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Pupillary supersensitivity and visual
disturbance in Parkinson’s disease

O Abstract This study evaluated
pupillary postganglionic auto-
nomic dysfunction and its rela-
tionship to visual disturbance in
idiopathic Parkinson’s disease
(PD). Pupillary sensitivity was
examined in relation to a para-
sympathomimetic agent [0.05%
pilocarpine hydrochloride (PL)]
and to a sympathomimetic agent
[0.02% dipivefrine hydrochloride
(DPE)] using infrared pupillogra-
phy in 40 PD patients and 17 age-
matched controls. Visual distur-
bances were evaluated as well,
including blurring, photophobia,
night blindness and involuntary
eyelid closure in response to light.
Pupillary supersensitivity to PL
and DPE and their relation to
visual disturbances were found to
be significantly greater in PD
patients than in controls

(22.3 £ 15.1 vs. 10.4 + 11.4%,

P < 0.005, and14.5 * 14.5 vs.

4.9 + 8.7%, P < 0.01, respec-
tively). In addition, pupillary
sympathetic supersensitivity did
not correlate with a reduction of
1231 metaiodobenzylguanidine

Introduction

Patients with Parkinson’s disease (PD) often complain
of visual disturbances such as photophobia or blurred
vision, although a general ophthalmologic examina-
tion usually detects no abnormality. Moreover, visual
disturbance has not been recognized as a principal PD

(MIBG) cardiac accumulation.
Patients with PD reported more
blurred vision (P < 0.001) and
involuntary eyelid closure in re-
sponse to light (P < 0.05) than
controls. Patients with supersen-
sitivity to both PL and DPE com-
plained more often of blurred
vision than patients without
supersensitivity (P < 0.05). Pupil-
lary sensitivity to PL correlated
significantly with a summed score
for visual disturbance (P < 0.05,
r = 0.417), but DPE sensitivity did
not. PD patients have both para-
sympathetic and sympathetic
postganglionic impairments
affecting the pupil. Our findings
demonstrate that parasympathetic
dysfunction contributes signifi-
cantly to visual disturbance in PD.

[0 Key words Parkinson’s disease
(PD) - eye-drop test
postganglionic autonomic
dysfunction - pupillary response
visual disturbance

symptom; as a symptom, visual disturbance is over-

shadowed by motor impairment. However, visual

tients.
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disturbance influences the quality of daily living and
can be a serious problem [13], especially for PD pa-

Autonomic dysfunction is recognized as a common
disease manifestation in PD patients and can affect a
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wide range of organs including those comprising the
cardiovascular, gastrointestinal, sudomotor, urinary
and genital systems [17]. In the cardiovascular sys-
tem, peripheral autonomic dysfunction has been
demonstrated by denervation supersensmwty to
norepinephrine [18] and a reduction of '*’I-metai-
odobenzylguanidine (MIBG) cardiac accumulation.
This latter sign is now used widely as a sensitive
marker in the differential diagnosis of PD [10, 9, 19].

In previous studies, peripheral pupillary impair-
ment in PD has been controversial [14, 20, 23].
Drugs are given often through eye drops to evaluate
pupillary autonomic disorders of a peripheral nat-
ure. A pupil deprived of its innervation becomes
more sensitive to the neurotransmitter-mimetic
drugs [22]. While a substantially diluted solution
containing an agonist does not show any remark-
able effect on the normal pupil, the same solution
elicits hyper-responsiveness in the centrally dener-
vated pupil. Diluted solutions of pilocarpine
hydrochloride (PL), a parasympathomimetic agent
causing miosis, and dipivefrine hydrochloride
(DPE), a sympathomimetic agent causing mydriasis,
are used often in eye-drop tests [22]. However, the
optimal concentrations of such eye drops as well as
the time interval required to adequately assess
supersensitivity of the pupil in PD have not been
evaluated fully. In addition, the association between
pupillary supersensitivity and the degree of visual
disturbance has not been investigated. This study
determined the optimal procedures for these eye-
drop tests and assessed the relationship of the
severity of pupillary autonomic involvement to vi-
sual symptoms such as blurred vision, photophobia,
night blindness and involuntary eyelid closure in
response to light in PD patients.

