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Cognitive impairment in spinocerebellar ataxia type 6
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ABSTRACT

Dbjective: The aim of this study was to evaluate
cognitive impairment in patients with spinocerebellar
ataxia type 6 (SCAB) and to verify the role of cerebellar
involvement in intellectual abilities.

Methods: Cognitive function was examined in 18
patients with genetically confirmed SCAB and in 21 age
and education matched controls using a test battery for
attention, verbal and visuospatial memory, as well as
executive function.

Results: Verbal fluency and immediate visual memory
task were markedly impaired in SCAG compared with the
contral group (p = 0.007, 0.004 and 0.014, respectively).
The results of the Rule Shift Cards Test was reduced in
patients with SCAB, but the reduction was not significant.
These cognitive dysfunctions did not correlated with CAG
repeal length, age at onset, ataxic motor dysfunctional
scale or depression.

Conclusions: Our results demonstrate that specific
cognitive deficits occur in patients with SCAB, indepen-
dent of ataxic motor dysfunction. These deficits may
reflect disruption of cortico-cerebellar circuits.

Recently, reports have described increasing evi-
dence of a non-motor role of the cerebellum.!? In
addition, clinical reports of patients with cerebellar
lesions have suggested a role for the cerebellum in
cognitive functions." * Spinocerebellar ataxia type 6
(SCA6) is an autosomal dominant cerebellar
atrophy caused by a CAG trinucleotide repeated
expansion in the o 1A voltage dependent calcium
channel submit gene (CACNAIA gene) on chro-
mosome 19p13. The CACNA1A gene is important
for the function and survival of Purkinje cells*
Neuropathologically, SCA6 is characterised by an
almost exclusive cerebellar affect, particularly in
the selective loss of the cerebellar Purkinje cells.*
Therefore, patients with SCA6 are an excellent
model to reveal the contribution of the cerebellum
to cognition. However, only a few studies have
reported cognitive impairment in patients with
SCA6” and thus cognitive dysfunction in SCA6
patients has not been well elucidated. Furthermore,
the mechanism of cerebellar involvement in cogni-
tive dysfunction in patients with SCA6 has not
been described.

In the present study, we sought (i) to determine
the profile of cognitive impairment in patients
with SCA6 and (ii) to clarify the relationship
between the cerebellum and cortical association
areas as a theoretical base of cognitive dysfunction
in the cerebellar syndrome.

METHODS
Eighteen patients with genetically confirmed SCA6
and 21 control subjects were examined in this

study. Volunteers were recruited as control sub-
jects. They were selected from a larger control
subject pool to ensure that their ages and educa-
tion were comparable with those of the patients
with SCA6. Control subjects had no history of
neuralgic or psychiatric disease that affected
cognition. All of the patients and control subjects
were native Japanese speakers. Written informed
consent was received in advance from patients
with SCA6 and control subjects. The study was
approved by the Nagoya University Hospital Ethics
Committee. The severity of ataxia in each subject
was rated on the International Cooperative Ataxia
Rating Scale (ICARS).*

Genomic DNA was extracted from peripheral
blood of patients with SCA6 using a conventional
technique. PCR amplification of the CAG repeat in
the CACNAIA gene was performed using a
fluorescein labelled forward primer (5'-AGC CCC
CTC AAC ATC TGG TA-3') and a non-labelled
reverse primer (5-CAC CCC CCT CTC CAT
CCT-3'). PCR conditions after a 3 min initial
denaturation at 94°C were 35 cycles of 94°C for
1 min, annealing at 64°C for 1 min and elongation
at 72°C for 1 min. Aliquots of PCR products were
combined with loading dye and separated by
electrophoresis with an autoread sequencer SQ-
5500 (Hitachi Electronics Engineering, Tokyo,
Japan). The size of the CAG repeat was analysed
on Fraglys software version 2.2 (Hitachi) by
comparison with co-electrophoresed PCR stan-
dards with known repeat sizes. The CAG repeat
size of the PCR standard was determined by direct
sequence using a sequence primer (5'-ACA TCT
GGT ACC AGC ACT CC-3').

Each patient underwent a standard cognitive
status assessment. All of the neuropsychological
tests were performed on the same day. The
neuropsychological tests were chosen for their
minimal or absent reliance on motor performance
in order to minimise any influence of dysarthria
and appendicle ataxia on test performance. The
Mini-Mental State Examination was used as a
screen.’ The Raven’s Progressive Matrices tests,
which require non-verbal ability, are the most
popular.”® One of these, the Raven’s Coloured
Progressive Matrices," was used. To evaluate
working memory and attention, subjects under-
went the digit span subtest of the Wechsler Adult
Intelligence Scale-Revised, in which raw scores
were used for statistical analysis.” Repeating
numbers forward seems to be related mostly to
attention while the backward task is likely to
involve working memory and mental tracking."
Visuospatial memory was examined using the
visual paired associate subtest 1 and 2 of the
Wechsler Memory Scale-Revised." Verbal memory
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Table 1 Clinical characteristics of patients with SCA6 and controls®

Characteristic Controls {n = 21) SCAG (n = 18) p Value
Sex (M/F ratio) 74 9/

Age at onset (y) - 52.1 (11.7) (30-75)

Disease duration (y) . 12.6 (8.2) (3-30)

ICARS = 36.4 (12.0) (14-58)

CAG repeat length - 23.1 (1.8) (21-27)

Age at examination (y) 63.0 (2.4) (48-79) 64.1 (11.9) (37-81) NS
Education (y) 12.3 (3.0) (8-18) 11,1 (2.3) {9-16) NS
Mini-Mental Stats Examination 29.1 (1.0) (27-30) 27.9 (1.8) (24-30) <005
Depression 46(2.7) (0-9) 5.9 (3.5) (1-12) NS
Anxigty 5.2 (3.6) (0-12) 2.9 (3.8) (0-14) <0.05

*Date are given as mean iSO) Irmgul_ unless otherwise indicated.

ICARS, Intemational Cooperative Ataxia Rating Scale: SCAS, spinocerebellar ataxia type 6.

was examined using word recall from the Alzheimer's Disease
Assessment Scale-cognitive. We also assessed delayed recall of
the Alzheimer’s Disease Assessment Scale-cognitive 10 item
word list after a delay of 5 min as part of memory testing."* To
evaluate visuospatial ability, the line orientation subtests of the
Repeatable Battery for the Assessment of Neuropsychological
Status was used. To evaluate verbal fluency, subjects were
asked to name as many items as possible from a semantic
category (animals) and from a phonemic category (Japanese
nouns starting with the Japanese Kana character Ka) within
1 min. To evaluate executive function, the Stroop Interference
Test'” and Rule Shift Cards Test were used.” The Stroop
Interference Test consists of a colour naming condition where
subjects name the colour of coloured patches, and an
interference condition where subjects are shown an array of
colour names printed in different coloured inks. The inter-
ference measure was obtained by subtracting the time needed
for the colour naming condition from the time needed for the
interference condition.

The capacity for inhibition is widely regarded as a key
component of executive functioning and has been strongly
linked to frontal structures.”” The Rule Shift Cards Test was
from the Behavioural Assessment of the Dysexecutive syn-
drome. In trial 1 of this test, the subject is asked to say "yes"” to
a red card and “'no” to a black card, while 21 spiral bound non-
court playing cards are turned over one by one. In trial 2, the
subject is asked to say "yes” if the card is the same colour as the

Table 2 Neuropsychological features in patients with SCA6 and
controls®

Control SCAB
Test n=21) (n=18) p Valuet

Raven's Coloured Progressive Matrices  30.3 (3.6) 27,8 (500 NS
(36

Immediate word recall 21(1.2) 3.1(1.4) 0,03 (0.33)
Delayed word recall 1.4 (0.9) 13(17) NS

Visual Paired Associate 11 11.4 {4.0) 6.7 (4.0)  0.0013 (0.014)
Visual Paired Associate 2§ 486 01.7) 40(21) NS

Digit span} 125 (28) 13.2(400 NS

Line orientation 168(41) 1600180 NS

Verbal fluency (semantic) 159 (3.4) 123 (23)  0.0008 (0.007)
Verbal fiuency (phonemic) 9.8 (27) 6.3 (2.8)  0.0004 (0.004)
Rule Shift Cards Test 3.81(07) 28(1.4)  0.0088 (0.097)
Stroop Interference Test (s} 120 (58) 18.4 (125) NS

*Date are given a5 mean (S0) unless otherwise indicated.

+Mann-Whitney tost. Statistical significance was set at p<00.05. Corrected values by
Bonferoni's correction are indicated in parentheses.

{Raw scores.

SCAB, spinocerebellar ataxia type 6,

previous one and to say ‘‘no” if the card is not the same colour.
Finally, all subjects completed a self-reporting instrument
concerning anxiety and depression (Hospital Anxiety and
Depression Scale).*

Statistical comparisons were made using the Mann-Whitney
test. Differences were considered significant at p<0.05. In order
to achieve a global significance level of 5%, a conservative
correction factor (Bonferroni) was used. For correlation studies,
we used the Spearman correlation coefficient.

