests are needed
to ascertain how strongly hearing impairment is asso-
ciated with araxia. If hearing impairment is confirmed
as being complicated by chromosome 16q22.1-linked
ADCA, puratrophin-1 will be the first deafness/hearing-
impairment protein related to Rho GEE Since mutations
in the y-actin gene (ACTG1; DFN20/26) (Zhu et al.
2003), genes coding proteins that interact with actin
(e.g., the myosins espin and harmonin), or a gene coding
proteins that coordinate actin polymerization (Mburu
et al. 2003) are known to cause deafness, it is possible
that puratrophin-1 disruption causes hearing impair-
ment by disturbing actin dynamics in the cochlea. In
support of this hypothesis, expression of puratrophin-
1 was seen in mouse cochlear hair cells, in which actin
is also expressed (Mburu et al. 2003). Rho GTPases are
also importanrt regulators of actin cytoskeleton in stereo-
cilia development, which is crucial for auditory trans-
duction (Kollmar 2001). We hypothesize thar the pur-
atrophin-1 gene mutation ultimarely causes hearing im-
pairment by dysregulation of actin in the cochlea. Fur-
ther studies, such as targeted disruption of puratrophin-
1 in mouse, will be important for clarifying whether
puratrophin-1 has a role in hearing.

In summary, we have identified that a single-nucleo-
tide C—T substiturion in the 5 UTR of the gene pur-
atrophin-1 is strongly associated with chromosome
16q22.1-linked ADCA. If patients with SCA4 are found
to harbor mutations in this gene, it would suggest that
the chromosome 16q22.1-linked ADCA in Japan is al-
lelic with SCA4. Identification of the mechanism of pur-
atrophin-1 expression, the upstream signaling cascade
that activates puratrophin-1, and the actual Rho
GTPase activated by puratrophin-1 would be the next
key steps for understanding the molecular mechanisms
that underlie cellular degeneration of chromosome
16q22.1-linked ADCA and hearing impairment.
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A clinical, genetic, and
neuropathologic study
in a family with 16qg-
linked ADCA type III

shrinkage

Abstract—Presented is the new kindred with autosomal dominant cerebellar
ataxia linked to chromosome 16q22.1 (16q-ADCA type III) associated with
progressive hearing loss. By haplotype analysis, the critical interval was
slightly narrowed to three megabase regions between GATAQ1 and D16S3095.
Neuropathologic study of 16q-ADCA type III demonstrated characteristic
of Purkinje cell
immunoreactive amorphous material containing calbindin- and ubiquitin-
positive granules.
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Autosomal dominant cerebellar ataxia (ADCA) type
I11 is characterized by purely cerebellar ataxia
throughout different generations.! We previously de-
scribed families with ADCA type III that map to
chromosome 16q13.1-q22.1% (16q-ADCA type III;
OMIM: 7%600223), the same region to which maps
spinocerebellar ataxia type 4 (SCA4).* We subse-
quently found that families with 16q-ADCA type 111
harbor a common, ‘founder’ haplotype for the 3.8
mega-base (Mb) region between GGAAO5 and
D168S3095.°

We describe here the new five-generation kindred
with 16q-ADCA type I1I and slightly narrowed can-
didate region. We also report the first neuropatho-
logic data of 16q-ADCA type IIIL.

Methods. Clinical analvsis. The index patient (Patient III-1;
figure 1) first consulted our clinic because of unsteadiness of gait.
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Multiple family members over five generations were documented
to have progressive ataxia (see figure 1), Interview and neurologic
examination were performed in 12 individuals (Patients II-11,
[11-1, T11-16, 111-18, IT1-20, IV-1, IV-2, TV-3, IV-6, IV-7, V-1, and
V-2). Patient 1I-11 was also examined neuropathologically. This
patient presented with gait ataxia at age 70 and experienced
hearing difficulties from age 75. Both symptoms slowly pro-
gressed. At age 90, she had prominent ataxia and could not walk
without assistance. She became bed-ridden at age 92 and died of
natural causes at age 96.

Genetic analysis. After obtaining informed consent, genomic
DNA was extracted from peripheral blood from 12 individuals (see
figure 1). After excluding spinocerebellar ataxia (SCA) 1, 2, 3,6, 7.
12. and 17 and dentatorubral and pallidoluysian atrophy. geno-
types were determined for 12 informative markers on chromosome
16q22.1*¢ (see table E-1 on the Neurology Web site at www.
neurology.org). Allele frequencies in general population were ana-
lyzed in 50 unrelated individuals without histories of ataxia or
other neurodegenerative diseases. Two-point and multipoint lod
scores were calculated using software LINKAGE (ver 5.1) and
GENEHUNTER.

Neuropathological analysis. The brain and spinal cord were
fixed in 10% neutral buffered formalin for two weeks, Paraffin-
embedded sections were stained by hematoxylin and eosin (H&E),
Kliiver-Barrera (KB), and modified Bielschowsky methods. Immu-
nohistochemistry was undertaken using standard avidin-
biotinylated peroxidase complex (ABC) method and developed
with diaminobenzidine (DAB). Primary antibodies used were
mouse monoclonal antibodies against expanded polyglutamine
(1C2: Chemicon: diluted into 1:4000), calbindin D28k (Sigma:
1:200), synaptophysin (Sigma; 1:50), phosphorylated neurofila-
ment (SMI31. Steinberger; 1: 5000), and rabbit polyclonal anti-
body against ubiquitin (Sigma; 1: 400). Specimens from two
individuals, one without neurological diseases and the other with
SCAS, served as controls.

Results. Clinical features. By neurologic examination,
seven individuals were confirmed as having pure cerebel-
lar ataxia (see figure 1). The individual IV-6 was not con-
firmed “affected” but showed very mild imbalance.
Cardinal features in the seven patients were truncal
ataxia (100%), limb ataxia (71.4%), cerebellar speech
(71.4%), and reduced muscle tonus (57.1%). Tendon re-
flexes were normal but were reduced at ankles in 28.6% of
patients. Gaze nystagmus was not obvious. Only Patient
I1-11 had mild positional and action tremor in hands. De-
creased sensation, absence of tendon reflexes, and Babin-
ski signs, distinctively seen in SCA4 patients,*® were all
absent.