Subjects and methods

To assess the relationship between visual disturbance and pupillary
sensitivity, 40 PD patients and 17 healthy gender and age-matched
controls were examined (Table 1). PD was diagnosed according to
the criteria of the United Kingdom Brain Bank [5]. PD severity was
assessed according to Hoehn and Yahr (H-Y) stage and was at Stage I
in 5 patients, Stage Il in 2 patients, Stage IIl in 27 patients, Stage [V in
5 patients and Stage V in 1 patient. L-dopa was being taken by 37
patients, a dopamine agonist was being taken by 21 patients and an
anticholinergic drug was used by 9 patients. Patients with ocular
disease (e.g., cataract surgery, glaucoma), diabetes mellitus or
peripheral neuropathy were excluded. Pupillary dynamics were
measured with an infrared video camera (Binocular IRISCORDER
Model C-2514, Hamamatsu Photonics Co. Ltd., Shizuoka, Japan).
This device is an electronic pupillometer and projects a light stimulus
of 1 second and calculates several parameters, including pupillary
area before the light stimulus (mm D1), minimum pupillary area
caused by the light stimulus (mm?, D2), and contraction rate (CR)
calculated as (D1 — D2)/D1. CR was considered sensitive to each
drug. Patients who could not keep their eyes open for at least 5 sec-

- onds were excluded, because the infrared video camera required

5 seconds to measure pupil diameter. The baseline pupillary diam-
eters were measured in both eyes using the infrared Iriscorder after
5 minutes of dark adaptation. The daily dose of antiparkinsonian
drug was continued and it is described in the discussion.

Questionnaires concerning visual disturbance were administered
to both PD patients and controls. The questionnaire dealt with four
items: blurred vision, photophobia, night blindness and involuntary
eyelid closure in response to light. The frequency of occurrence and
the degree were noted by patients and scored as follows (see also
“Appendix”): 0 (never), 1 (sometimes), 2 (often) and 3 (always).

Of the 40 PD patlents, 32 were examined for '2I-MIBG uptake
The ratio of uptake in regions of interest in the heart to those in the
mediastinum (H/M ratio) was calculated from delayed images
according methods described previously [10].

To determine the optimal concentrations of the drugs and
appropriate times for the eye-drop tests, eight PD patients with the
following characteristics were examined: four men and four wo-
men, mean age + standard deviations (SD) (59.8 £ 10.2 years), and
mean disease duration (12.9 * 5.5 years). H-Y stages were Stage IIT
in six patients and Stage IV in two patients. L-dopa and dopamine
agonists were used by all eight patients and anticholinergic drugs
were used by one. As a control group, eight age-matched healthy

Table 1 Patient characteristics,
pupillary sensitivity, and scores for PD (n = 40) Controls (n = 17) P value
visual disturbance in control subjects Mean + 5D Mean + SD
and patients with Parkinson’s disease
Age (years) 63.2 £ 10.2 609 + 19.5 NS i
_ Gender (M:F) 23:17 11:06 NS {
Disease duration (years) 8369 NA j
; Delayed-phase H/M ratio 14+ 03 NA ‘
Pupil diameter at baseline (mm) i
Right 50 + 09 51£09 NS
Left 5010 51+10 NS
- Pupillary sensitivity (%) ﬂ
! To 0.05% PL 223 £15. 104 + 114 <0.005 .
. To 0.02% DPE 145 £ 145 49 + 87 <001
Scores for visual disturbance i
- Blurred vision 14+10 0.1+03 <0.001
Photophobia 06+ 08 0507 NS i
' Night blindness 06+ 08 04 +£07 NS
~ Involuntary eyelid closure in response to light 03 +05 00 <005 |

