proposed that neuropathy can occur as a result of a direct
toxic effect on peripheral nerves in patients with chronic
alcoholism but no thiamine deficiency.'®

In this study, we compared clinicopathological fea-
tures of neuropathies associated with chronic alcohol-
ism and thiamine deficiency in a series of consecutive
patients who underwent careful determination of thia-
mine status and assessment of daily alcohol consump-
tion to assess whether neuropathies caused by ethanol
and thiamine deficiency were identical, and how thia-
mine deficiency was related to alcoholic neuropathy.

Patients and Methods
Patients
Consecutive patients with neuropathy who were referred to
Nagoya University Hospital and its affiliated institutions be-
tween 1990 to 2002 and fulfilled the following criteria wete
included. Patients were assigned to one of three groups ac-
cording to cause of neuropathy: pure alcoholic neuropathy
without thiamine deficiency (ALN), alcoholic neuropathy
with thiamine deficiency (ALN-TD), or pure, nonalcoholic
thiamine-deficiency neuropathy (TDN). All patients with
“alcoholic neuropathy” (ALN or ALN-TD) had chronic al-
coholism, defined by regular intake of more than 100gm of
ethanol daily for at least 10 years before onset of neuropathic
symptoms. Individuals with lesser but daily consumption of
alcohol were excluded from the TDN group. Four subjects
not excluded had only occasional intake of alcohol, not ex-
ceeding 20gm per occasion. The remaining patients in the
TDN group were total abstainers. The ALN group consisted
of 36 men ranging from 31 to 70 years of age (mean *
standard deviation [SD], 50.7 % 10.0); the ALN-TD group,
23 men and 5 women ranging from 27 to 68 years of age
‘(mean * SD, 51.1 * 11.2); and the TDN group, 26 men
and 6 women ranging from 18 to 81 years of age (mean =*
SD, 54,5 = 15.5; see Table 1). Causes of thiamine defi-

ciency in patients with TDN were dietary imbalance in 12
patients and previous gastrointestinal surgery to treat ulcer or
neoplasm in 20 patients.”*~** Clinicopathological features of
17 patients in the TDN group who had undergone gastrec-
tomy have been reported previously.?? Of 28 patients in the
ALN-TD group, 10 had a history of gastrectomy. Patients
who had undergone operations to treat morbid obesity were
excluded. A derailed history was obtained from each patient
as well as their families concerning lifestyle, occupation, diet,
and amount of daily consumption of alcohol. All patients
underwent clinical and neurological assessment, routine
blood and urine studies, blood thiamine determinations, cra-
nial magnetic resonance imaging or computed tomography,
and nerve conduction studies. Sural nerve biopsies were per-
formed in 66 of 96 patients. A major manifestation of thia-
mine deficiency apart from peripheral neuropathy, Wer-
nicke’s encephalopathy, had occurred in 32 and 22% of
patients in the ALN-TD and TDN groups, respectively. In
the ALN group, no patients manifested this syndrome. Signs
of heart failure possibly related to thiamine deficiency (car-
diomegaly evident from chest radiographs, or pitting edema
in the distal lower limbs) were observed in 50 and 69% of
patients in the ALN-TD and TDN groups but no ALN
patients. Patients with diabetic neuropathy, chronic inflam-
matory demyelinating polyneuropathy, Guillain—Barré syn-
drome, familial amyloid polyneuropathy, or other neuropa-
thies unrelated to alcohol or thiamine deficiency were
excluded. Patients’ functional status was assessed at the peak
phase according to modified Rankin score.”

Results of the various assessments in the three neuropathy
groups defined above are described in the following order to
facilitate comprehension: ALN, TDN, and ALN-TD.