The average age at onset of ataxia was 52.1 years, rang-
ing from 8 to 70 years. Patients IV-1 and V-1 documented
their ages at onset at younger than 20 years. Phenomenon

Copyright © 2005 by AAN Enterprises, Inc. 629
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Figure 1. Pedigree of the present family with reconstructed haplotypes for markers at 16¢22.1. Women are shown with a
circle, and men with a square. Deceased are slashed. Rhombes indicate the sex is not specified because of confidentiality.
Individuals with ataxia are filled in the left half of their symbols, and individuals with definite hearing tmpairment are
filled in their right half of their symbols. The individual IV-6 who was suspected of having ataxia was filled gray. The
symbol “8" indicates presence of hearing impairment was suspected, but was not confirmed. Individuals I11-8, III-9 and
111-10 are suspected of having ataxia, since lurching gait and dysarthria have been noticed by several family members.
Haplotypes for chromosome 16 markers are shown. The haplotypes cosegrageting with ataxia are boxed. Deduced haplo-

types are shown in braces.

of anticipation was generally not obvious but was seen in
transmission through Patients III-1, IV-1, and V-1. Brain
MRI revealed isolated cerebellar atrophy. Peripheral nerve
conduction study and somatosensory evoked potentials in
two individuals (Patients I1I-1 and [V-1) were normal.

Six of seven individuals with ataxia documented hear-
ing difficulties (Patients II-11, ITI-1, III-16, III-18, II1-20,
and IV-1). Several other members also seemed to have
both ataxia and hearing impairment (I-2, II-1, 1I-3, III-3,
and IV-5). Audiograms, brainstem auditory evoked poten-
tials, and otoacoustic emissions of Patients I1I-1 and TV-1
indicated that the hearing impairment had a cochlear ori-
gin (figure 2). The average age at onset of hearing impair-
ment was 59.4 vears.

630 NEUROLOGY 65 August (2 of 2) 2005

Genetic features. The highest two-point lod score was
obtained with marker CTTTO1 with a maximum lod score
of 2.2 at § = 0, supporting linkage to chromosome 16q22.1
(see table E-2). Maximum multipoint lod score reached 2.3,
suggesting linkage. Comparing the haplotypes of the cur-
rent and previous families, different alleles are seen at
GATAO1: The current family had allele 3, whereas the
previous eight families had allele 2¢ (see figure 1; also see
table E-1). This would indicate that the gene for with auto-
somal dominant cerebellar ataxia linked to chromosome
16q22.1 (16q-ADCA type III) lies in the 3-Mb region be-
tween GATAOL and D16S3095.

Neuropathologie features. The brain including the
brainstem and cerebellum weighed 1,200 g after fixation,



— Figure 2. Audiograms of the Patients

i I - III-1 (A) and IV-1 (B). Open circle indi-

cates air conduction of the left ear,

cross indicates that of the right ear.

Symbols [ indicate bone conduction of
right ear, ] indicate that of left ear.

Both audiograms show sensorineural

hearing impairment, slightly worse in

Patient IV-01. BAEPs of the Patients
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Macroscopically, the brain and spinal cord appeared nor-
mal except for the moderate cerebellar atrophy in the up-
per vermis.

Microscopically, the most prominent feature was the
Purkinje cell degeneration with relative preservation of
molecular and granule cell layers (figure 3A). Generally,
the Purkinje cell loss was severe in the anterior lobe such
as culmen, moderate in the upper aspect of the posterior
lobe, and mild in the rest of the regions such as tonsil. The
remaining Purkinje cells were often atrophic and were sur-
rounded by thick amorphous materials (figure 3B). The
dentate nucleus had moderate astrogliosis. No obvious
pathologic change was seen in the cerebrum, brainstem,
including the inferior olivary nucleus or in the spinal cord,
although mild myelin pallor was seen in the fasciculus
gracilis and the spinocerebellar tracts (figure 3, C and D).

1C2-immunoreactive aggregates were not seen (figure
3E). Ubiquitin-positive granules were seen within the
amorphous material, also sometimes within the Purkinje
cell body (figure 3F). A few Purkinje cells showed processes
stemming from their cell bodies resembling ‘somatic
sprout’ on calbindin D28k immunochistochemistry (figure
3G). Within the amorphous materials, a zone with weak
calbindin-immunoreactivity or calbindin-positive granules
were seen (figure 3, H and I). The amorphous materials
were intensely immunoreactive for synaptophysin (figure
3J), while such finding was not seen in control brains.
Immunoreactivity for SMI31 was seen only in the periph-
ery of the amorphous material (figure 3K).

Discussion. We described a new family of 16q-
ADCA type III, showing co-segregation of pure cere-
bellar ataxia and hearing impairment. It is possible
that the two phenotypes are caused by a single gene
mutation. Since genes for deafness are not known
within the candidate region, discovering the 16q-

ADCA type III gene would be important. Audiogram
and BAEPs are necessary to clarify whether hearing
impairment is indeed associated with 16q-ADCA
type IIL

Neuropathology of 16q-ADCA type III was charac-
terized by shrunken cell bodies, abnormal dendrites,
somatic sprouts of Purkinje cells, and the amorphous
materials surrounding the Purkinje cell. Although
somatic sprouts are described in other diseases such
as Menkes' disease,” the amorphous materials have
not been described.® Therefore, presence of amor-
phous materials around shrunken Purkinje cells
could be diagnostic for 16q-ADCA type III. The
amorphous materials resemble “grumose degenera-
tion” of the dentate nucleus in DRPLA and progres-
sive supranuclear palsy (PSP).® Presence of
calbindin- and ubiquitin-immunoreactive granules
within the amorphous materials would indicate that
the amorphous materials are formed in association
both with the degeneration of Purkinje cell processes
and the increase of presynaptic terminals innervated
either from basket cells, inferior olivary neurons, or
other neurons.'® Alteration of calbindin-
immunoreactivity in Purkinje cells may also indicate
that the intracellular calcium buffering system,
which is one of the important roles of calbindin, may
be altered in 16q-ADCA type III