RESULTS

The clinical characteristics of patients with SCA6 and controls
are shown in table 1, In all of the patients, imaging studies
showed pure cortical cerebellar atrophy without involvement of
the brainstem or other extracerebellar structures. None of the
patients with SCA6 showed frontal symptoms. None of the
patients with SCA6 in this study showed hemiplegic migraine
or episodic ataxia. Four patients were able to ambulate without
assistance, 11 used either a cane or an item of furniture to assist
in walking and three patients were wheelchair bound. All
subjects were right-handed.

Neuropsychological testing

Neuropsychological findings for the patients with SCA6 and
controls are shown in table 2. The Raven's Coloured Progressive
Matrices did not reveal any significant difference between
patients with SCA6 and control subjects. The verbal memory
tasks did not show significant group differences in immediate
and delayed recall. The most prominent cognitive dysfunction
was observed in visuospatial memory function and in naming
nouns from phonemic and semantic categories (table 2). The
visual paired associate task 1 was significantly reduced in
patients with SCA6 compared with controls, even under
Bonferont’s correction (p=0.01) (table 2). The verbal fluency
tasks in semantic and phonemic categories were remarkably
impaired in patients with SCA6 for corrected significance
(p=10.007, 0.004) (table 2) compared with that of control
subjects. Analysis of attention and working memory measures
(digit span) did not reveal significant differences between
patients with SCA6 and controls. Rule Shift Cards Test tasks
were reduced in patients with SCA6 compared with controls,
although the corrected p values did not reach significant levels.

Correlative studies

We analysed the relationships between the cognitive dysfunc-
tion results and their clinical characteristics, including age at
onset, disease duration, degree of ataxia (ICARS), depression
and CAG repeat length using the Spearman rank correlation
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Table 3 Correlation study®
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Test

Raven's Coloured Progressive Matrices
Immediate word recall
Delayed word recall
Visual Paired Associate 1
Visual Paired Associate 2
Digit SPAN

Ling orientation

Verbal fiuency (semantic)
Verbal flusncy (phonemic)
Rule Shift Cards Test
Stroop Interference Test
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0.04 (0.50)

*Data are given as p values. Spearman rank comelation coefficients are shown in parentheses,

Rating Scale.

coefficient (table 3). In particular, as speech disorder may
influence the neuropsychological test performance, we analysed
the correlation with the speech disturbance score in ICARS.
Scores in the tasks showed marked impairment in patients with
SCAG6 in visuospatial memory and verbal fluency, but showed
no significant correlation with CAG repeat length, age at onset,
ICARS (speech disorder) or depression scores. Among the
cognitive function tests, only the verbal fluency (semantic)
task was significantly related to disease duration.

DISCUSSION

Neuropsychological studies of patients with SCA1,* SCA2,*
and SCA3® * have shown that significant cognitive deficits,
especially those affecting frontal lobe related executive func-
tions, are present in these diseases. Extracerebellar involvement,
including the Frontal lobe, thalamus, brainstem or basal ganglia,
is a characteristic feature in these types of SCA,™* and thus
identifying the role of cerebellar involvement alone in develop-
ing cognitive deficits in these SCAs is difficult. However, in
patients with SCAG, the disorder is characterised by degenera-
tion that is greatly restricted to the cerebellum, with prominent
loss of cerebellar Purkinje and granular cells, while cortical
structures may be spared.” Therefore, SCA6 represents an
excellent model for investigating the contribution of the
cerebellum to cognition.

In the present study, we showed significant impairment in
visual memory deficits and verbal fluency deficits in patients
with SCA6, and mild deficits in the Rule Shift Cards Test.
Previous studies demonstrated that frontal lobe function is
associated with visual memory tasks™ * In addition, impair-
ment in verbal fluency is considered to reflect frontal lobe
damage," suggesting that the cognitive deficits in SCA6 may be
due to frontal lobe dysfunction. The Rule Shift Cards Test is a
subtest of the Behavioural Assessment of the Dysexecutive
Syndrome that is used for measuring executive dysfunction,
including set-shifting and mental inhibition. Impairment of the
Rule Shift Cards Tasks in SCA6 suggests frontal lobe dysfunc-
tion. Taken together, the cognitive dysfunction seen in patients
with SCA6 suggest widespread frontal lobe involvement,
although we need to address further whether patients with
SCA6 had frontal lobe dysfunction using, for example, func-
tional imaging. Nevertheless, preservation of the cerebral cortex
has been demonstrated histopathologically in SCA6.*
Furthermore, an immunohistochemical study using antibodies
specific for expanded polyglutamine failed to recognise aggrega-
tion in cortical neurons, including the frontal lobe.”
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In this context, why do patients with SCA6 show cognitive
dysfunction similar to those of frontal lobe origin when the
cortical structures are well preserved. Schmahmann and
Sherman® have demonstrated that cerebellar lesions alone can
affect cognitive function. Patients in their study with cerebellar
damage only, such as cerebellar stroke or cerebellar tumour,
showed a cognitive disturbance without neuropathological
damage to the cerebral cortex. These results seem to suggest
that the cognitive function of the cerebellum itself is indepen-
dent of the cognitive function of the cerebral cortex. However, a
number of studies have demonstrated connections between the
cerebellum and cerebral cortex that are significant in cognition.
Indeed, several authors postulated feedforward and feedback
links between the cerebellum and cortical association areas as
the theoretical base for cerebellar involvement in higher
cognitive function.” Moreover, functional imaging studies have
shown activation of cerebellar and cortical areas during a
memory task™ and a verbal fluency task* The cerebellar
activation during performance of executive tasks was also
shown to have a close functional relationship between the
cerebellum and frontal cortex in an imaging study.* Based on
these considerations, the cognitive deficits of SCA6 individuals
may reflect dysfunctional cortico-cerebellar circuits.

Alternatively, the cognitive impairment seen in autosomal
dominant cerebellar ataxias has been suggested to be due to
ataxic motor dysfunction.® In patients with SCA6, most
cognitive tasks were not related to the ICARS score (speech
disorder). These results indicated that the low scores in
cognitive tasks do not result from cerebellar ataxia in SCAS.

Cognitive dysfunction in patients with SCA6 showed no
significant correlation with age at onset or depression. Age at
onset and depression may not be influenced by the neuropsy-
chological defect in SCA6. In the present study, CAG repeat
length was not correlated with cognitive dysfunction in
patients with SCA6. Several studies” ™ have suggested that
the dosage of the CAG repeat expansion plays an important role
in the phenotypic expression of SCA6, while another study
suggested that factors other than gene dosage are also important in
the phenotypic expression of SCA6.” ® Our negative findings may
be because of the small sample size and the narrow range of the
expanded allele size. Indeed, the CAG repeat size of SCAG alleles is
smaller than that of other SCA genes, and there is a small
difference in the CAG repeat expansion between healthy controls
and patients with SCAG. A large scale study may provide sufficient
information to clarify the relation between the neuropsychological
defect and CAG repeat length in patients with SCAG.
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In conclusion, our study demonstrated the presence of
cognitive impairment, particularly in visuospatial memory and
verbal fluency, in patients with SCA6. Moreover, we extended
the view that cognitive dysfunction in a cerebellar disorder may
result from disruption of cortico-cerebellar loops, in spite of the
observation that the cortical structure is intact. We suggest that
cognitive impairment in these patients is a manifestation of
SCASG.
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Ethics approval: The study was approved by the Nagoya University Hospital Ethics
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CAG repeat size correlates to electrophysiological
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Spinal and bulbar muscular atrophy (SBMA) is an adult-onset, lower motor neuron disease caused by an
aberrant elongation of a CAG repeat in the androgen receptor (AR) gene. The main symptoms are weakness
and atrophy of bulbar, facial and limb muscles, but sensory disturbances are frequently found in SBMA patients.
Motor symptoms have been attributed to the accumulation of mutant AR in the nucleus of lower motor
neurons, which is more profound in patients with a longer CAG repeat.We examined nerve conduction properties
including F-waves in a total of 106 patients with genetically confirmed SBMA (mean age at data collection =53.8
years; range = 31-75 years) and 85 control subjects. Motor conduction velocities (MCV), compound muscle action
potentials (CMAP), sensory conduction velocities (SCV) and sensory nerve action potentials (SNAP) were signifi-
cantly decreased in all nerves examined in the SBMA patients compared with that in the normal controls, indicat-
ing that axonal degeneration is the primary process in both motor and sensory nerves. More profound
abnormalities were observed in the nerves of the upper limbs than in those of the lower limbs. F-waves in the
median nerve were absent in 30 of 106 cases (28.3%), but no cases of absent F-waves were observed in the tibial
nerve. From an analysis of the relationship between CMAPs and SNAPs, patients were identified with different
electrophysiological phenotypes: motor-dominant, sensory-dominant and non-dominant phenotypes. The CAG
repeat size and the age at onset were significantly different among the patients with motor- and sensory-
dominant phenotypes, indicating that a longer CAG repeat is more closely linked to the motor-dominant
phenotype and a shorter CAG repeat is more closely linked to the sensory-dominant phenotype. Furthermore,
when we classified the patients by CAG repeat size, CMAP values showed a tendency to be decreased in patients
with a longer CAG repeat ( =47), while SNAPs were significantly decreased in patients with a shorter CAG repeat
(<47). In addition, we found that the frequency of aggregation in the sensory neuron cytoplasm tended to
inversely correlate with the CAG repeat size in the autopsy study, supporting the view that the CAG repeat size
differentially correlates with motor- and sensory-dominant phenotypes. In conclusion, our results suggest
that there are unequivocal electrophysiological phenotypes influenced by CAG repeat size in SBMA.