PD Parkinson’s disease, SD standard deviation, NA not available, NS not significant, H/M '2l-metaiodobenzylguanidine
(MIBG) uptake in regions of interest in the heart to those in the mediastinum, PL pilocarpine hydrochloride, DPE

dipivefrine hydrochloride
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controls (4 men and 4 women with a mean age of 58.1 £ 19.5 years)
were evaluated. A percentage change in pupillary diameter
exceeding the mean value + 2 (SD) in the control group was de-
fined as indicating supersensitivity. The Mann-Whitney U test was
used to assess differences between PD patients and controls, as well
as to assess the differences between PD patients with supersensi-
tivity and without supersensitivity. Pearson’s correlation coefficient
was used to analyze relationships between pupillary sensitivities to
0.05% PL or 0.02% DPE and age at onset, age at examination,
disease duration, dose of L-dopa or H/M ratio in delayed images.
Relationships between pupillary sensitivities to 0.05% PL or 0.02%
DPE and H-Y stage or the summed score for visual disturbances
were analyzed using Spearman’s correlation coefficient. Calcula-
tions were performed using the StatView statistical software
package (version 5.0; Abacus Concepts, Berkeley, CA, USA). Sta-
tistical significance was defined by P < 0.05. Values are presented
as the means + SD. The Ethics Committee of Nagoya University
School of Medicine approved all aspects of this study. All subjects
gave informed consent for participation.

The baseline pupillary diameters in both eyes were measured
using the infrared Iriscorder after 5 minutes of dark adaptation.
Three different drug concentrations (PL, 0.025, 0.05 and 0.10%;
DPE, 0.02, 0.04 and 0.10%) were administered after an interval of at
least 72 hours. Two drops of PL were applied to the right eye and
two drops of DPE were applied to the left eye. Pupillary diameter
was assessed at 15, 30, 60 and 120 minutes after drug administra-
tion. Sensitivity to each drug was calculated as percent change (%)
in pupil diameter.

Based on the results from the previous methods, in remaining
portions of the study two drops of 0.05% PL were applied to the
right eye and two drops of 0.02% DPE to the left eye. Change in
pupillary diameter was recorded at 60 minutes after PL adminis-
tration and 120 minutes after DPE administration. A change
exceeding the mean value in the control group + 2 SD (i.e., 28%
pupillary change at 60 minutes after 0.05% PL administration or
14% pupillary change at 120 minutes after 0.02% DPE adminis-
tration) was defined as supersensitivity.

Results

[J Optimal PL and DPE concentrations and times
for assessment in eye-drop tests

Pupil diameters at baseline in PD patients were
5.0 + 0.8 mm on the right and 5.1 £ 0.7 mm on the
left, were slightly, but not significantly, smaller than
diameters observed in controls (5.5 £ 1.0 mm on the
right and 5.4 + 1.1 mm on the left). Percent change
over time in pupil diameter after the administration
of PE and DPE is shown in Fig. 1.

Parkinson’s disease patients showed a maximum
pupillary change at 60 minutes after PL administra-
tion and pupils started to recover at 120 minutes with
all concentrations. Pupillary change at 60 minutes
after 0.05% PL administration in PD patients was
significantly greater than in controls (36 + 10 vs.
8 + 10%, P < 0.005). The change after 0.10% PL
administration in PD patients was also significantly
greater than in controls (40 + 18 vs. 20 % 15%,
P < 0.05). Pupillary diameter after DPE administra-
tion continued to increase even at 120 minutes, with
dilation at 120 minutes after 0.02 and 0.04% DPE

administration being significantly greater in PD pa-
tients than of that in controls (0.02, 19 + 15 vs.
2 + 6%, P < 0.05; 0.04, 21 + 15 vs. 8 £ 7%, P < 0.05).