Note added in proof. After acceptance of this ar-
ticle, a genetic change tightly associated with the
16q-linked ADCA type III including the present fam-
ily was discovered in the gene encoding a protein
with spectrin and Rho guanine-nucleotide exchange-
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Figure 3. Histopathologic and immunohistochemical fea-
tures of 16q-ADCA type III. (A) The cortex of the cerebellar
hemisphere viewed at a low magnification. Most Purkinje
cells show shrinkage of cell bodies while granule cells are
well preserved (hematoxylin & eosin; the scale bar indicates
250 um). (B) At a high magnification, the Purkinje cells
appear atrophic surrounded by an amorphous structure,
which is the characteristic histological change of this pa-
tient (hematoxylin & eosin; the scale bar indicates 50 pum).
(C) The thoracic spinal cord. Myelin pallor is seen in the dorsal column and spinocerebellar tracts (Kliiver-Barrera stain-
ing). (D) The dersal root ganglia of the 7th thoracic spine. Neuronal loss is not apparent. A Nageotte’s nodule is seen (ar-
row) (Kliiver-Barrera staining; the scale bar indicates 10 pm). (E) Immunohistochemistry for expanded polyglutamine
using mouse monoclonal antibody 1C2 does not demonstrate microscopic aggregations in the Purkinje cell (arrow) (immu-
noperoxidase, counter stuined with methyl green; scale bar indicates 50 pm). (F) There are some ubiquitin-
immunoreactive granules in the amorphous materials. A granule is also seen within the cell body (small arrow)
(immunoperoxidase, counter stained with hematoxylin; scale bar indicates 50 pm). (G) Immunohistochemistry for calbi-
ndin D28k shows a bizarre-shaped Purkinje cell, called “somatic sprouts” (immunoperoxidase; scale bar indicates 50 wm).
(H) A fuzzy and weak immunoreactivity against calbindin D28k is seen at the amorphous structure. Immunoreactive
granules are also seen outside the Purkinje cell body (small arrow) (immunoperoxidase, counter stained with hematoxy-
lin: scale bar indicates 50 pm). (I) No obvious immunoreactivity for calbindin is seen in an atrophic Purkinje cell, except
for granules within amorphous material (small arrow) (immunoperoxidase, counter stained with hematoxylin; scale bar
indicates 50 pm). (J) Synaptophysin immunoreactivity is increased around the Purkinje cell body (pl: Purkinje cell layer).
The immunoreactivities at the molecular layer (ml) and at the gromerulus in the granular layer (gl) are not obuiously re-
duced (immunoperoxidase, counter stained with hematoxylin; scale bar indicates 50 pm). (K) The SM13 I-immunoreactive
basket cell axons attach to the outer margin of the amorphous structure. The Purkinje cell body is weakly immunoreactive
for SMI31 (immunaoperoxidase, counter stained with methyl green; scale bar indicates 50 pum).
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Paroxysmal dysesthesia is considered to be one of the
characteristic symptom of multiple sclerosis (MS), but
the lesion responsible and the pathophysiology of this
dysesthesia are not known. We report the interesting
finding of somatosensory-evoked potentials (SEPs) in a
patient with MS during a paroxysmal dysesthesia
attack.

Case report

A 43-year-old woman developed paroxysmal dysesthe-
sia of the left arm and leg. Four months before she
experienced bilateral optic neuropathy, symptoms of
transverse myelopathy at the ThS segment, and dyses-
thesia in the C5 to C8 area in the left arm. She was
diagnosed as MS by her recurrence and remission of the
symptoms. During the recovery stage, attacks of par-
oxysmal dysesthesia occurred more than 20 times a day.
These were induced by voluntary or passive, quick
anteroflexion of the neck and lasted for 60-90 s. The
attacks started in the left hand with an unpleasant
tickling or electrical sensation that radiated to the left
upper extremity immediately and to the left lower
extremity approximately half a minute later. Most
attacks were accompanied by tonic spasm in the
muscles of the left extremities.

T2-weighted magnetic resonance imaging showed
three small irregular areas of high signal intensity; in the
base of the right pons, dorsal part of cervical spinal
cord from C5 to C7, and center of the thoracic spinal
cord from ThS5 to Th7.

Somatosensory-evoked potentials elicited on left and
right median nerve stimulation showed no abnormality
when there was no attack. SEPs were recorded before

Correspondence: Dr Takanon Yokota, Department of Neurology,
Tokyo Medical and Dental University, 1-5-45, Yushima,
Bunkyo-ku. Tokyo 113-8519, Japan (fax: + 81-3-5803-0169;
c-mail: tak-yokota.nuro(@ tmd.ac.jp).

© 2005 EFNS

and after the attacks, whilst the patient mimicked the
dystonic posture and muscle contraction of a tonic
spasm to exclude the effect of proprioceptive impulses
from the activated muscles. The median nerve was sti-
mulated at the wrist, and the intensity adjusted to the
level that evoked a 2 mV compound muscle action
potential (CMAP) from the abductor pollicis brevis
muscle. CMAP size was monitored to maintain con-
stant stimulation. The SEP data was recorded on digital
audiotape before the attack induced by neck flexion
until the end of the attack. More than 100 responses
during attack were averaged for one test. The average
N20 amplitude from the baseline during the attack was
smaller (1.1 ¢V) than before (1.9 uV) and after (1.7 uV)
the attack (Fig. 1). The reduction of N20 amplitude was
statistically significant in four independent examina-
tions (£ < 0.05, Mann-Whitney U-test). There was no
discernible difference in the N20 latencies. N13 could
not be evaluated due to artifacts produced by muscle
contraction.