Keywords: CAG repeat; spinal and bulbar muscular atrophy; electrophysiological phenotypes; motor-dominant;
sensory-dominant

Abbreviations: CMAP = compound muscle action potential; MCV = motor conduction velocity; SBMA = spinal and bulbar
muscular atrophy; SCV = sensory conduction velocity; SNAP = sensory nerve action potential
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Introduction repeal in the androgen receptor (AR) gene. Normally, 9-36
Spinal and bulbar muscular atrophy (SBMA) is a hereditary ~ CAGs are observed in the AR gene in normal subjects,
lower motor neuron disease affecting adult males (Kennedy  but 38-62 CAGs are observed in SBMA patients (La Spada
et al., 1968; Sobue et al., 1989, 1993; Fischbeck et al., 1997). et al, 1991; Tanaka et al, 1996; Andrew et al, 1997).

The cause of SBMA is an aberrant elongation of a CAG A similar gene mutation has been detected in Huntington’s

© The Author (2007). Published by Oxford University Press on behaif of the Guarantors of Brain. All rights reserved. For Permissions, please email: journals permissionsifilax fordjournals.org

-121 -




230 Brain (2008), 131, 229-239

disease  (HD), dentatorubral-pallidoluysian  atrophy
(DRPLA) and several types of spinocerebellar ataxia
(Gatchel et al., 2005). Since CAG is translated to glutamine,
these disorders, including SBMA, are called polyglutamine
diseases. In SBMA patients, there is an inverse correlation
between the number of CAGs and the age at onset
(Doyu et al., 1992; Atsuta er al,, 2006). The histopatholo-
gical hallmarks of this disease are an extensive loss of
lower motor neurons in the spinal cord and brain stem,
together with degeneration of the dorsal root ganglions
(DRG) (Sobue et al, 1989; Adachi et al, 20035).
Intranuclear accumulations of mutant AR protein in the
residual motor neurons are another hallmark (Li et al.,
1998; Adachi er al.,, 2005). The molecular basis for motor
neuron degeneration is thought to be testosterone-
dependent nuclear accumulation of the mutant AR, and
androgen deprivation rescues neuronal dysfunction in
animal models of SBMA (Katsuno et al, 2002, 2003;
Takeyama et al, 2002; Chevalier-Larsen et al, 2004).
Androgen deprivation with a luteinizing hormone-releasing
hormone (LHRH) analog also suppresses nuclear accumu-
lation of mutant AR in the scrotal skin of SBMA patients
(Banno er al, 2006). Other candidates for potent ther-
apeutics such as 17-allylamino-17-demethoxygeldanamycin
(17-AAG) or geranylgeranylacetone (GGA), enhancers
of molecular chaperone expression and function, and a
histone deacetylase (HDAC) inhibitor have also emerged
from studies of animal models of SBMA (Minamiyama
et al,, 2004; Katsuno et al., 2005; Waza ef al., 2005).

The main symptoms of SBMA are weakness and atrophy
of the bulbar, facial and limb muscles (Katsuno er al,
2006). The onset of weakness is usually between 30 and
60 years of age. Postural tremor of the fingers is often
observed prior to weakness. The symptoms are slowly
progressive in SBMA, and the susceptibility for aspiration
pneumonia increases as bulbar paralysis develops (Atsuta
et al, 2006). The most common cause of death is
pneumonia. Many patients also have hypertension, hyper-
lipidemia, liver dysfunction and glucose intolerance. Serum
creatine kinase is increased in the majority of patients,

In addition to motor symptoms, sensory impairment
such as vibratory sensory disorder is often observed, and
electrophysiological involvement has also been described
in sensory nerves of SBMA patients (Harding er al., 1982;
Olney et al., 1991; Li et al., 1995 Guidetti et al., 1996;
Polo et al., 1996; Ferrante et al., 1997; Antonini et al., 2000;
Sperfeld er al., 2002). In addition, sensory nerve axon loss,
particularly of the central and peripheral rami of primary
sensory neurons, has been documented to be profound
(Harding et al., 1982; Sobue er al., 1989; Li et al, 1995).
Spinal dorsal column involvement and loss of axons in the
sural nerve are common pathological features (Sobue et al.,
1989; Li et al,, 1995), and abnormalities in sensory nerve
conduction and sensory evoked potentials are well known
features of SBMA (Kachi et al, 1992). Since the sensory
symptoms are not generally severe in most patients, sensory
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nerve involvement has not been given much attention,
particularly when compared to motor symptoms. However,
the involvement of primary sensory neurons is one
of the major phenotypic manifestations in SBMA (Sobue
et al., 1989).

The age at onset and the severity of motor symptoms
are variable among SBMA patients (Kennedy et al., 1968;
Sperfeld ef al., 2002). One of the major factors determining
clinical features is the CAG repeat size in the AR gene
(Doyu et al., 1992; Atsuta et al., 2006). However, the age at
onset and severity are also variable even among the patients
with the same CAG repeat size (Doyu et al., 1992; Atsuta
et al, 2006), indicating that some unknown genetic or
environmental factors may influence the development
of clinical heterogeneity (Atsuta er al., 2006). In sensory
impairments, there is also a variable degree of severity.
Some patients show profound sensory symptoms and
sensory nerve electrophysiological abnormalities, while
other patients appear almost normal (Olney er al., 1991;
Li et al., 1995; Guidetti et al., 1996; Antonini et al., 2000).
In contrast to motor symptoms, the age at onset for sensory
symptoms is rather difficult to determine, and the role of
CAG repeat size in the severity of symptoms and the onset
of sensory symptoms is unknown.

In order to clarify motor and sensory nerve involvement
in SBMA, we examined nerve conduction properties includ-
ing F-waves in 106 patients with genetically confirmed
SBMA and 85 control subjects. We further analysed the
influence of the CAG repeat size within the AR gene on
the electrophysiological motor- and sensory-dominancy,
as well as the histopathological background underlying the
phenotypic diversity in nerve conduction of SBMA patients.

Subjects and Methods
Patients

A total of 106 male patients with the diagnosis of SBMA
confirmed by genetic analysis and 85 male normal control subjects
were included in this study. The data of SBMA patients were
collected between May 2003 and May 2007. We analysed various
electrophysiological examinations, motor function, sensory distur-
bance, disease duration and CAG repeat size in the AR gene in
these patients. We defined the onset of disease as when the
muscular weakness began, but not when tremor of the fingers
appeared. As a functional assessment, we applied the Limb Norris
score, Norris Bulbar score and ALS functional rating scale-revised
(ALSFRS-R), which are aimed at motor function evaluations
of patients with amyotrophic lateral sclerosis (ALS) (Norris er al.,
1974; The ALS CNTF Treatment Study (ACTS) Phase I-11 Study
Group, 1996).

All studies conformed to the ethics guideline for human
genome/gene analysis research and the ethics guideline for epide-
miological studies endorsed by the Japanese government.
The ethics committee of Nagoya University Graduate School of
Medicine approved the study, and all SBMA patients and normal
subjects gave their written informed consent to the investigation.
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Electrophysiological assessments

Motor and sensory nerve conduction studies were performed in
the median, ulnar, tibial and sural nerves in 106 patients during
their initial clinical assessment at Nagoya University Hospital
using a standard method with surface electrodes for stimulation
and recording as described previously (Sobue et al,, 1989; Kimura,
2001a, b; Koike er al., 2003; Mori et al., 2005). Motor conduction
was investigated in the median, ulnar and tibial nerves, record-
ing from the abductor pollicis brevis, abductor digiti minimi
and abductor hallucis brevis, respectively, The following nerve
segments were used for calculating motor conduction velocities
(MCV): wrist to elbow for the median nerve, wrist to distally at
the elbow for the ulnar nerve, and ankle to popliteal fossa for the
tibial nerve. Sensory conduction was investigated in the median,
ulnar and sural nerves, using antidromic recording from ring
electrodes at the second and fifth digit for the median and ulnar
nerves, respectively, and bar electrodes at the ankle for the sural
nerve. Sensory conduction velocities (SCV) were calculated for the
distal segment. Amplitudes of compound muscle action potentials
(CMAP) and those of sensory nerve action potentials (SNAP)
were measured from the baseline to the first negative peak.
Control values were obtained in 56-85 age-matched normal
volunteers (31-75 years) (Koike et al., 2001; Mon et al., 2005).

