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CAG repeat size correlates to electrophysiological
motor and sensory phenotypes in SBMA
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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 proper-
ties including F-waves in a total of 106 patients with genetically confirmed SBMA (mean age at data collec-
tion =53.8 years; range =3I-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 significantly decreased in all nerves examined in the SBMA patients compared with that in the
normal controls, indicating 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 sen-
sory 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.
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sensory-dominant
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Introduction repeat in the androgen receptor (AR) gene. Normally, 9-36

Spinal and bulbar muscular atrophy (SBMA) is a hereditary
lower motor neuron disease affecting adult males (Kennedy
et al., 1968; Sobue et al., 1989, 1993; Fischbeck et al., 1997).
The cause of SBMA is an aberrant elongation of a CAG

CAGs are observed in the AR gene in normal subjects,
but 38-62 CAGs are observed in SBMA patients (La Spada
et al., 1991; Tanaka et al., 1996; Andrew et al., 1997).
A similar gene mutation has been detected in Huntington’s
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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 et 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, 2005).
Intranuclear accumulations of mutant AR protein in the
residual motor neurons are another hallmark (Li et al,
1998; Adachi et 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 et 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 et al., 2005).

The main symptoms of SBMA are weakness and atrophy
of the bulbar, facial and limb muscles (Katsuno et 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 et 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 et 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 et 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 et 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 et 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 et 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 et al.,
1974; The ALS CNTF Treatment Study (ACTS) Phase I-II 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 et 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; Mori 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 1Hz 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 T12 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 28-47
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 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 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 6 um were deparaffinized, treated with 98% formic acid at
room temperature for 3min and with microwave oven heating
for 10 min in 10 mM 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 et 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 0.4 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 et 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+SD Range n

5384100 31-75 106

0.1 6.8 1-32 106
43.7£104 25-68 106
CAG repeat size in AR gene (number) 478+ 3. 41-57 97°
Limb Norris score (normal score=63) 539+73 34-63 99
Norris Bulbar score (normal score=39) 330+43 20-39 99
ALSFRS-R (normal score =48) 411 £43 22-48 99

Age at examination (years)
Duration from onset (years)
Age at onset (years)

*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+6.5 106 579+3.6 79 <0.00I
Distal 43+10 106 34+04 79 <0.00I
latency (m/s)
CMAP (mV) 51429 106 10.8+3.3 79 <0.00I
SCV (m/s) 52.3+6. 103 574444 85 <0.00I
SNAP (V) 70+5.2 103 200479 85 <0.00I
Not evoked Three cases None
(2.8%)

F-wave minimum 282+ 3.0 76 223+19 46 <0.00l

latency (ms)

WCV 58.7 +10.5 74 664+86 41 <0.00I

maximum (m/s)

F-wave 2454225 106 676+203 47 <0.00l
occurrence (%)

Absent 30 cases None

(28.3%)
Ulnar nerve
MCV (m/s) 559452 106 58.2+4.7 71 0.003

Distal latency (ms) 3.2+0.6 106 27403 71 <0.00I
CMAP (mV) 51+24 106 84+24 71 <0.00I
SCV (m/s) 48.1 +75 102 550+38 74 <0.00l
SNAP (nV) 5646 102 183+74 74 <0.00l
Not evoked Four cases None
(3.8%)
Tibial nerve
MCV (m/s) 445138 106 472437 56 <0.00l
Distal latency (ms) 50+10 106 45+0.8 56 0.003
CMAP (mV) 78+37 106 103434 56 <0.00l
F-wave minimum  48.3 44l 106 414+3.0 31 <0.00l
latency (ms)
WCV 439+56 105 474+33 28 <0.00I
maximum (ms)
F-wave 943 +11.6 106 96.3+12.5 31 NS
occurrence (%)
Absent None None
Sural nerve
SCV (m/s) 44| +5.7 94 50.8+5. 68 <0.00l
SNAP (nV) 51+£35 94 10.8+46 68 <0.00l
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 20 106 189
CMAP 43 106 40.6
SCV 23 106 217
SNAP 45 106 42.5
FWCV maximum 38 104 36.5
F-wave occurrence 9l 106 85.8
Ulnar nerve

MCV 5 106 47
CMAP 24 106 22.6
SCV 40 106 377
SNAP 49 106 46.2
Tibial nerve

MCV 6 106 57
CMAP 8 106 75
FWCV maximum 17 105 16.2
F-wave occurrence 7 106 6.6
Sural nerve

SCV 36 106 340
SNAP 26 106 245

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 SD 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£SD) n

Age at examination 589 410.2 32 51l.7+89 65 0.00I
Duration from onset 96 +74 32 10.7+6.6 65 NS
Age at onset 493 +11.5 32 410+89 65 0.002
Limb Norris score  54.24+8.3 28 539+70 63 NS
Norris Bulbar score 324 +5. 28 334439 63 NS

ALSFRS-R 41 +4] 28 412445 63 NS
CMAP (mV)

Median 57424 32 48+3l 65 NS
Ulnar 56422 32 49424 65 NS
Tibial 87449 32 74+3l 65 NS
SNAP (1V)

Median 48+33 29 77456 65 00l
Ulnar 41426 29 62+50 64 0037
Sural 38426 26 54434 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 et 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 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 (Ikeutchi
et al., 1995; Johansson et 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 (Ikeutchi 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 et al., 1992; Atsuta et al.,  genes for DRPLA, SCA7 or HD. Alternatively, as compared
2006), but a CAG size-dependent clinical phenotype has not  to outstanding motor dysfunction, the clinical manifesta-
been described. This may be because the expansion of CAG  tions of sensory nerve impairment are less severe in SBMA
repeat in the AR gene is shorter than that in the causative  patients, which may result in overlooking the motor and
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Fig. 3 CAG repeat 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. IA. (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 clinical presentations in polyglutamine diseases.
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The polyglutamine tract encoded by an expanded CAG
repeat forms a f-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 sensory neuron. Cytoplasmic 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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