Discussion

The pathophysiology of paroxysmal dysesthesia is
proposed to be the generation of ectopic impulses and
ephaptic transmission in a focal demyelinated lesion in
a tract of the central nervous system (Osterman and
Westerberg, 1975; Rasminski, 1981). Ectopic impulses
were shown to proceed from a lesion both rostrally and
caudally in an experimental animal model (Smith and
McDonald, 1982). We think this impulse is generated at
axons of the posterior column of the cervical cord
because (i) there is a lesion in the posterior part of the
cervical cord on MRI; (ii) the attack was induced by
neck flexion; and (iii) dysesthesia begins in the hand and
does not involve the area innervated by cranial nerves.
We speculate that three mechanisms are responsible for
the attenuation of N20 size during an attack. First,

233



234 S Toru et al.

- ~— L
(a) ~—c _:.:';,"‘a.- T FaaNPEee

- D
) =5 S e S S -
et et __W.fﬁ.,‘
(c) L:ﬁ\m,.g\_‘ [ mguen
2pv
1_ i 5 ms
Stimulation

Figure 1 Somatosensory-evoked cortical potentials by left med-
ian nerve stimulation before (a), during (b) and after (c) a4 dyses-
thesia attack. Recording site: 2 cm posterior to C4. Reference site:
Fz (International 10-20 system).

descending impulses are generated abnormally in dorsal
column axons of a cervical lesion and collide with
afferent impulses evoked by stimulation of the nerve.
Secondly, ectopic impulses produce presynaptic modi-
fication on synaptic transmission of posterior column

cells or thalamic neurons, which is similar to the gating
mechanism seen in the spinal cord. Thirdly, the ectopic
impulses have a direct or indirect inhibition of N20
generation (Abbruzzese et al., 1980).

We consider that the attenuation of N2 on SEPs
during a dysesthesia attack supports the hypothesis that
the ectopic impulse generated in the posterior column
causes paroxysmal dysesthesia in MS.
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Brief Communication

New RNAi Strategy for Selective Suppression of a Mutant
Allele in Polyglutamine Disease

TAKAYUKI KUBODERA."** TAKANORI YOKOTA,'* KINYA ISHIKAWA,'
and HIDEHIRO MIZUSAWA"*

ABSTRACT

In gene therapy of dominantly inherited diseases with small interfering RNA (siRNA), mutant allele-
specific suppression may be necessary for diseases in which the defective gene normally has an im-
portant role. It is difficult, however, to design a mutant allele-specific siRNA for trinucleotide repeat
diseases in which the difference of sequences is only repeat length. To overcome this problem, we use
a new RNA interference (RNAI) strategy for selective suppression of mutant alleles. Both mutant and
wild-type alleles are inhibited by the most effective siRNA, and wild-type protein is restored using
the wild-type mRNA modified to be resistant to the siRNA. Here, we applied this method to spin-

ocerebellar ataxia type 6 (SCA6). We discuss its feasibility and problems for future gene therapy.

INTRODUCTION

RNA INTERFERENCE (RNAI) is a powerful tool for
posttranscriptional gene silencing. Small interfering
RNA (siRNA) binds and cleaves the targeted RNA in a
sequence-specific manner, thereby preventing translation
of the encoded protein (Elbashir et al., 2001a). One possi-

ble therapeutic application of siRNA is the silencing of

mutant genes that cause dominantly inherited diseases.
We and others demonstrated that it is possible to design
siRNA that selectively suppresses the expression of the
mutant protein in amyotrophic lateral sclerosis (ALS),
Alzheimer's disease, polyglutamine disease, and DYTI
dystonia (Gonzalez-Alegre et al., 2003 Miller et al.,
2003, 2004; Li et al., 2004; Yokota et al., 2004). Recently,
adeno-associated virus expressing siRNA injected into
the cerebellum improved the polyglutamine-induced phe-
notype in a transgenic mouse model (Xia et al., 2004).

Although siRNA can discriminate even a single nucleo-
tide alternation (Elbashir et al., 2001b), selectivity is not
complete (Gonzalez-Alegre et al., 2003: Miller et al.,
2003, 2004; Li et al.. 2004: Yokota et al., 2004), and at a
higher concentration of siRNA, the wild-type allele is
more inhibited (Miller et al., 2004). In addition, the cleav-
age efficiency of the mutant allele is not necessarily excel-
lent because selection of the mutant allele-specific siRNA
has a restriction; that is, the siRNA target sequence should
include the mismatch. In diseases caused by an expanded
trinucleotide repeat, such as polyglutamine diseases, it is
impossible to design siRNA that can recognize the ex-
panded CAG repeat. In spinocerebellar ataxia type 3
(SCA3), a C/G polymorphism related to CAG repeat ex-
pansion has been used to design siRNA to discriminate the
expanded allele (Miller et al., 2003; Li et al., 2004). We re-
ported on siRNA with relative discrimination of the ex-
panded allele of the SCA3 gene, which is possibly due to a
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change in the RNA secondary structure (Lietal., 2004). In
SCAG6. however, the CAG repeat length in the mutant al-
lele is within the normal range of other polyglutamine dis-
eases. so that the secondary structure of RNA does not al-
ter greatly even in the mutant. Here, we show a new
alternate method for allele-specific suppression by siRNA.
After suppressing both mutant and wild-type proteins by
the most effective siRNA, wild-type protein is returned by
coexpression of siRNA-resistant wild-type mRNA. This
new strategy can be applied to any mutation.

MATERIALS AND METHODS

Plasmid construction and siRNA synthests

Construction of expression plasmids of the a1 A calcium
channel gene (CACNAIA) was reported previously (Ku-
bodera et al.. 2003). The CACNA1A c¢DNA in the plasmid
was truncated at the 3'-terminal region containing 13 (nor-
mal, pQ13C) or 28 (expanded, pQ28C) CAG repeats.
Each construct corresponds to nucleotide positions
6727-7521 and 6727-7566 of the full-length CACNAITA
¢DNA. Modified pQ13C. in which CACNAIA cDNA is
mutated not to be cleaved by siRNA7493 but translated to
the same amino acids as those of pQ13C, was made by
PCR amplification using pQ13C as a template (Fig. 1).
The reverse primer included the modified mutations (light
gray in Fig. 1). and the PCR fragment was subcloned into
pcDNA3.1(+) (Invitrogen, San Diego, CA).

5
pQ28C (mutant) —

299

Selection of an siRNA target site was made according to
the reported protocol (Reynolds et al., 2004). Sense and
antisense strands of siRNA oligonucleotides (ODNs) were
synthesized and prepared as described previously (Yokota
et al.. 2003). siRNA for an unrelated target, hepatitis C
virus (HCV) gene, was used as a negative control.