O Pupillary response to 0.05% PL and 0.02% DPE

Pupil diameter at baseline did not differ significantly
between PD patients and controls. Of the 40 PD pa-
tients, 12 (30%) showed supersensitivity to PL, 19
(48%) showed supersensitivity to DPE and 7 (18%)
showed supersensitivity to both PL and DPE. Pupillary
sensitivity to 0.05% PL in PD patients was significantly
greater than in controls (22.3 + 15.1 vs. 10.4 * 11.4%,
p < 0.005) and sensitivity to 0.02% DPE in PD patients
was also significantly greater than in controls
(14.5 + 14.5 vs. 4.9 £ 8.7%, P < 0.01; Table 1). Pupil-
lary sensitivity to 0.05% PL and 0.02% DPE did not
correlate with age at PD onset, daily dose of L-dopa, H-
Y stage or delayed-phase H/M ratio in '*’I-MIBG
scintigraphy. Pupillary sensitivity to 0.02% DPE cor-
related weakly, but significantly with age at examina-
tion (r = 0.350, P < 0.05; Fig. 2a) and with disease
duration (r = 0.334, P < 0.05; Figure 2b). Sensitivity to
0.05% PL did not show such correlations. No significant
difference was found in pupillary sensitivity to 0.05%
PL between patients who took an anticholinergic drug
and patients who did not (23 £ 15 vs. 22 * 15%). In
addition, no significant difference in pupillary sensi-
tivity to 0.02% DPE was evident between these two
groups (21 + 22 vs. 13 + 11%).

O Visual disturbance and eye-drop tests

Patients with PD noted blurred vision (P < 0.001) and
involuntary eyelid closure in response to light
(P < 0.05) more frequently than did controls. PD
patients complained of photophobia and night
blindness slightly more frequently than controls, but
the difference was not significant (Table 1).

No score concerning visual disturbance differed
between groups with supersensitivity to PL or DPE
and the group without supersensitivity, although the
score for blurred vision in the group with supersen-
sitivity to both PL and DPE was significantly greater
than in the group without supersensitivity (Table 2).

Pupillary sensitivities to 0.05% PL correlated sig-
nificantly with the summed score for all visual dis-
turbances (r = 0.417, P < 0.05; Fig.3), while
sensitivity to 0.02% DPE did not.

Discussion

Pharmacologic pupillary function tests are useful
methods for evaluating denervation supersensitivity
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Fig. 1 Response of pupils in terms of time and
concentration after application of PL and DPE
Patients with Parkinson's disease (PD) showed

|. PD O Control
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in patients with peripheral impairment, especially
postganglionic impairment, of the pupillary auto-
nomic system [22]. PL, a parasympathomimetic
agent, and DPE, a sympathomimetic agent, are used
often in eye-drop tests, but the optimal drug con-
centrations and time points for evaluation are not well
defined [4, 23, 26]. In the present study, PD patients
showed maximum pupillary change at 60 minutes
after PL administration, while pupils started to re-
cover at 120 minutes at all concentrations adminis-
tered. The degree of miosis at 60 minutes after 0.05
and 0.1% PL administration, and also of mydriasis at
120 minutes after 0.02 and 0.04% DPE administration,
were significantly greater in PD patients than in
controls. Indeed, the administration of 0.05% PL or
0.02% DPE did not change pupil diameter in controls
significantly. Thus, pupillary measurement at
60 minutes after 0.05% PL and at 120 minutes after
0.02% DPE administration represents an optimal

method for detecting cholinergic and adrenergic
supersensitivity in PD patients, given that the smallest
concentration of drug permitting adequate detection
should be used.

Pupillary abnormalities with central parasympa-
thetic involvement has been widely recognized in PD
[12, 17]. Lewy bodies, neurofibrillary degeneration
and neuronal loss have been reported in the Edinger—
Westphal nucleus in PD patients [6, 11]. In addition,
abnormally slow pupillary responses to light and pain
have been described in these patients [16]. Neuropa-
thology in the Edinger-Westphal nucleus is reflected
in the impairment of pupillary constriction; further-
more, the peak constriction amplitude of the pupillary
light reflex, reduced in PD patients compared with
that in controls, can be attributed to this impairment
[8]. However, only a few studies have assessed the
peripheral parasympathetic system [15]. While no
reports have examined pathologic involvement of the
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Fig. 2 Correlation between pupillary sensitivity for 0.05% DPE and disease
duration and agent examination. Significant positive correlations of pupillary
sensitivity to DPE were evident with Parkinson’s disease patients’ age (A) and
with disease duration (B). DPE, dipivefrine hydrochloride

ciliary ganglion in PD patients, Lewy bodies have
been identified in submandibular ganglion neurons
[24], suggesting widespread pathologic involvement
of the peripheral parasympathetic system in PD.