Assessment of Thiamine Status

Thiamine status was determined at the time of the first re-
ferral to the hospital in all patients as previously de-
scribed.'”?* No patient had received thiamine at the time of

Table 1. Backgrounds of the Patients with Alcoholic Neuropathy and Nonalcoholic Thiamine-Deficiency Neuropathy

Alcoholic Neuropathy

Nonalcoholic
Without With Thiamine-Deficiency
Thiamine Deficiency, Thiamine Deficiency, Neuropathy,
Characteristic n = 36 (%) n = 28 (%) n = 32 (%)
Age (y1) 50.7 = 10.0 51.1 = 11.2 54.5 + 15.5
Men/women 36/0 23/5 26/6
Duration of neuropathic symptoms (mo), mean £ SD 26.1 £ 39.3 16.5 = 32.3 11.4 *+ 23.5
Gastrointestinal tract operation
Gastrectomy 0 (0) 10 (36) 18 (56)
Others 0(0) 0 (0) 2 (6)
Associated symptoms
Wernicke’s encephalopathy 0 (0) 9(32) 7 (22)
Heart failure 0(0) 14 (50) 22 (69)
Total thaimine concentration (ng/ml), mean * SD 38.5 = 12.0 12.6 = 4.0 11.0 = 4.3

Normal values for whole-blood concentration of total thiamine were established in 100 normal volunteers (mean age =+ SD, 29.7 + 5.0 yi;

male/female ratio, 50:50).

Normal thiamine concentratdon (mean * 2 SD for normal control) is 20-50ng/ml.

SD = standard deviation.
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this determination. Thiamine concentrations were measured
by high-performance liquid chromatography as described
previously.’*>'> Normal thiamine status was defined by a
whole-blood concentration of total thiamine between 20 and
50ng/ml (the mean * 2 SD for normal control subjects) and
normal erythrocyte transketolase activity (between 123.8 and
206.2U/L, representing the mean * 2 SD for normal con-
trols). Thiamine deficiency was defined as total thiamine
concentrations in whole blood below 20ng/ml and decreased
erythrocyte transketolase activity less than 123.8U/L. Nor-
mal values for total thiamine concentration were established
in 100 normal volunteers.'”*? Normal values for erythrocyte
transketolase activity were adopted from previous report.”*

Electrophysiological Assessment

Motor and sensory conduction was measured in the median,
ulnar, tibial, and sural nerves in all patients during their ini-
tial clinical assessment at the hospital, using a standard
method with surface electrodes for stimulation and record-

ing.Zs.ZG

Pathological Assessment of Sural Nerve Specimens

Sural nerve biopsy was performed in 29 patients with ALN,
18 patients with ALN-TD, and 19 patients with nonalco-
holic thiamine-deficiency neuropathy, as described previ-
ously,”’! in most cases biopsy was performed before ad-
ministration of thiamine. Informed consent was obtained
beforehand. Specimens were divided into two portions. The
first of these was fixed in 2.5% glutaraldehyde in 0.125M
cacodylate buffer (pH 7.4) and embedded in epoxy resin for
morphometric and ultrastructural study. Density of myelin-
ated fibers was assessed in toluidine blue-stained semithin
sections using a computer-assisted image analyzer (Luzex FS;
Nikon, Tokyo, Japan), and densities of small and large my-
* elinated fibers were calculated as described previously.?®~>!
The extent of subperineurial edema was assessed by measur-
ing total endoneurial area surrounded by perineurial cells and
also determining endoneurial area after subtracting the in-
creased subperineurial space representing edema. The latter
then was subtracted from the former by the image analysis
system.”>3? Clusters of two or more small myelinated fibers
enclosed by one basement membrane were designated as an
instance of axonal sprouting.!®** Numbers of axonal sprout-
ing were estimated as those of myelinated fibers. Cases with
more than 5% of regenerating myelinated fibers (fibers
which constitute axonal sprouting) in the total myelinated
fibers were designated to be abundant with regenerating fi-
bers.

For electron microscopic study, epoxy resin—embedded
specimens were cut into ultrathin transverse sections and
stained with uranyl acetate and lead citrate. To assess the
density of unmyelinated fibers, we took electron microscopic
photographs at a magnification of X4,000 in a random fash-
ion to cover the area of ultrathin sections as described pre-
viously.?®®3! Density of unmyelinated fibers was estimated
from these electron micrographs. For determination of
G-ratios (axon diameter/fiber diameter),** electron micro-
graphs of up to 200 randomly selected fibers photographed
at a magnification of X8,000 were used. Numbers of neu-
rofilaments were counted in systematically sampled squares

of an overlying transparency placed upon the electron micro-
scopic photographs at a final magnification of X50,000. The
first square was selected using a random table, and subse-
quent squares were sampled systematically. At least 30% of
the axon area was counted, including subaxolemmal and cen-
tral regions. At least 30 fibers were examined to calculare the
mean density of neurofilaments in each case. Cases with
abundant regenerating fibers were excluded for determina-
tion of the mean G-ratio and neurofilament density. Control
values for G-ratio and neurofilament density were obtained
from nine normal controls

A fraction of the glutaraldehyde-fixed sample was pro-
cessed for teased-fiber study, in which at least 100 single fi-
bers were isolated; their pathological condition was assessed
microscopically according to criteria described previous-
ly.28:35.36

The second portion of the specimen was fixed in 10%
formalin solution and embedded in paraffin. Sections were
cut by routine methods and stained with hematoxylin and
eosin as well as by the Kliiver—Barrera and Masson trichrome

methods.