Transfection and Western blotting

To see the effect of siRNA for CACNATA mRNA, we
cotransfected both siRNA and expression plasmids of
CACNAIA to human emboryonic kidney 293T cells.
Transfection was done with Lipofectamine Plus reagent
(Invitrogen) according to the manufacturer’s protocol.

For Western blotting at 24 hours posttransfection, cells
were solubilized in lysis buffer (50 mM Tris-HCI, 150
mM NaCl, 1% Triton X-100), separated on a 10%-20%
gradient of SDS-PAGE, immunoblotted with rabbit poly-
clonal antibody specific for the C-terminal portion of the
alA calcium channel protein (A6PRT-C) (Ishikawa et
al.. 1999), then made visible by enhanced chemilumines-
cence (ECL) (Amersham Bioscience, Buckinghamshire,
England).

RESULTS

Using the synthetic siRNA (siRNA7493; 5'-ACAGC-
GAGAGUGACGAUGAATAT-3' in sense sequence), ex-
pressions of both wild-type (Q13C) and mutant (Q28C)

3,

—— AAAAAAAA

(CAG),,

pQ13C (wild-type) ?
modified pQ13C

C

AAAAAAAA

(CAG),,

I__l_J

l

target site by siRNA7493

e e T e AT

native sequence: .

L

amino acid sequence:

modified sequence: ...

FIG. 1.

.. CCC SUAC $AGC :GAG :AGU GAC :GAU :GAU :UGG .....
cccEUAUEUCGEGAA;ucngAugeAcgeAuguee
s Tyr : Ser : Glu :

Ser : Asp: Asp : Asp:
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FIG. 2. Effect of siRNA7493 an expression of pQ13C, pQ28C. and modified pQ13C. (A) Western blot analysis of cells trans-
fected with the indicated expression plasmids and control siRNA/SIRNA7493 at 25 nM. The superoxide dismutase 1 (SODI1) pro-
tein staining was used as a loading control. (B) Quantitation of signal intensities. The suppression level of target protein was com-
pared with transfection of control siRNA. siRNA7493 could markedly silence pQ13C and pQ28C but not modified pQ13C. Values

are means = SEM. #p<<0.001 (Student’s r-test).

@ | A calcium channel proteins were markedly decreased
by >90% on Western blot analysis (Fig. 2).

Because the siRNA7493 did not discriminate wild-
type and mutant allele, we tried to restore the wild-type
alA calcium channel protein expressed by modified
pQ13C, in which CACNAIA ¢DNA sequence is resis-
tant to siRNA7493. We modified wild-type CACNAILA
cDNA construct (modified pQ13C). The amino acid se-
quence encoded by modified pQ13C was the same as that
of native pQ13C, but the nucleotide sequence targeted by
SIRNA was altered (Fig. 1). In fact, expression of modi-
fied pQ13C was not suppressed at all by siIRNA7493
(Fig. 2).

Q28C (mutant)
Q13C (wild-type)

pQ13C + L +
pQ28C + + +
modified pQ13C — = +
siRNA7493 — + +

FIG. 3. Effect of siRNA7493 in cells cotransfected with

pQI13C. pQ28C. or madified pQ13C (25 nM). Expressions of
both pQI13C and pQ28C were markedly decreased by
SIRNA7493 (lane 2). but wild-type alA calcium channel was
restored 1o the same intensity level as that of lane | by expres-
sion of modified pQ13C (arrowhead) (lane 3). siRNAT493 (—)
indicates no siRNA.,

Next, we cotransfected modified pQ13C with pQ13C,
pQ28C, and siRNA7493 to 293T cells. Modified pQ13C
restored the expression of the wild-type alA calcium
channel that had been markedly inhibited by siRNA7493
(Fig. 3). Consequently, the mutant allele of CACNAITA
was selectively silenced. whereas the wild-type protein
was unchanged.

DISCUSSION

SCAG6 is an autosomal dominant cerebellar ataxia char-
acterized by late onsel, pure cerebellar ataxia (Ishikawa
et al.. 1999). The causative gene for SCA6 has been iden-
tified as CAG repeat expansion in the alA voltage-de-
pendent calcium channel gene (Zhuchenko et al., 1997).
The @ 1A subunit mediates Ca** influx across presynap-
tic and somatodendritic membranes, thereby triggering
fast neurotransmitter release and other key neuronal re-
sponses. alA-deficient mice develop ataxia and dystonia
and die before 4 weeks of age (Jun et al., 1999), and the
natural mutant mice of cacnala, leaner, in which channel
function is severely reduced, produce severe ataxia
(Lorenzon et al., 1998). In gene therapy of SCA6 with
$iRNA, therefore, reduction of endogenous a1 A calcium
channel expression may produce an undesiruble effect,
and preservation of wild-type «lA calcium channel ex-
pression 1s necessary.

Our new method for allele-specific suppression by
siRNA has the following advantages. (1) Any type of
mutation can be applied by our method. (2) Only one set
of the siRNA and wild-type protein-expressing vector in
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our strategy works in many different mutants in a single
gene; there are more than 100 mutations of superoxide
dismutase 1 (SOD1) gene for familial ALS (alsodl.iop.
kel.ac.uk/) and presenilin 1 (PS1) gene for familial Alz-
heimer's disease (www.molgen.ua.ac.be/ADMutations/).
(3) Greater than 90% suppression efficiency of mutant
allele expression usually can be achieved using the
recent prediction program of siRNA site (Reynolds et
al., 2004) because the best siRNA site can be selected
from the whole sequence of the target mRNA. In
contrast, suppression efficiency of conventional siRNA
should include the mutation, so that the target region is
limited.

On the other hand, this method has the following im-
portant problems. (1) The expression level of the re-
stored wild-type protein is difficult to control. If it is
much greater than the endogenous level, it may produce
an unexpected side effect. (2) Both siRNA and restored
wild-type protein should be delivered to every cell,
preferably by putting both expressing cassettes of short-
hairpin RNA and siRNA-resistant wild-type cDNA into
a single vector. To date, however, ODN is better than
expression vectors for in vivo delivery of siRNA by sys-
temic intravenous injection (Anton et al., 2002
Soutscheck et al., 2004). (3) There may be unknown dif-
ferences of endogenous and exogenously expressed pro-
tein functions.