R

Sugiyama et al. [23] reported that pupillary super-
sensitivity to cholinergic agonists was prominent even
in early-stage PD patients. Our findings support these
previous results.

Compared to results concerning parasympathetic
impairment of the pupil in PD patients, available data
are more limited with respect to sympathetic
impairment. However, pupillary constriction time was
found to be delayed in PD patients, suggesting
impairment at sympathetic ganglia [14]. In a previous
study, sympathetic supersensitivity was reported to be
rare in early PD stages (H-Y I and II), usually
becoming detectable only in Stage III patients by eye-
drop testing using DPE [23]. In the present study,
patients with PD manifested significant sympathetic
supersensitivity compared to controls. Most of our PD
patients (34/40, or 85%) were at a relatively advanced
stage representing disease at least as severe as in H-Y
Stage III. This might contribute to differences be-
tween previous and present reports. In addition,
pupillary sensitivity to 0.02% DPE correlated with age
at examination as well as disease duration, suggesting
that pupillary sympathetic impairment worsened with
PD progression.

It has been suggested that a measure of papillary
sympathetic innervation could be found in the dif-
ference between phenylephrine- and cocaine-induced
mydriasis, Sawada et al. [20]. Longer and thinner
axons have been suggested to be relatively vulnerable
in PD [2]. Postganglionic sympathetic nerve fibers are
characteristically thin and unmyelinated. The pupil-
lary sympathetic system is derived from the superior
cervical ganglion and follows a longer course than
parasympathetic fibers derived from the ciliary gan-
glion. In general, cocaine blocks norepinephrine up-
take and cocaine-induced mydriasis is dependent on
the sympathetic nerve terminal density. In contrast,
phenylephrine acts directly on adrenergic receptors to
cause mydriasis. This relationship correlated signifi-
cantly with a reduction of '*’I-MIBG cardiac accu-
mulation in patients with PD. Considering that
x-synuclein inclusions have been recognized in sym-
pathetic ganglion cells [21], the result would seem

Table 2 Scores for visual disturbance in Parkinson’s disease patients with and without supersensitivity to eye drops

Blurred vision 17+ 11 13£10
Photophobia 08+10 05+08
Night blindness 08+08 05+08
Involuntary eyelid closure in response to light 0.3 + 0.2 0303

17+10 12+£10 23 £ 05* 12+1.0
06 +08 0.6 09 07 £08 0509
06 £ 09 05+08 1+08 05+08
04 +0.7 0.1+£03 03 +05 0.2 £ 0.6

PL pilocarpine hydrochloride, DPE dipivefrine hydrochloride
* P < 0.05 versus without supersensitivity
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Fig. 3 Correlation between pupillary sensitivity for 0.05% PL and summed
score of visual disturbance. In patients with Parkinson’s disease, pupillary
sensitivity to 0.05% PL correlated significantly and positively, with a summed
score for visual subjective disturbance. PL, pilocarpine hydrochloride

reasonable since the dilator muscle of the pupil re-
ceives innervation from the cervical sympathetic
ganglia, similar to cardiac muscle. However, pupillary
sympathetic supersensitivity did not correlate with a
reduction of '*’I-MIBG cardiac accumulation in this
study. The different pharmacological mechanisms of
DPE from phenylephrine and cocaine may contribute
to these different results. DPE has a relatively high
corneal permeability [22]. In the ophthalmologic field,
DPE is often used. Furthermore, phenylephrine, co-
caine and DPE are all sympathomimetic agents;
however, these three drugs have different pharmaco-
logical mechanisms on o and B sympathetic receptors
[22]. Nevertheless, further investigation is necessary
to determine whether the eye-drop test could sub-
stitute for myocardial '*’I-MIBG scintigraphy in the
diagnosis of PD.