F-waves were also examined in the median and tibial nerves
at the same time as the nerve conduction studies using a standard
method as described previously (Kimura, 2001c). Sixteen con-
secutive supramaximal stimuli with frequency of | Hz were
delivered to the median and tibial nerves, while recording from
the same muscles as the normal nerve conduction studies. The
following variables were estimated: occurrence, minimum latency
and maximum F-wave conduction velocity (FWCV)., FWCV was
calculated using the formula 2D/(F—M—1), where D is the
surface distance measured from the stimulus point to the C7
spinous process in the median nerves or to the TI2 spinous
process in the tibial nerves, F is the latency of the F-wave and M is
the latency of the CMAP. Control values were obtained in 2847
age-matched normal volunteers (31-75 years). All nerve conduc-
tion studies and F-wave studies were carried out on the right side
of the body.

We defined the nerve conduction, CMAPs and SNAPs as
abnormal, when these values were less than the mean —2 SD of
normal controls on the examined nerves. We also expressed the
CMAP and SNAP values as the percentage of the mean values
of normal controls, when we need the standardized expression
of the degree of CMAP and SNAP involvement as compared to
normal controls.

Standard needle electromyography (EMG) was performed using
concentric needle electrodes in 93 SBMA patients, with the
muscles at rest and during weak and maximal efforts (Sobue et al.,
1993; Kimura, 2001d; Sone et al., 2005).

Genetic analysis

Genomic DNA was extracted from peripheral blood of SBMA
patients using conventional techniques (Tanaka et al, 1996).
PCR amplification of the CAG repeat in the AR gene was
performed using a fluorescein-labelled forward primer (5-TCC
AGAATCTGTTCCAGAGCGTGC-3') and a non-labelled reverse
primer (5-TGGCCTCGCTCAGGATGTCTTTAAG-3). Detailed
PCR conditions were described previously (Tanaka et al., 1996,
1999). Aliquots of PCR products were combined with loading dye
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and separated by clectrophoresis with an autoread sequencer
SQ-5500 (Hitachi Electronics Engineering, Tokyo, Japan).
The size of the CAG repeat was analysed on Fraglys software
version 2.2 (Hitachi Electronics Engineering) by comparison
to co-electrophoresed PCR standards with known repeat sizes.
The CAG repeat size of the PCR standard was determined by
direct sequence as described previously (Doyu et al., 1992).

Immunohistochemistry for mutant AR
in the sensory and motor neurons

For immunohistochemistry of primary sensory and spinal motor
neurons, autopsy specimens of lumbar DRG and spinal cord from
five genetically diagnosed SBMA patients (70.4 %+ 11.0 years old)
were used. The lumbar DRG and spinal cord were excised at
autopsy and immediately fixed in 10% buffered formalin solution.
The collection of tissues and their use for this study were
approved by the Ethics Committee of Nagoya University Graduate
School of Medicine. Lumbar DRG and spinal cord sections
of 6um were deparaffinized, treated with 98% formic acid at
room temperature for 3min and with microwave oven heating
for 10min in 10mM citrate buffer at pH 6.0, and incubated with
an anti-polyglutamine antibody (1C2, 1:20000; Chemicon,
Temecula, CA). Subsequent staining procedures are performed
using the Envision+ kit (Dako, Glostrup, Denmark).

For quantification of primary sensory neurons in which mutant
AR accumulates, we prepared at least 100 transverse sections from
the lumbar DRG, and performed 1C2 immunohistochemistry
as described above. The frequency of 1C2-positive and -negative
cells within the DRG was assessed by counting all the neurons
with 1C2-positive cytoplasmic inclusions against total neuronal
cells with obvious nuclei on every 10th section under the light
microscope (BX51N-34, Olympas, Tokyo, Japan). The results were
expressed as frequency of 1C2-positive cells in the 10 sections of
the DRG. As for quantification of spinal motor neurons, the
detailed procedure has been described previously (Adachi er al.,
2005). We have also examined five control autopsied specimens
from patients died from non-neurological diseases, and found that
there were no 1C2-positive cytoplasmic or nuclear staining.

Data analysis

Quantitative data was presented as means£SD. Statistical
comparisons were performed using the Student’s t-test. Correla-
tions among the parameters were analysed using Pearson's
correlation coefficient. P values less than 0.05 and correlation
coefficients (r) greater than 04 were considered to indicate
significance. Calculations were performed using the statistical
software package SPSS 14.0] (SPSS Japan Inc., Tokyo, Japan).

Results

Clinical and genetic backgrounds

of SBMA patients

The clinical background of the SBMA patients is described
in Table 1. All of the patients examined were of Japanese
nationality. The duration from onset assessed from the first
notice of motor impairment (Atsuta ef al., 2006) ranged
from 1 to 32 years. There was no significant difference
between the median CAG repeat size in the present study
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Table | Clinical and genetic features of SBMA patients

Clinical and genetic features Mean £ 5D Range n

Age at examination (years) 538100 31-75 106
Duration from onset (years) 01 £6.8 1-32 106
Age at onset (years) 437104 25-68 106
CAG repeat size in AR gene (number) 4783 41-57 97
Limb Norris score (normal score=63) 539473 34-63 99
Norris Bulbar score (normal score=39) 330+43 20-39 99
ALSFRS-R (normal score =48) 411 £43 22-48 99

*The abnormal elongation of the CAG repeat was confirmed
by gene analysis using agarose gel electrophoresis without
determining the repeat number in the remaining nine patients.
AR =androgen receptor; ALSFRS-R = ALS functional rating
scale-revised

and those reported previously in SBMA patients (La Spada
et al., 1991; Tanaka et al., 1996; Andrew et al., 1997).

All patients were ambulatory with or without aid, and
none were bed-ridden, The mean Limb Norris score,
Norris Bulbar score and ALSFRS-R also suggested that
the ADL of patients in this study was not severely impaired.
Vibratory sensation disturbance was detected in 78.2% of
the SBMA patients. Touch and pain sensation abnormalities
were found in 10.9 and 9.1% of the patients, respectively.
Joint position sensation was intact in all of the patients
examined,

In EMG, all the examined patients showed high
amplitude potentials, reduced interference and polyphasic
potentials, suggesting neurogenic changes in SBMA.

Nerve conduction and F-wave studies
indicate CMAP and SNAP reduction
as a profound feature of SBMA
MCV, CMAP, SCV and SNAP were significantly decreased
in all the nerves examined in the SBMA patients when
compared with those of the normal controls (Table 2).
Sensory nerve activity could not be evoked in some cases,
whereas activity in the motor nerves was elicited in all
patients examined. The most profound finding in the nerve
conduction studies was the reduction in the amplitude of
the evoked potentials in both motor and sensory nerves.
The mean values of CMAPs were reduced to 47-76%, and
SNAPs were reduced to 31-47% of the normal mean values.
The decrease in conduction velocity was relatively mild,
but definitely present in both motor and sensory nerves.
The conduction velocity was reduced to 94-96% in MCV
and 87-91% in SCV of the normal mean values. The
F-wave latencies were also mildly, but significantly pro-
longed in the median and tibial nerves of SBMA patients.
The mean occurrence rate of F-waves in the median nerve
was significantly less in SBMA patients, and they were
absent in 30 cases (28.3%) (Table 2).

When we compared the CMAP and MCV values of the
individual patients in the median, ulnar and tibial nerves,
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MCV was decreased only in the patients with a severely
decreased CMAP (Supplementary Fig. 1). In addition, SCV
reduction was observed only in the patients with severely
decreased SNAP (Supplementary Fig. 1). These observations
strongly suggest that the most profound impairment of the
SBMA patients is a reduction of the amplitude of evoked
potentials, possibly due to axonal loss (Sobue et al., 1989;
Li et al., 1995).

As for the spatial distribution of electrophysiological
involvements, the frequency of abnormal values of CMAP
was most remarkable in the median nerve followed by the
ulnar and tibial nerves (Table 3). The decrease in SNAP was
also remarkable in the median and ulnar nerves when
compared with those in the sural nerve (Table 3). The
absence of F-waves was more frequent in the median nerve
than in the tibial nerve (Table 3). These findings indicate
that more significant abnormalities in nerve conduction
and F-waves are observed in the nerves of the upper limbs
than in those of the lower limbs.

Electrophysiologically defined motor

and sensory phenotypes

When we analysed the relationship between the degree
of motor and sensory nerve involvement by assessing the
number of nerves showing abnormally reduced amplitudes
(less than control mean — 2 SD) in the sensory (median, ulnar
and sural nerves) and motor (median, ulnar and tibial nerves)
nerves, we found that the patients could be distinguished
by either a motor-dominant, sensory-dominant or non-
dominant phenotype (Fig. 1A). It should be noted that there
were patients showing only abnormally reduced SNAPs,
while the CMAPs were well preserved (Fig. 1A). Alternatively,
patients demonstrating CMAPs abnormalities with well
preserved SNAPs were also seen (Fig. 1A).