The efficacy of this strategy should be confirmed in an
in vive model, and the cited problems must be further ad-
dressed. Our new approach promotes the feasibility of
using siRNA-based gene therapy for dominantly inher-
ited discases.
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On autosomal dominant cerebellar ataxia (ADCA)
other than polyglutamine diseases, with special
reference to chromosome 16q22.1-linked ADCA

Kinya Ishikawa and Hidehiro Mizusawa

Department of Neurology and Neurological Science, Graduate School, Tokyo Medical and Dental University, Tokyo. Japan

Autosomal dominant cerebellar ataxia (ADCA) is a group
of heterogeneous conditions. More than 20 genes or gene
loci have been identified that are responsible for ADCA.
Although expansions of the trinucleotide (CAG) repeat
that encode polyglutamine are known to cause some forms
of ADCA, growing knowledge about the genetic basis of
ADCA indicates that many subtypes of ADCA are caused
by mutations other than the CAG repeat/polyglutamine
expansion. In this paper, we review ADCA caused by
mutations other than polyglutamine expansions (i.e. “non-
polyglutamine diseases™). We also describe the neuro-
pathology of chromosome 16q22.1-linked ADCA, which
appears to be the most common non-polyglutamine dis-
case in Japan. What we find to be characteristic on the
chromosome 16q22.1-linked ADCA brain is the presence
of atrophic Purkinje cells surrounded by the formation of
amorphous material, the latter composed of the Purkinje
cell dendrites stemming from the cell bodies, the presyn-
aptic terminals innervated by certain neurons, and the
astroglial processes. Such neuropathological findings seem
to be unique for this disease.

Key words: cerebellar ataxia, non-polyglutamine disease,
Purkinje cell. somatic sprout.

INTRODUCTION
Autosomal dominant cerebellar ataxia (ADCA) is clini-
cally and genetically a heterogencous condition. in which
progressive ataxia is the cardinal clinical symptom.' Hard-
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ing classified ADCA into three forms by clinical features.'
ADCA type I and type 11 show clinical evidence of multi-
ple system degeneration, such as pyramidal tract and
extrapyramidal signs or macular degeneration. Autosomal
dominant cerebellar ataxia type III is clinically character-
ized by purely cerebellar ataxia throughout different gen-
erations.” However, ADCA could be classified by assigned
gene loci or mutated genes. At least 21 different gene loci
have been identified as responsible for ADCA.> Among
these, causative gene mutations have been identified in
14 diseases, including eight caused by the expansion of
the trinucleotide CAG repeat encoding polyglutamine
(“polyglutamine diseases™) (Table 1). The neuropathology
of ADCA is also heterogeneous. Different groups of neu-
rons are affected among the disease types.’ In addition,
neuronal or cytoplasmic aggregations formed by expanded
polyglutamine tract are the hallmark of polyglutamine
diseases.’

In this paper. we focus on ADCAs other than poly-
glutamine diseases (“non-polyglutamine”™ ADCA). The
non-polyglutamine ADCA is classified into three groups:
(i) ADCA with non-coding repeat expansions: (ii) ADCA
with static mutations, such as point mutations causing
amino acid changes; and (ii1) ADCA without known muta-
tions. including chromosome 16qg22.1-linked ADCA.

AUTOSOMAL DOMINANT CEREBELLAR
ATAXIA WITH REPEAT EXPANSIONS IN
THE NON-CODING REGIONS OF SCAS,
SCA10, AND SCA12

Autosomal dominant cerebellar ataxia with repeat expan-
sions in non-coding regions include: (i) SCAS8, which is
caused by CTG repeat expansion in the 3’-untranslated
region in the SCAS8 gene;” (i) SCAI0 caused by penta-
nucleotide ATTCT repeat expansion in the intron of the
SCAL0D gene:" and (iii) SCAIL2 caused by CAG repeat
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Table 1 Genes. mutations, and proteins of various spinocerebellar ataxias
Disease Gene locus Gene Mutation pattern Mutation site Protein Protein function
SCALt 6p23 ATXNI CAG repeat Coding exon  Ataxin-1 ?
SCA2+ 12g24 ATXN2 CAG repeat Coding exon  Ataxin-2 ?
Machado-Joseph 14a24.3-q31 ATXN3 CAG repeat Coding exon  Ataxin-3 2
disease/SCA3+
SCA49 16472.1 7 ? ? ? ?
SCAS§ 11pl. gll SPTBN2 Missense. in-frame deletion  Coding exon  BIII-spectrin Vesicle trafficking
SCAGT 19pis.l CACNAIA  CAG repeat Coding exon  «lA-Calcium 7
channel
SCATT 3p21.1-:12 ATXN7 CAG repeat Coding exon  Ataxin-7 ?
SCAS: 13q21 ATXNS Non-coding CTG repeat Y-UTR ? ?
SCAL0% 22q13 ATXNIO Non-coding AATCT repeat  Intron v/ 2
SCALIY 15q14-q21.3 ? 2 ? i ?
SCAI12: 5g31-q33 PPP2R2B  Non-coding CAG repeat  5-UTR 7
SCA13% 19q13.3-q134 KCNC3 Missense Coding exon  VGKC Kv3.3
(potassium
channel)
SCA 48 19q13.4 PKCy Missense mutation Coding exon  PKCy (protein  ?
kinase)
SCA159 3p24.2-p25.3 2 ? ? ? ?
SCAl6] 8¢22.1-q24.1 ? ? 2 ? 2
SCA17+ 6q27 TBpP CAG repeat Coding exon  TBP (basic 7
transcription
factor)
SCA18] 7q22-32 2 ? 2 ? ?
SCA19 1p21-q21 ? ? ? ? ?
SCA209 11pl3-gll ! » 2 ! ?
SCA219 7p21-15 7 2 . ? ?
SCA22 (=SCA19)]  1p21-q23 ? ? 2 ? ?
SCA23q 20p 2 ? 7 ? 7
SCA259 2p21-pl3 ? 2 2 ? ?
SCA269 19p13.3 ? 2 2 2 ?
DRPLAT 12p13.31 DRPLA CAG repeat Coding exon  Atrophin-1 ?
SCA27% 13q34 FGFI14 Missense, frame shift Coding exon  FGFI14 ?
SCAZ289 Chrl8 i 2 7 ? 2