The results of the present study showed that the
frequency of blurred vision was greater in PD pa-
tients than in controls and that the extent of sen-
sitivity to PL, but not DPE, correlated with a
summed score concerning visual subjective distur-
bance. Thus, while both parasympathetic and sym-
pathetic pupillary supersensitivity were recognized
in PD patients, only parasympathetic sensitivity
correlated with the summed score for visual dis-
turbance. The pupil functions by regulating the
amount of light transmitted to the retina, which
influences retinal image quality [3]. In general,
parasympathetic innervation is of primary impor-
tance in focusing the image, while sympathetic
innervation is limited to a supporting role in this
function [27]. In addition, postganglionic fibers in
short ciliary nerves derived from the Edinger-

Westphal nucleus supply both the pupillary
sphincter and the ciliary muscle, which changes the
thickness of the lens [1]. Based upon these obser-
vations, cholinergic disturbance in the ocular sys-
tem appears chiefly responsible for visual
disturbance in patients with PD. However, patients
with supersensitivity to both PL and DPE noted
significantly more blurring of vision than those with
only PL supersensitivity. This observation suggests
that sympathetic involvement also appears to con-
tribute to some extent to blurred vision in patients
with PD.

A limitation of this study is that we did not assess
the effect of corneal permeability, which influences
the pharmacologic reactivity of the pupil. Tamer et al.
[25] reported that PD patients showed abnormal
lachrymal function and a decreased blink rate com-
pared to an age-matched control group. Both of these
factors can influence corneal permeability. No past
reports have directly examined corneal permeability
in PD patients, therefore, further studies are neces-
sary.

In the present study, the daily dose of antipar-
kinsonian drug was continued. Gottlob et al. [7]
demonstrated in their study that levodopa influ-
enced dark adaption thresholds, but did not alter in
pupil size. In our study, we measured pupillary
dynamics using an infrared Iriscorder after 5 min-
utes of dark adaptation. In addition, in our study,
pupillary sensitivity to PL and DPE was not influ-
enced by L-dopa dose or the use of an anticholin-
ergic drug, in agreement with the results of a
previous report by Sugiyama and Utsumi [23]
showing that antiparkinsonian medication had no
statistically significant influence on pupillary char-
acteristics. Thus, orally administrated levodopa was
regarded as not affecting pupillary dynamics.

In conclusion, eye-drop tests are an inexpensive
way to assess peripheral autonomic dysfunction
affecting the pupil. It is recommended that PD pa-
tients who complain of visual disturbance should be
given such tests, when routine ophthalmologic
examinations do not identify a cause. This study
identified the optimal concentrations of drugs in the
eye-drop test for PD patients and controls and the
time interval of this test. By means of this method, we
evaluated pupillary change in response to drugs in PD
patients and controls. In this study, we found (1)
pupillary sympathetic supersensitivity did not corre-
late with a reduction of '*’I-MIBG cardiac accumu-
lation, (2) pupillary sensitivity to 0.02% DPE
correlated significantly with age at examination and
with disease duration, although sensitivity to 0.05%
PL did not show such correlations, and (3) para-
sympathetic dysfunction contributes to visual dis-
turbance in PD.
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Appendix
[0 Visual subjective disturbance scale in this study

Please read the following questions and try to answer
on the basis of how you feel in daily life.

A. Blurred vision: during the day, how often do you
feel blurred vision?

0 Never

1 Sometimes, but it does not bother me
2 Often, so I have trouble seeing

3 Always

B. Photophobia: how much do you feel photophobia?

0 Never

1 Sometimes, but it does not bother me
2 Often, so I have trouble seeing

3 Always

C. Night blindness: in darkness, do you have no
trouble seeing?

0 No, I have any trouble seeing

1 Yes, I sometimes have trouble seeing in darkness,
but it does not bother me

2 Yes, I often have trouble seeing in darkness

3 Yes, I cannot seeing in darkness

D. Involuntary eyelid closure in response to light:
how often do you have involuntary eyelid closure
in response to light?

0 Never

1 Sometimes, but it does not bother me

2 Often, so I have difficulty in some of daily perfor-
mance

3 Always, so I have difficulty in almost all of daily
performance
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motor and sensory phenotypes in SBMA

Keisuke Suzuki, Masahisa Katsuno,"? Haruhiko Banno,' Yu Takeuchi,' Naoki Atsuta, Mizuki Ito,
Hirohisa Watanabe,' Fumitada Yamashita,"> Norio Hori,"> Tomohiko Nakamura,"? Masaaki Hirayama,
Fumiaki Tanaka' and Gen Sobue'

1.3

'Department of Neurology, Nagoya University Graduate School of Medicine, %|nstitute for Advanced Research,
Nagoya University and 3Central Neurophysiological Laboratories, Nagoya University Hospital, Nagoya, Japan

Correspondence to: Gen Sobue, MD, Department of Neurology, Nagoya University Graduate School of Medicine,
Nagoya 466 -8550, Japan
E-mail: sobueg@med.nagoya-u.ac.jp

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 =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 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.