When we analysed the relationship between CMAPs and
SNAPs on a standardized scale of percentage of the mean
values of normal controls in the median and ulnar nerves
(Fig. 1B and C), we found that there were patients with
different electrophysiological phenotypes. Some patients
showed well preserved CMAPs, being 50% or more of the
mean value in the controls, while showing profoundly
reduced SNAPs of less than 50% of the mean value in the
controls. In contrast, other patients showed well-preserved
SNAPs and significantly reduced CMAPs (Fig. 1B and C).
Finally, some patients showed a similar involvement of
CMAPs and SNAPs. These observations suggest that a
subset of SBMA patients shows predominantly motor
impairments, while another subset shows predominantly
sensory impairments,

The CAG repeat size correlates to
electrophysiologically defined motor and

sensory phenotypes
Since the CAG repeat size is a key factor dictating clinical
presentation in polyglutamine diseases (Zoghbi et al., 2000),
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Table 2 Nerve conduction studies and F-wave
examinations
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Table 3 Frequency of patients with abnormal values in
nerve conduction studies and F-wave examinations

SBMA Normal P
(Mean+SD) n  (Mean+SD) n
Median nerve
MCV (m/s) 543+65 106 579+36 79 <000
Distal 43+10 106 34+04 79 <000l
latency (m/s)
CMAP (mV) 51429 106 108433 79 <0.00!
SCV (m/s) 523+6l1 103 574+44 B5 <0001
SNAP (uV) 70+5.2 103 200479 B85 <000
Mot evoked Three cases MNone
(2.8%)
F-wave minimum  28.2+3.0 76 223419 46 <0001
latency (ms)
FWCV 587 +10.5 74 6644+ B6 4 <0001
maximum (m/s)
F-wave 245+225 106 676+203 47 <0001
occurrence (%)
Absent 30 cases None
(28.3%)
Ulnar nerve
MCV (m/s) 559+5.2 106 582+47 7 0003
Distal latency (ms) 3.2+06 106 27403 71 <0001
CMAP (mV) 51+24 106 B4+24 71 <000I
SCV (mfs) 481 +75 102 550438 74 <0001
SNAP (uV) 56+ 46 102 183+74 74 <0001
Not evoked Four cases Mone
(3.8%)
Tibial nerve
MCV (m/s) 445+38 106 472+37 56 <000
Distal latency (ms) 50+1.0 106 45+08 56 0003
CMAP (mV) 78+37 106 103:+34 56 <0.00!
F-wave minimum 483+ 4. 106 414+30 31 <000l

latency (ms)
'CV 439+56 105 474+33 28 <0.00I

maximum (ms)

F-wave 943 +116 106 963125 31 NS

occurrence (%)
Absent None None
Sural nerve
SCV (m/s) 44 +57 94 508451 68 <000l
SNAP (V) 51+£35 94 10B+46 68 <000
Not evoked 12 cases None

(11.3%)

MCV = motor nerve conduction velocity; CMAP = compound
muscle action potential; SCV =sensory nerve conduction velocity;
SNAP =sensory nerve action potential; FWCV = F-wave
conduction velocity; NS = not significant.

we compared the phenotypes based on present symptoms
and the electrophysiological phenotypes between patients
with a CAG repeat size <47 and those with 47 or more
CAGs, according to the previous report on clinical features
of SBMA (Atsuta et al, 2006) (Table 4). The age at onset
and the age at examination were higher in patients with a
shorter CAG repeat than in those with a longer repeat
(P<0.001). Disease duration and functional scale, including
the Limb Norris score, Norris Bulbar score and ALSFRS-R,

Number of patients n
with abnormal values®

Frequency (%)

Median nerve

MCV 20 06 IB9
CMAP 43 106 406
SCv 23 06 217
SNAP 45 106 42.5
FWCY maximum 38 104 365
F-wave occurrence 91 106 858
Ulnar nerve

MCV 5 106 47
CMAP 24 106 226
SCv 40 106 377
SNAP 49 106 462
Tibial nerve

MCV 6 106 57
CMAP 8 06 75
FWCV maximum 7 105 162
F-wave occurrence 7 106 66
Sural nerve

scv 36 106 340
SNAP 26 06 245

MCV = motor nerve conduction velocity; CMAP = compound
muscle action potential; SCV =sensory nerve conduction velocity;
SNAP =sensory nerve action potential; FWCV = F-wave
conduction velocity.

*We defined the abnormal values as those values that were either
less than the mean — 2 5D of normal controls on the examined
nerves or not evoked.

were similar between these groups. The CMAP values in the
median, ulnar and tibial nerves were not significantly
different, but showed a tendency to be decreased in the
patients with a longer CAG repeat in all three nerves
(Table 4). SNAPs in the median, ulnar and sural nerves
were all significantly decreased in the patients with a
shorter CAG repeat (Table 4). These observations suggest
that a shorter CAG repeat is linked to a more significant
SNAP decrease, while a longer CAG repeat is linked to a
more profound CMAP decrease.

Furthermore, considering the possibility that action
potentials are influenced by the age at examination, we
compared the CMAPs and SNAPs in the patient subsets
with a longer CAG repeat and those with a shorter CAG
repeat between different age groups (Fig. 2). Patients <49
years old showed a significant difference in CMAPs and
SNAPs (P=0.041-0.002). The patients <49 years old and
with a longer CAG repeat showed a more significant
decrease in CMAPs, while those with a shorter CAG repeat
showed a more significant decrease in SNAPs.

We selected patients with the sensory-dominant pheno-
type and those with the motor-dominant phenotype to
further analyse the implication of CAG repeat size on the
age at onset and electrophysiological phenotypes of SBMA.
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Fig. | Electrophysiological discrepancies in motor and sensory nerve involvement in SBMA patients. (A) The cross tabulation of the
number of motor and sensory nerves showing an abnormally decreased action potential. The vertical stripe area corresponds to the
motor-dominant phenotype and the gray area denotes the sensory-dominant phenotype. The white area represents the non-dominant
phenotype. (B and C). Relation between CMAP and SNAP in the median and ulnar nerves on a standardized scale of percentage to normal
control mean values. Some patients have only decreases of CMAP with preserved SNAP, while other patients show declines of SNAP with

conserved CMAP.

As shown in Fig. 1A, the sensory-dominant phenotype was
determined if patients show a reduced SNAP (less than
control mean —2 SD) in at least one nerve without any
decrease in CMAPs, whereas the motor-dominant pheno-
type denotes patients showing a reduced CMAP (less than
control mean —2 SD) in at least one nerve without any
decrease in SNAPs. We examined the relationship between
CAG repeat number and the age at onset in these patients
(n=54) (Fig. 3A). We found that the mean CAG repeat

number and the age at onset were significantly different
between patients with motor- and sensory-dominant
phenotypes (P<0.001, Fig. 3A), indicating that a longer
CAG repeat is more closely linked to the motor-dominant
phenotype, and a shorter CAG repeat is more closely linked
to sensory-dominant phenotype. Similar findings were
observed when we classified patients based on abnormally
reduced action potentials (less than control mean —2 SD)
in the median nerve or the ulnar nerve (Fig. 3B and C).
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Table 4 Clinical and electrophysiological features in terms
of CAG repeat size in AR gene

CAG repeat <47 CAG repeat =47 P

(Mean+SD) n (Mean+3SD) n

Age at examination 5894102 32 S51.7+89 65 0001

Duration from onset 96 +74 32 107 66 65 NS
Age at onset 4934115 32 410+89 65 0002
Limb Norris score  542+83 28 539+70 63 NS
Morris Bulbar score 324 +5. 28 334+39 63 NS
ALSFRS-R 410 =4 28 41.2+45 63 NS
CMAP (mV)

Median 57+24 32 48B+13l 65 NS
Ulnar 56+22 32 49+24 65 NS
Tibial B7 +49 32 74%31 65 NS
SNAP (1V)

Median 48+33 29 J7x56 65 001
Ulnar 4126 29 62+50 64 0037
Sural 3g8+26 26 54+34 59 0022

AR =androgen receptor; ALSFRS-R =ALS functional rating
scale-revised; CAMP = compound muscle action potential;
SNAP =sensory nerve action potential; NS = not significant,

The CAG repeat size correlates directly
with the frequency of nuclear accumulation
in the motor neurons and inversely

with that of cytoplasmic aggregation

in the DRG

In order to investigate the relationship between CAG repeat
size and the degree of motor and sensory nerve involve-
ment, we performed immunohistochemistry using anti-
polyglutamine antibody (1C2) on autopsied spinal cord and
DRG specimens from SBMA patients, and quantified the
primary sensory neurons in which mutant AR accumulated.
In primary sensory neurons within the DRG, mutant AR
was detected immunochistochemically as punctuate aggre-
gates in the cytoplasm (Fig. 4A). On the other hand, diffuse
nuclear accumulation of mutant AR was detected in motor
neurons of the spinal anterior horn (Fig. 4B). The size
of CAG repeat in the AR gene tended to be inversely
correlated with the number of primary sensory neurons
bearing cytoplasmic aggregates (Fig. 4C). This result is in
contrast with the previously reported correlation between
the frequency of mutant AR accumulation in spinal motor
neuron and the CAG repeat size (Adachi et al, 2005)
(Fig. 4D).