Statistical Analyses

Quantitative data were presented as the mean = SD and
compared with previously described control values.'??28:32
Statistical analyses were performed using the X test or the
Mann—Whitney U test as appropriate. p values less than 0.05
were considered to indicate significance.

Results

Alcoholic Neuropathy without Thiamine Deficiency

All patients in this group, as well as in the other two
groups, showed symmetric polyneuropathy with greater
involvement of the lower than upper limbs. The initial
symptom of neuropathy was pain or a painful burning
sensation in the toes and/or ankle in all patients (see
Table 2). This symptom gradually ascended to include
the proximal part of the lower extremities, and occa-
sionally to the lower trunk. In severely affected pa-
tients, the distal part of the upper limbs also were in-
volved. Progression was mostly slow, occurring over
months to years. Nineteen patients (53%) showed
weakness in the lower extremities but with a sensory-
dominant pattern; the remaining 17 patients (47%)
showed a pure sensory pattern without any weakness in
the limbs. Weakness in the upper extremities was seen
in six patients (17%). Sensory disturbance was present
in the lower limbs in all patients and also present in
the upper limbs and trunk in 17 (47%) and 7 (19%)
of patients, respectively. Almost all patients (97%) re-
ported a painful sensation in the affected limbs and/or
trunk. As for the modalities of sensation affected, loss
of superficial sensation, particularly nociception, was
predominant. Yet, involvement of all sensory modali-
ties was seen in severely affected patients. Biceps, pa-
tellar, and Achilles tendon reflexes were reduced or ab-
sent in 10 patients (28%), 17 (47%), and 31 (86%),
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Table 2. Neuropashic Symptoms of the Alcobolic Neuropathy and Nonalcoholic Thiamine-Deficiency Neuropathy

Alcoholic Neuropathy

1. Without 2. With 3. Nonalcoholic
Thiamine Thiamine Thiamine-Deficiency ?
Deficiency, Deficiency, Neuropathy,
n=36(%) n =28 (%) n = 32 (%) 1vs2 2vs3 1vs3
Initial symptom -
Sensory disturbance 36 (100) 16 (57) 16 (50) <0.0001 NS <0.0001
Muscle weakness 0(0) 12 (43) 16 (50) i
Progression :
<1 mo 2 (6) 11 (39) 18 (56) 7 0.0006 NS 0.001
I1motolyr 18 (50) 4 (14) 8 (25)
>1yr 16 (44) 13 (46) 6 (19) ]
Type
Motor-dominant 0(0) 15 (54) 27 (84) ] <0.0001 0.02 <0.0001
Sensory-dominant 19 (53) 11 (39) 309
Pure sensory 17 (47) 2 2 (6) i
Presence of weakness
Upper limbs 6(17) 14 (50) 26 (81) 0.004 0.01 <0.0001
Lower limbs 19 (53) 26 (93) 30 (94) 0.0002 NS <0.0001
Presence of sensory disturbance
Upper limbs 17 (47) 19 (68) 25 (78) NS NS 0.03
Trunk 7 (19) 7 (25) 9 (28) NS NS NS
Lower limbs 36 (100) 28 (100) 32 (100) NS NS NS
Painful sensation 35 (97) 16 (57) 7 (22) 0.0001 0.005 <0.0001
Modality of sensory deficit
Supetficial sensation- 22 (61) 7 (25) 3(9) 0.005 NS <0.0001
dominant
All modalities 13 (36) 15 (54) 20 (63)
Deep sensation-dominant 1(3) 6 (21) 9 (28)
Deep tendon reflexes
Biceps; reduced or absent 10 (28) 13 (46) 26 (81) NS 0.005 <0.0001
Patellar; reduced or absent 17 (47) 23 (82) 29 (91) 0.004 NS 0.0001
Achilles; reduced or absent 31 (86) 28 (100) 32 (100) 0.04 NS 0.03
Functional status
Unable to walk 9 (25) 15 (54) 27 (84) 0.02 0.009 <0.0001
Able to walk 27 (75) 13 (46) 5 (16)
Modified Rankin score 2.1*06 2809 3.6 +1.0 0.04 0.003 <<0.0001