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

Advance Access publication December 4, 2007

Introduction

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

repeat in the androgen receptor (AR) gene. Normally, 9-36
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-1I 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, 2001¢). 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 6um were deparaffinized, treated with 98% formic acid at
room temperature for 3min and with microwave oven heating
for 10min 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 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 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

Age at examination (years) 5384100 31-75 106
Duration from onset (years) 10.I +6.8 -32 106
Age at onset (years) 4374104 25-68 106
CAG repeat size in AR gene (number) 478 3l 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) 4.1 £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+3D) n

Median nerve

MCV (m/s) 543+6.5 106 579+36 79 <000l
Distal 43+10 106 34+04 79 <0.00l
latency (m/s)
CMAP (mV) 51+29 106 108+33 79 <0.00l
SCV (m/s) 523+6l 103 574+ 44 85 <000l
SNAP (nV) 70152 103 200479 85 <000l
Not evoked Three cases None
(2.8%)

F-wave minimum  28.2+30 76 223+19 46 <0.00l

latency (ms)

FWCV 58.7+10.5 74 664+ 8.6 4] <0.00l
maximum (m/s)
F-wave 2454225 106 676+203 47 <000l
occurrence (%)
Absent 30 cases None
(28.3%)
Ulnar nerve
MCV (m/s) 559452 106 58.2+47 71 0.003
Distal latency (ms) 3.2+£06 106 27+03 71 <000l
CMAP (mV) 51+24 106 84+24 71  <0.00I
SCV (m/s) 48.1 75 102 55.0+3.8 74 <0.00l
SNAP (nV) 56+t 46 102 183474 74 <0.00I
Not evoked Four cases None
(3.8%)
Tibial nerve
MCV (m/s) 445438 106 472+37 56 <0.00l
Distal latency (ms) 50+£10 106 45+08 56  0.003
CMAP (mV) 78+37 106 10.3+34 56 <0.00I
F-wave minimum 483 £ 4l 106 41.4+30 31 <0.00l

latency (ms)

FWCV 439+56 105 474+33 28 <0.00l
maximum (ms)
F-wave 9434116 106 96.3+12.5 31 NS
occurrence (%)
Absent None None
Sural nerve
SCV (m/s) 44| +£5.7 94 508+5. 68 <0.00I
SNAP (1V) 5.1 £3.5 94 108+ 46 68 <0.00I
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 43 106 406
SCv 23 106 217
SNAP 45 106 42.5
FWCV maximum 38 104 36.5
F-wave occurrence 9l 106 858
Ulnar nerve

MCV 5 106 47
CMAP 24 106 226
SCV 40 106 377
SNAP 49 106 46.2
Tibial nerve

MCV 6 106 5.7
CMAP 8 106 75
FWCV maximum 17 105 16.2
F-wave occurrence 7 106 66
Sural nerve

SCv 36 106 340
SNAP 26 106 24.5

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

589+102 32 5.7+89 65 0.00I
96+74 32 107+66 65 NS
Age at onset 493+ 11.5 32 410+89 65 0.002
Limb Norris score  54.2+8.3 28 539+70 63 NS

Norris Bulbar score 32.4+5. 28 334+£39 63 NS

Age at examination
Duration from onset

ALSFRS-R 411+41 28 412+45 63 NS
CMAP (mV)

Median 57+24 32 48+3l 65 NS
Ulnar 56+22 32 49+24 65 NS
Tibial 87449 32 74%3l 65 NS
SNAP (V)

Median 48433 29 77456 65 00l
Ulnar 41426 29 62+50 64 0037
Sural 38+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 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 (lkeutchi
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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