Discussion

The present study demonstrated extensive abnormalities
in both motor and sensory nerve conduction in SBMA
patients, reflecting principal pathological lesions in the
lower motor neurons and in the DRG. Previous studies
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on nerve conduction in SBMA patients showed a
characteristic decrease in SNAP compared with normal
controls, whereas SCV and MCV were variably reported as
either normal or decreased, and CMAP decreased to
variable extents (Harding er al., 1982; Olney et al, 1991;
Li et al, 1995; Guidetti et al., 1996; Polo et al, 1996;
Ferrante er al., 1997; Antonini et al., 2000; Sperfeld et al.,
2002). In the present study, the reductions in both CMAP
and SNAP were remarkable, in agreement with previous
reports. This suggests that axonal degeneration is the
principal peripheral nerve damage in SBMA patients. In
addition, MCVs and SCVs were significantly decreased in
the SBMA patients, and distal latencies were also signifi-
cantly increased.

Several reports have examined the F-wave in SBMA
patients. Those studies showed that the latency is almost
normal or slightly extended (Olney et al, 1991; Guidetti
et al, 1996). In the present study, the minimum F-wave
latency was significantly longer and the maximum FWCV
was significantly decreased in SBMA patients compared
to that in normal controls. The occurrence of F-waves in
SBMA patients was significantly less in the upper limb,
but not in the lower limb compared with that of controls.

As for the spatial distribution of involvement, we demon-
strated that nerves of the upper limbs are more severely
disturbed than those of the lower limbs in SBMA patients.
These observations suggest that nerve involvement does not
reflect a length-dependent process of primary neuropathy,
but a neuronopathy process, which is consistent with our
results from histopathological studies (Sobue et al, 1989;
Li et al., 1995).

The most striking observations in the present study are
that motor and sensory nerves are differentially affected
in SBMA patients, that electrophysiologically defined
motor-dominant and sensory-dominant phenotypes are
present, especially in young patients, and that the CAG
repeat size in the AR gene is a factor determining these
electrophysiologically defined motor and sensory pheno-
types. Previous studies have reported that the number of
CAGs determine not only the age at onset, but also the
clinical phenotype in polyglutamine diseases (Tkeutchi
et al.,, 1995; Johansson er al., 1998; Mahant et al., 2003).
For example, DRPLA patients with a longer CAG repeat
(earlier age at onset) showed a progressive myoclonus
epilepsy phenotype, whereas patients with a shorter CAG
repeat (later age at onset) showed a non-progressive
myoclonus epilepsy phenotype, but high frequencies of
choreoathetosis and psychiatric symptoms (lkeutchi et al.,
1995). Moreover, in spinocerebellar ataxia type-7 (SCA7)
patients with =59 CAGs, visual impairment was the most
common initial symptom observed, while ataxia predomi-
nated in patients with <59 CAGs (Johansson et al., 1998).
Additionally, in HD patients, younger age at onset was
associated with less chorea and more dystonia (Mahant
et al, 2003). In SBMA, only the relationship between
CAG repeat and the age at onset or the severity of motor
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Fig. 2 (A-F) Age- and CAG-dependent changes in motor and sensory amplitudes in SBMA. CMAPs and SNAPs in the median (A and B),
ulnar (C and D), tibial (E) and sural (F) nerves in different age groups are shown, The white columns are the mean values of the patients
with a shorter CAG repeat (<47), while the black columns are the mean values of the patients with a longer CAG repeat (>47). The error
bars are SD. The number of patients examined is shown above each column. The young patients with a longer CAG repeat showed
significantly low values of CMAPs compared to those with a shorter CAG repeat. Conversely, young patients with a shorter CAG

repeat showed significantly lower values of SNAPs than those with a longer CAG repeat. Patients more than 49 years old did not show

a significant difference between shorter and longer CAG repeat.

function has been reported (Doyu er al., 1992; Atsuta et al.,
2006), but a CAG size-dependent clinical phenotype has not
been described. This may be because the expansion of CAG
repeat in the AR gene is shorter than that in the causative

genes for DRPLA, SCA7 or HD, Alternatively, as compared
to outstanding motor dysfunction, the clinical manifesta-
tions of sensory nerve impairment are less severe in SBMA
patients, which may result in overlooking the motor and
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Fig. 3 CAG repear size determines the age at onset in SBMA,
(A) Relation between the CAG repeat size and the age at onset
according to the phenotypes determined by CMAPs and SNAPs.
A longer CAG repeat was closely linked to the motor-dominant
phenotype, and a shorter CAG repeat was closely linked to the
sensory-dominant phenotype. Motor- and sensory-phenotypes
were determined as shown in Fig. |A. (B) Relation between the
CAG repeat size and the age at onset according to the phenotype
determined by using CMAPs and SNAPs in the median nerve.
(C) Relation between the CAG repeat size and the age at onset
according to the phenotype determined by using CMAPs and
SNAPs in the ulnar nerve.

sensory discrepancy. Our present findings in SBMA patients
strongly suggest that the phenotypic diversity determined
by CAG repeat size is a common feature shared by various
polyglutamine diseases.

Although the pathological mechanism by which CAG
repeat size influences clinical phenotype is unknown, a
common molecular basis appears to underlie the hetero-
geneity of dlinical presentations in polyglutamine diseases.

Brain (2008), 131, 229-239 237

The polyglutamine tract encoded by an expanded CAG
repeat forms a PB-sheet structure, leading to conformational
changes and the eventual accumulation of causative
proteins (Perutz et al,, 2002; Sakahira et al., 2002). Since
the propensity of aggregation is dependent on CAG repeat
size, the different length of polyglutamine tract may result
in a CAG repeat size-dependent pathology.

The observations that a longer CAG repeat results in the
motor-dominant phenotype, while a shorter CAG leads to
the sensory-dominant presentation, are further reinforced
by results of previous studies on the cell-specific histo-
pathological changes in SBMA. A diffuse loss and atrophy
of anterior horn cells accompanied by a mild gliosis is
characteristic of SBMA (Kennedy et al., 1968; Sobue et al,
1989), suggesting that the pathology of spinal motor
neurons is neuronopathy. On the other hand, no sub-
stantial neuronal loss in the DRG despite severe axonal loss
in the central and peripheral rami suggests that the
pathology of sensory neurons is distally accentuated
axonopathy, although the primary pathological process
may be present in the perikarya of sensory neurons (Sobue
et al., 1989; Li et al., 1995). Moreover, the accumulation of
mutant AR, a pivotal feature of SBMA pathology, is also
different in motor and sensory neurons (Adachi et al,
2005). Mutant AR accumulates diffusely in the nucleus of
spinal motor neurons, but cytoplasmic aggregation is
predominant in sensory neurons within the DRG (Adachi
et al., 2005). The extent of diffuse nuclear accumulation of
mutant AR in motor neurons is closely related to CAG
repeat size, providing a molecular basis for the present
observations that patients with a longer CAG repeat show
a greater decrease in CMAPs. On the other hand, the results
of anti-polyglutamine immunohistochemistry in this study
indicate that cytoplasmic aggregation of mutant AR is
more frequent in the patients with a shorter CAG repeat,
Taken together, the differential accumulation pattern of
mutant AR between motor and sensory neurons, and their
differential correlation to CAG repeat size may be the
pathophysiological background for the development of
motor- and sensory-dominant phenotypes.

In conclusion, the results of the present study
are unequivocal electrophysiological phenotypes, motor-
dominant, sensory-dominant and non-dominant, especially
in young patients of SBMA. These features are dependent
on the CAG repeat size within the AR gene, with a longer
CAG repeat size is more closely related to the motor-
dominant phenotype and a shorter CAG repeat size related
to the sensory-dominant phenotype. Our observations shed
light on new roles of CAG repeat size in the clinical
presentation of SBMA.

Supplementary materials

Supplementary materials are available at Brain online.
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Fig. 4 Immunohistochemical analyses of mutant androgen receptor (AR) accumulation in the dorsal root ganglion (DRG) and that in the
spinal anterior horn of SBMA patients. (A) Aggregates of mutant AR in the cytoplasm of DRG neurons (black arrows). Scale bar = 100 um.
(B) Mutant AR accumulates in the motor neuron nuclei (white arrows). Scale bar = 100 um. (C) Relation between the CAG repeat size and

cytoplasmic aggregations in the primary y neuron. Cytopl

nic aggregation tended to be more frequent in the patients with a

shorter CAG repeat. (D) Relation between the CAG repeat size and diffuse nuclear accumulation of mutant AR in the spinal motor
neuron. Panel D is reconstructed from the previous report (Adachi et al., 2005).
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Gene Expressions Specifically Detected in Motor Neurons
(Dynactin 1, Early Growth Response 3, Acetyl-CoA Transporter,
Death Receptor 5, and Cyclin C) Differentially Correlate to
Pathologic Markers in Sporadic Amyotrophic Lateral Sclerosis
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Abstract

In a differential gene expression profile, we showed previously
that dynactin | (DCTN/), early growth response 3 (EGR3), acetyl-
CoA transporter (4CATN), death receptor 5 (DRS5), and cyclin C
(CCNC) were prominently up- or downregulated in motor neurons
of sporadic amyotrophic lateral sclerosis (ALS). In the present
study, we examined the correlation between the expression levels
of these genes and the levels of pathologic markers for motor
neuron degeneration (i.e. cytoplasmic accumulation of phosphory-
lated neurofilament H [pNF-H] and ubiquitylated protein) and the
numbers of residual motor neurons in 20 autopsies of patients with
sporadic ALS. DCTNI and EGR3 were widely downregulated, and
the changes in gene expression were comrelated to the number of
residual motor neurons. In particular, DCTNI! was markedly
downregulated in most residual motor neurons before the accumu-
lation of pNF-H, even in cases with well-preserved motor neuron
populations. ACATN, DRS5, and CCNC were upregulated in
subpopulations of residual motor neurons, and their expression
levels were well correlated with the levels of pNF-H accumulation
and the number of residual motor neurons. The expressions of
DCTNI, EGR3, ACATN, and DRS were all markedly altered before
ubiquitylated protein accumulation. DCTNI downregulation
appears to be an early event before the appearance of neuro-
degeneration markers, whereas upregulations of DRS and CCNC
are relatively later phenomena associated with pathologic markers
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and leading to neuronal death. The sequence of motor neuron-
specific gene expression changes in sporadic ALS can be beneficial
information in developing appropriate therapeutic strategies for
neurodegeneration.