#Polyglutamine diseases: fnon-polyglutamine diseases caused by non-coding repeat expansions: §non-polyglutamine diseases caused by point
mutations: {non-polvglutamine diseases without identified mutations. ?. not fully understood.

expansion in the S-untranslated region of the PPP2ZA
gene.” These repeat expansions are directly related to the
pathogenic mechanism of these diseases as the length of
expansion is inversely correlated with the age of onset of
the discase. Reports on the neuropathology of these dis-
cases are very limited. Only two patients with SCAS8 have
been reported showing prominent degeneration in the
Purkinje cells. granule cells. and inferior olivary neurons.”
In these brains. the presence of aggregations that are
immunoreactive against antipolyglutamine antibody 1C2
has been documented.” This finding might indicate that the
aggregation of certain proteins, possibly with leucine
expansion. could be involved in SCAS8. This finding is inter-
esting as CTG expansion in the SCAS gene has not been
predicted to be translated. at least in the direction of
the SCA8 mRNA." Mechanisms by which non-coding
repeat expansion causes neurodegeneration remain to be
clucidated.

© 2006 Japanese Society of Neuropathology

AUTOSOMAL DOMINANT CEREBELLAR
ATAXIA WITH MISSENSE MUTATIONS:
SCA14 AND AUTOSOMAL DOMINANT
CEREBELLAR ATAXIA WITH
FGF14 MUTATION

Although repeat expansions are the common cause of
ADCA, two diseases caused by single nucleotide substitu-
tions have been identified. SCA14 is caused by missense
mutations in the gene for protein kinase Cy (PKCy) (gene
svmbol: PRKCG).” PKCyis a member of a family of serine/
threonine kinases highly expressed in the Purkinje cell.”
PKCy knock-out mice and spontaneously arising agu rats,
which harbor the nonsense mutation in PKCy, both show
mild gait ataxia.'"'> Chen er al identified three different
unconserved missense mutations in the highly conserved
residues in the cysteine-rich region of PKCy.” The exon 4,
encoding the functionally important domain of PKCy, in
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the C.is the hat spot for mutation, Clinically, most families
show purely cerebellar ataxia with the age of onset at their
fourth decade,” although an association of myoclonic
tremor has been reported in some families."*"" The neuro-
pathology of SCA14 has been described in one family, in
which Purkinje cell-dominant degeneration was seen.” The
immunochemical analysis suggested reduced expression of
both PKCyand ataxin-1 in SCA14. Interestingly, the PKCy
protein concentration is decreased in the transgenic mice
that overexpress ataxin-1 and show progressive ataxia.'
These observations indicate that SCA14 and SCA1 might
have a common pathway in the mechanism of neurodegen-
eration. A recent study indicated at least some mutation in
the exon 4 of PRKCG caused the hyperactivation of
PKCy."" However, some but not all mutations cause the
aggregation of PKCy in cultured cells under certain
circumstances.'”

Another disease with single nucleatide substitution
mutation is the ADCA with a mutation in the fibroblast
growth factor 14 (FGFI4) gene (SCA27).""" Only one
Dutch family has been reported as having ADCA with the
FGF14 mutation; childhood-onset postural tremor and a
slowly progressive ataxia and dyskinesia that develop in
early adulthood are the cardinal features. No pathological
study has been described so far for this disease. Mutation
in the mouse homolog of the FGFI4 gene also causes
ataxig.™

AUTOSOMAL DOMINANT CEREBELLAR
ATAXIA IN WHICH CAUSATIVE GENES
REMAIN UNIDENTIFIED

Despite the genetic discovery of many causative genes,
there are still many other diseases for which the causes
are unassigned to known gene loci. Although SCA6 and
Machado-Joseph disease/SCA3 are the two most common
forms in Japan, still 20-40% of ADCA is without identifi-
ahble mutations.™

We have been searching for mutations of ADCA with
pure cerebellar syndrome (ADCA type I11). We mapped
our ADCA type I familics to human chromosome
l6g13.1-22.1" to which SCA4 has been mapped
already.”*** Although SCA4 is clinically characterized by
prominent sensory neuropathy and pyramidal tract signs,
our families lacked these symptoms.”* This clinical differ-
ence made us call our families “16g-linked ADCA type
111" rather than SCA4. We embarked on positional cloning
to discover the gene.”™ In collaboration with many [facilities
in diverse regions of Japan, we were allowed to analyze
more than 50 families. and analvzed the haplotypes of
chromosome 16g22.1-linked markers in these families.
Narrowing down the candidate region by haplotype-
sharing analysis and further screening of mutations in all
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genes lying within the region led us to identify a genetic
change strongly associated with patients with 16g-ADCA
type I11. (The change was a single nucleotide, C-T substi-
tution in the 5-UTR of the gene we called puratrophin-1.
A detailed description of this gene has been published™).

During our attempt to recruit 52 families, we were able
to examine a patient with 16q-linked ADCA type 111
neuropathologically. This study turned out to be the first
autopsied case, not only for 16q-linked ADCA type 111, but
also for SCA4.” This patient first felt unsteadiness on walk-
ing when she was 70-years-old. At that time, she could
make a long trip by taking planes to visit her son who lived
abroad. However, her gait ataxia gradually worsened. She
noticed hearing impairment during her seventh decade.
She also noticed a tremor in her upper limb at the age of
80 years, particularly when she intended to reach some-
thing by hand. She was admitted to a nursing home at the
age of 90 years because of her ataxia. Neurological exam-
ination at this age showed that she had prominent gait
ataxia, so that she could not walk without assistance. She
also had a severe hearing impairment, a mild positional
tremor of her head and action tremor in her extremities,
cerebellar speech. and limb ataxia. The tendon reflexes
were mildly reduced in her upper and lower extremities.
The pathological reflexes were not observed. She suffered
from acute cholecystitis when she was 92-years-old.
Although she recovered from this disease, she became bed-
ridden after this episode. She died of natural causes at the
age of 96 years.