Key Words: Amyotrophic lateral sclerosis (ALS), Axonal trans-
port, Cell death, Dynactin 1, Motor neuron.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating
neurodegenerative disease characterized by loss of motor
neurons in the spinal cord, brainstem, and motor cortex (1),
causing weakness of the limbs, abnormalities of speech, and
difficulties in swallowing. The weakness ulumately pro-
gresses to respiratory impairment and half of the patients die
within 3 years of the onset of symptoms, largely due to
respiratory failure. About 5% to 10% of all patients with
ALS show familial traits, and 20% to 30% of patients with
familial ALS have a mutation in the copper/zinc superoxide
dismutase | gene (SODI). However, in more than 90% of
patients with ALS, the disease is sporadic and does not show
any familial traits. The presence of Bunina bodies in the
remaining spinal motor neurons is a hallmark of cases of
sporadic ALS (2, 3). There is at present no obvious con-
sensus understanding of the pathogenic mechanism or an
effective therapeutic approach for sporadic ALS, although
several hypotheses, including oxidative stress, glutamate ex-
citotoxicity, impaired axonal transport, neurofilament dis-
integration, mitochondrial dysfunction, neurotrophic
deprivation, and proteasomal dysfunction have been pro-
posed as causal mechanisms of motor neuron degeneration
(4-11). In contrast, wide-ranging research activities have
been initiated for a subgroup of patients with familial ALS,
those with mutant SOD/, including a search for the patho-
genic mechanisms of mutant SOD1-induced motor neuron
death and the examination of therapeutic perspectives using
a transgenic rodent model for mutant SOD1 familial ALS
(12-14).

One effective approach to begin the uncovering of the
pathogenic mechanism of sporadic ALS is a description of
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the gene expression profile of motor neurons. Motor neuron-
specific gene expression profiling would eventually lead us
10 a profound understanding of the pathophysiology of motor
neuron degeneration in sporadic ALS. We have successfully
created such a motor neuron-specific gene expression profile
in patients with sporadic ALS by using microarray technol-
ogy combined with laser-captured microdissection, the
results of which were further verified by in situ hybridization
and quantitative wide-ranging research activities (15). The
genes with differential expressions in these profiles were
particularly related to axonal transport, transcription, energy
production, cell death, and protection from cell death. Gene
expressions of dynactin | (DCTN/) and early growth
response 3 (EGR3), related to cytoskeleton/axonal transport
and transcription, respectively, were markedly decreased in
motor neurons, whereas cell death-associated genes such as
death receptor 5 (DR3J), cyclin C (CCNC), and acetyl-CoA
transporter (ACATN) were greatly upregulated. It is, how-
ever, uncertain how these gene expression alterations
correlate with motor neuron degeneration and death and
whether they play a role in the pathogenesis of sporadic
ALS. A description of the molecular events underlying
motor neuron degeneration in sporadic ALS, even particular
short aspects of a long sequence of the degeneration process,
would provide a beneficial therapeutic avenue for sporadic
ALS by enabling development of a disease model simulating
these molecular events.

In this study we further characterized the gene ex-
pression profiles of DCTNI, EGR3, ACATN, DRS, and CCNC
in individual motor neurons and compared their expression
levels with those of known motor neuron neurodegeneration
markers, cytoplasmic accumnulations of phosphorylated neuro-
filament H (pNF-H), ubiquitylated proteins, and with neuronal
loss (5, 16-18). We found that changes in expression levels of
these genes differentially reflect the motor neuron degener-
ation process, and, in particular, DCTN! is extensively
downregulated before the appearance of these degeneration
markers.

MATERIALS AND METHODS

Tissues From Patients with Amyotrophic Lateral
Sclerosis and Control Patients

Specimens of lumbar spinal cord (L4-L5 segments)
from 20 patients with sporadic ALS (11 male and 9 female)
and 8 neurologically normal patients (4 male and 4 female)
as controls were obtained at autopsy. The diagnosis of ALS
was confirmed by El Escorial diagnostic criteria defined by
the World Federation of Neurology and by histopathologic
findings, particularly the presence of Bunina bodies (2, 3).
All patients with ALS had sporadic ALS and showed no
hereditary traits. Patients with a SODJ/ mutation were ex-
cluded. The collection of tissues and their use for this study
were approved by the ethics committee of Nagoya Univer-
sity Graduate School of Medicine. The ages for patients with
ALS and control patients were 63.3 £ 11.5 (mean £ SD)
(range 43-80) and 65.4 + 12.7 (42-79) years, respectively,
and the ALS illness duration was 2.9 + 0.87 (1.2-4.3) years.
The postmortem intervals to autopsy for patients with ALS
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and control patients were 7.3 + 3.9 (3-15) and 8.6 £ 3.2
(4-13) hours, respectively. There were no significant differ-
ences in either age or postmortem interval between the ALS
and control groups. Among 20 patients, severe bulbar
symptoms were seen in 14 cases, severe upper limb wasting
in 17 cases, and severe lower limb wasting in 13 cases in the
advanced stage. The upper motor neuron signs were seen in
13 patients, whereas others showed predominantly lower
motor neuron signs. Most of the patients with ALS devel-
oped respiratory dysfunction in various degrees, with
eventually resulted in respiratory failure in all patients,
which was the cause of death. The cause of death in the
control patients was pneumonia, cancer, stroke, or acute
heart attack. Tissues were immediately frozen in liquid
nitrogen and stored at —80°C until use. Parts of the lumbar
spinal cord were fixed in 10% buffered formalin solution and
processed for paraffin sections. The sections were stained
with hematoxylin and eosin and Kliver-Barrera techniques
and further histologic assessments were performed.

Selection of Genes Examined Based on Our
Previous Microarray Analysis in Laser-Captured
Motor Neurons of Patients with Sporadic
Amyotrophic Lateral Sclerosis

By using microarray technology combined with laser-
captured microdissection, gene expression profiles of degen-
erating spinal motor neurons isolated from autopsied patients
with sporadic ALS were previously reported (15). Three
percent of genes examined were downregulated, and 1%
were upregulated. We selected 5 genes (DCTNI associated
with cytoskeleton/axonal transport EGR3 as a transcription
factor, and ACATN, DRS and CCNC as cell death-associated
genes), which were most prominently down- or upregulated
(15). These changes in gene expression were confirmed by
cluster analyses of hierarchical clustering, self-organizing
maps, and principal component analyses after logarithmic
transformation, as motor neuron-specific gene expression
changes distinctive from the spinal ventral horn as a whole,
and their alterations were further quantitatively verified by
real-time wide-ranging research activities and in situ hybrid-
ization. In addition, these 5 genes were chosen for the pre-
sent study because they cover a wide range and represent
different aspects of the functional hierarchy.

In Situ Hybridization

Frozen, 10-pm-thick spinal cord sections were pre-
pared and immediately fixed in 4% paraformaldehyde. The
sections were then treated with 0.1% diethylpyrocarbonate
twice for 15 minutes and prehybridized at 45°C for 1 hour.
Digoxigenin-labeled cRNA probes were generated from
linearized plasmids for the genes of interest using SP6 or
T7 polymerase (Roche Diagnostics, Basel, Switzerland).
Gene names, GenBank accession numbers, probe positions
(nucleotide [nt] number), and probe sizes (base pairs [bp])
were as follows: acetyl-CoA transporter (4CATN), D88152,
nt 397-741, 345 bp; dynactin 1 (DCTNI), NM_004082, mt
2392-2774, 383 bp; death receptor 5 (DRS), NM_004082, nt
682-1070, 389 bp; and early growth response 3 (EGR3),
NM_004430, nt 1433-1794, 362 bp. After prehybridization
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the sections were hybridized with digoxigenin-labeled cRNA
probes overnight at 45°C. The washed sections were incu-
bated with alkaline phosphatase-conjugated, anti-digoxigenin
antibody (Roche Diagnostics). The signal was visualized with
nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(Roche Diagnostics). No hybnidization signal was observed
with the sense probe for the expression of each gene in spinal
motor neurons.