The brain and spinal cord of this patient were obtained
at autopsy and fixed in 10% neutral buffered formalin for
2 weeks, After fixation, the brain including the brainstem
and the cerebellum weighed 1200 g. The macroscopic find-
ing of the brain showed a moderate cortical atrophy in the
anterior part of the cerebellar vermis (Fig. 1). The cerebral
hemispheres were well-preserved. The brainstem, includ-
ing the basis pontis and inferior olives, was of normal size.
The thoracic and lumbar regions of the spinal cord also
appeared to be normal,

Microscopic examination disclosed cerebellar cortical
degeneration with neuronal loss predominant in the
Purkinje cell as the most prominent neuropathological fea-
ture of this patient. The Purkinje cell loss was severe in the
anterior part of the vermis, such as the culmen and the
declive. In such regions, the numbers of granule cells were
moderately reduced (Fig. 2A). In the nodulus, uvula, and
lobules quadrangularis, there was moderate Purkinje cell
loss with mild granule cell loss. In other areas, the Purkinje
cell Toss tended to be mild (Fig.2B). What seemed very
remarkable was that many remaining cell bodies of the
Purkinje cells were often shrunken and were surrounded
by thick eosinophilic amorphous material (Fig.2C). This
amorphous material appeared pale on KB staining

© 2006 Japanese Society of Neuropathology
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Fig. 1 Macroscopic observation of the cerebellum of a
patient with 16¢-linked autosomal dominant cerebellar ataxia
type 111. The anterior part of the cerebellar vermis appears to
be atrophic.

(Fig. 2D). but it was not stained by the modified

Bielschowsky's method (Fig. 2E). In general, the degree of

granule cell loss tended to be milder than that of Purkinje
cell loss. indicating that the Purkinje cell is the main target
of this disease (Fig.2B). The cerebellar white matter
showed mild to moderate gliosis. No obvious neuronal loss
was seen in the dentate and fastigial nuclei, although mod-
erate astrocytic gliosis was seen.

[n the brainstem. no obvious neuronal loss was seen.
including the inferior olivary nucleus. The auditory system,
including the cochlear nuclei, trapezoid body, lateral lem-
niscus, superior olivary nucleus, inferior colliculus in the
brainstem. and the auditory cortex in the transverse tem-
poral gyrus. were not affected. In the spinal cord, no obvi-
ous neuronal loss was seen. There was mild myelin pallor
in the fasciculus gracilis and the anterior and posterior
spinocerebellar tracts. Neuronal loss in the dorsal root gan-
glia of the 7th thoracic spine was not apparent, with only a
few Nageotte's nodules. Other findings are summarized in

[ables 2 and 3.

© 2006 Japanese Society of Neuropathology
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Immunohistochemical analysis for calbindin-D28k
showed that the Purkinje cells had undergone various mor-
phological changes. Some Purkinje cells with a plump cell
body were a bizarre shape, with abnormal dendritic struc-
tures stemming from the cell body (Fig. 3A). Some of these
changes were reminiscent of the “somatic sprouting” seen
in kinky hair discase. In many Purkinje cells with rather
shrunken cell bodies, several patterns of changes were
recognized in the vicinity of their cell bodies. The first
pattern was the presence of granular calbindin-D28k-
immunoreactive structures that were probably a remnant
of the Purkinje cell dendrites stemming from the cell body
(Fig. 3B). The second pattern was a diffuse calbindin-
D28k-immunoreactive area, probably corresponding with
the amorphous structure seen on HE staining (Fig. 3C).
The third pattern was an absence of calbindin-D28k-
immunoreactivity despite the presence of amorphous
material (Fig. 3D). In some Purkinje cells, combinations of
these changes were observed, indicating that these patterns
represent consecutive morphological changes in Purkinje
cells.

On ubiquitin immunohistochemistry, granular immu-
noreactive structures also were recognized within the
amorphous material (Fig.3E). There were no obvious
nuclear inclusions as seen in polyglutamine disease. Syn-
aptophysin immunohistochemistry showed an increase in
the immunoreactivity surrounding the Purkinje cell body
(Fig. 3F). This clearly indicates that the amorphous struc-
ture surrounding the Purkinje cell is composed not only of
Purkinje cell dendrites, as seen by calbindin-D28k immu-
nohistochemistry, but also of an increase in presynaptic ter-
minals from certain neurons innervating the Purkinje cells.
The immunoreactivity for synaptophysin was preserved in
the glomerulus of the granule cell layer and in the molec-
ular layer. Immunohistochemistry for phosphorylated
neurofilament (SMI31.) showed SMI31-immunoreactive
basket cells” axons attached to the outer rim of the amor-
phous structure enclosing the shrunken cell body of the
Purkinje cells (Fig.3G). Astrocytic processes also were
seen in the rim of the amorphous material (Fig. 3H).

Our neuropathological study revealed that 16g-linked
ADCA type 111 shows the characteristic neuropathological
feature of Purkinje cells surrounded by eosinophilic amor-
phous material, which could be recognized by routine HE
staining. As far as we know, such a change has not been
described in detail and seems to be characteristic of this
disease.

Although the precise mechanism underlying the forma-
tion of the amorphous material is not clear, we hypothesize
that there are three important components in the forma-
tion of the amorphous material. First is the Purkinje
cell dendrites, shown by the presence of calbindin-D28k-
immunoreactive granules/dendrites, probably in the early
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Fig.2 Histological linding of a patient with 16g-linked autosomal dominant cerebellar ataxia type 111 (A) A low magnification
view of the cerebellar vermis where a severe Purkinje cell dropout and a moderate granule cell loss are seen. (HE, x20). (B) In the
cerebellar hemisphere, Purkinje cells are moderately lost, whereas granule cells are well preserved in number (HE. x20). (C) An
atrophic Purkinje cell body is surrounded by cosinophilic amarphous material (HE. bar indicates 50 um). (D) The amorphous
material surrounding the Purkinje cell body appears pale on the KB stain (bar indicates 50 um). (E) The amorphous material is not
stained with modified Bielschowsky's method (bar indicates 50 um)
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