Immunohistochemistry

Frozen, 10-pm-thick spinal cord sections were pre-
pared and immediately fixed in 4% paraformaldehyde. The
sections were then blocked with 2% bovine serum albumin
(Sigma) in Trns-buffered saline at room temperature for
20 minutes and incubated with either a monoclonal antibody
against the phosphorylated epitope in the tail domain of
neurofilament H (anti-SMI 31, 1:1000; Stemberger Mono-
clonals Inc., Lutherville, MD), anti-cyclin C antibody
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA), or
anti-ubiquitin (1:1000; Santa Cruz Biotechnology) overnight
at 4°C. Subsequent procedures were carried out using the
EnVision+KitVHRP (DAB) (DAKO, Glostrup, Denmark) ac-
cording to the manufacturer's protocol.

Quantitative Assessment of Gene Expression
Levels, Population of Residual Motor
Neurons, and Cytoplasmic Accumulation of
Phosphorylated Neurofilament H and
Ubiquitylated Proteins

To assess gene and protein expression levels in spinal
motor neurons, signal intensities of in situ hybridization and
immunohistochemistry, respectively, were quantified using a
CCD image analyzer (Zeiss Axiovert S100TV) as described
previously (19, 20). Images of individual motor neurons on
transverse sections of spinal cord with signals for DCTNI,
EGR3, ACATN, DRS, or CCNC and pNF-H were captured at
the desired magnification and stored with image software
(Adobe Photoshop). Grey-scale levels in 65,536 gradations
of the images were quantitatively analyzed with image
analysis software (Image Gauge version 4.0, Fujifilm,
Tokyo, Japan). Signal intensities were expressed as individ-
ual intracellular cytoplasmic signal levels (arbitrary absorb-
ance units/mm?) of motor neuron for each gene of interest by
subtracting the mean background levels of 3 regions of
interest in each section. We also assessed motor neurons
harboring ubiquitylated proteins on the anti-ubiquitin-stained
sections. Motor neurons with dot-like accumulations, skein-
like accumulations, or large inclusions of cytoplasmic
ubiquitylated proteins were designated as positive for
ubiquitylated protein accumulation.

To count the number of remaining spinal motor
neurons, 10-pum-thick serial sections were prepared from
the lumber segment of spinal cords and every 10th section
was stained with the Kliiver-Barrera technique. The ventral
spinal horn was designated as the grey matter ventral to the
line through the central spinal canal perpendicular to the
ventral spinal sulcus, and the residual motor neuron popu-
lation was defined as the number of relatively large-sized
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ventral horn cells of 24.8 um or more in diameter with
distinct nucleoli on 10 sections, as described previously (21).
Our previous study demonstrated the neuron loss predom-
inantly in the relatively large neurons in ALS (21).

The frequency of motor neurons showing changes in
gene expression levels was assessed in at least 10 transverse
sections from each of 20 patients with ALS and 8 control
patients. The number of motor neurons with gene expression
levels more than +2 SDs from the control levels was
expressed as a percentage of motor neurons. Ten to > 100
motor neurons were examined for each individual case.

To investigate the correlation between gene expression
levels and pathologic markers in an individual motor neuron
we used consecutive transverse spinal cord sections. Ten sets
of consecutive sections for each gene of interest were pre-
pared from each patient and the correlations of gene expres-
sion levels with pNF-H accumulation levels and positive or
negative ubiquitylated protein accumulations were assessed
on individual motor neurons. This assessment was per-
formed for 8 representative patients with ALS and 8 control
patients whose sections were available for examination.

Statistical Analyses

Simple correlation tests were performed to assess the
correlation of gene expression levels of DCTNI, EGR3,
ACATN, and DRS and protein expression of CCNC, with the
degree of pNF-H accumulation in individual motor neurons.
This test was also applied to assess the correlation of the
gene expression changes with the numbers of residual motor
neurons. Mann-Whitney U tests were used to compare gene
expression levels among the motor neurons that were either
positive or negative for ubiquitylated proteins in patients
with ALS and in control patients. Significance levels were
set to p < 0.05.

RESULTS

Differential Frequencies of Gene Expression
Changes in Residual Motor Neurons: DCTNT Is
Highly Downregulated

Among the genes examined, DCTN/] and EGR3 were
downregulated in the vast majority of spinal motor neuron
populations in most patients (Fig. 1A, B). In 15 of 20 pa-
tients, all of the residual motor neurons had reduced DCTNI
expression compared with controls (Fig. 1B). Ten of the 20
patients showed downregulation of EGR3 in all residual
neurons (Fig. 1B). ACATN, by contrast, was upregulated in
all residual motor neurons in only 8 of 20 patients (Fig. 1A,
B). DR5 was upregulated in subpopulations of motor neu-
rons, whereas only 4 patients had upregulated gene expres-
sion in all of the residual neurons (Fig. 1A, B). Nuclear
accumulation of CCNC protein assessed by immunohisto-
chemistry was observed in only a small percentage of motor
neurons in most patients (Fig. 1A, B). There were no pa-
tients with CCNC nuclear accumulation in all of the residual
neurons (Fig. 1B). Cytoplasmic accumulation of pNF-H was
seen in more than half of the residual motor neurons in most
of the patients (Fig. 1A). Quantitative assessment showed
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that in 9 of the 20 patients, all of the residual motor neurons  gene-dependent differential gene expression among the re-
were positive for pNF-H (Fig. 1B). Thus, the frequency of  sidual motor neurons is clearly demonstrated in Figure 1C.
residual motor neurons with gene up- or downregulation was ~ Two consecutive transverse sections were subjected to in
markedly different depending on the individual gene. This  situ hybndization with different gene probes. DCTN/
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FIGURE 1. In situ hybridization (ISH) and immunohistochemistry (IHC) in spinal motor neurons. (A) Representative ISHs are
shown for dynactin 1 (DCTN1), early growth response 3 (EGR3), acetyl-CoA transporter (ACATN), and death receptor 5 (DRS).
The antisense probe detects positive signals for the expression of each gene in spinal motor neurons for patients with
amyotrophic lateral sclerosis (ALS) and/or control patients, but the sense probe does not (15). RNase treatment before the
hybridization abolished the hybridization signals. IHC was performed for cyclin C (CCNC) and phosphorylated neurofilament H
(pNF-H). The nuclear staining of CCNC was prominent in ALS motor neurons. Lipofuscin granules are seen as yellowish granules.
(B) Percentage of motor neurons with gene expression or protein accumulation changes, relative to control levels, among the
residual motor neurons in 20 patients with ALS. The quantitative analyses of gene expression and frequency assessments are
described in the Materials and Methods section. (C€) ISH of 2 genes in consecutive sections demonstrates the relationship
between up- and downregulated genes in individual motor neurons. DCTNT was downregulated to a great extent in all the
remaining motor neurons in ALS, whereas ACATN and DRS were upregulated in only a subpopulation of motor neurons. Arrows
denote motor neurons with gene expression changes, and asterisks denote those without changes compared with controls. Scale
bars = 25 pm,
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Gene Expression in Sporadic ALS

B Dowmnregulation

No. of ALS patients

5 %

DCTNI (ISH

S fhded

Consecultive sections
FIGURE 1. (continued)

expression was reduced in all the neurons in each panel,
whereas some of the residual motor neurons showed un-
changed ACATN and DRS gene expression (Fig. 1C). More-
over, DCTN] expression was preserved in neurons other than
motor neurons such as those in the dorsal nucleus of Clarke
and the intermediolateral nucleus in spinal cords, Purkinje
cells of the cerebellum and cortical neurons in the occipital
cortex in patients with ALS as well as control patients (data
not shown). These findings indicate that, among the genes
examined, downregulation of DCTNI was specific and
extensive in the spinal motor neurons, whereas cell death-
related genes such as ACATN and DRS, and the protein CCNC
were upregulated in only subpopulations of motor neurons.

Gene Expression Changes Are Differentially
Correlated With the Population of Residual
Motor Neuron: DCTNT is Markedly
Downregulated Even in Patients With Relatively
Well-Preserved Motor Neuron Populations
When the numbers of motor neurons with given gene
expression or protein accumulation changes were com-
pared with the numbers of residual motor neurons in the
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20 patients, changes in DRS, pNF-H, EGR3, ACATN and
DCTN! were correlated with the residual motor neuron
population (r = 0.49-0.83, p < 0.05 t0 0.0001, Fig. 2). Among
them, DCTNI expression was most prominently down-
regulated, even in patients with relatively well-preserved
motor neurons, suggesting that DCTN/ downregulation may
be occurring even in early stages of the disease. The changes
in expression of EGR3, ACATN, and DRJ in patients with
well-preserved motor neuron populations were relatively
mild compared with that of DCTNI (Fig. 2). The change
in DR5 expression was less correlated with the residual
motor neuron population than that of other genes.

Gene Expression Changes are Differentially
Correlated With the Extent of Motoneuronal
Cytoplasmic Phosphorylated Neurofilament H
Accumulation: DCTNT and EGR3 Are Markedly
Downregulated Before Phosphorylated
Neurofilament H Accumulation

The correlation of gene expression and pNF-H accumu-
lation, a marker of neuronal degeneration, in individual motor
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