Patients’ functional status was assessed at the peak phase according to modified Rankin score.?® 0, asymptomatic; 1, nondisabling symptoms not
interfering with lifestyle; 2, minor disability from symptoms leading to some restriction of lifestyle but not interfering with patients’ capacity
to look after themselves; 3, moderate disability from symptoms significantly interfering with lifestyle or preventing totally independent exis-
tence; 4, moderately severe disability from symptoms clearly precluding independent existence, though not requiring 24-hour attention from a
caregiver; and 5, severe disability and total dependence, requiring constant attention day and night.

NS = nor significant.

respectively. Plantar responses were flexor in all pa-
tients. Autonomic symptoms including urinary reten-
tion, constipation, impaired sweating, and orthostatic
hypotension were not prominent in patients of this
group. In all patients, sensory disturbance compro-
mised activities of daily living significantly, but 27 pa-
tients (75%) could walk unaided at the rime of first
referral to the hospital. Functional status determined
by the modified Rankin score was 2.1 * 0.6.

Nerve conduction studies showed more profound
abnormalities in the lower than upper limbs (see Table
3). Moderate reduction of compound muscle action
potentials (CMAPs) in the tibial nerves and severe re-
duction of sensory nerve action potentials in the sural

nerves were seen. In contrast, CMAPs in the median

nerves were relatively preserved, and sensory nerve ac-
tion potentials in the median nerves were only moder-
ately decreased. Mild to moderate slowing of motor
nerve conduction velocity in the median and tibial
nerves and of sensory nerve conduction velocities in
the median and sural nerves also was observed. Distal
latencies in the median and tibial nerves also were
mildly prolonged. .
Myelinated fiber density in the sural nerve was sig-
nificantly reduced (see Table 4). Densities of large my-
elinated fibers were 1307 *+ 864 fibers/mm? (43% of
normal control); those of small myelinated fibers were
1381 =* 1278 fibers/fmm?® (27% of normal control). In
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Table 3. Nerve Conduction Studies, Mean = SD

Alcoholic Neuropathy

1. Without 2. With 3. Nonalcoholic
Thiamine Thiamine Thiamine-Deficiency P
Deficiency, Deficiency, Neuropathy, Controls
n = 36 n = 28 n = 32 1vs2 2vs3 1vs3 (n= 121 ~ 191)
Median nerve
MCV (m/sec) 51.2 = 4.7° 50.4 x 5.2° 52.3 £59* NS NS NS 57.8 £ 3.7
DL (msec) 42 0.7 4.0 = 0.6 3.6 > 0.6 NS 0.02  0.005 3.4 +04
CMAP (mV) 8.4 + 4.2° 8.7 + 5.0° 6.7 * 4.5° NS NS NS 10.7 = 3.5
Not elicited None None None
SCV {(m/sec) 48.0 = 7.2° 46.9 = 84" 47.9 £ 9.3* NS NS NS 57.8 £ 4.7
SNAP (V) 8.7 * 6.4* 6.8 £4.9° 7.8 + 8.4* NS NS NS 235+ 84
Not elicited 2 cases {6%) 1 case (4%) 8 cases (25%)
Tibial nerve
MCV (m/sec) 40.6 = 4.2* 40.8 = 5.6° 42.8 + 4.5% NS NS NS 469 + 3.5
DL (msec) 5.3 + 0.8* 53 * 1.8° 4.9 * 1.0° NS NS NS 45=*0.8
CMAPs (mV) 4,6 = 3.5° 54 * 5.1* 2.6 £ 2.4 NS 0.045 0.002 10.9 + 3.8
Not elicited None 3 cases (11%) 3 cases (10%)
Sural nerve
SCV (m/sec) 38.8 + 6.9% 40.5 *+ 6.3* 41.0 = 11.8° NS NS NS 51.0 = 5.1
SNAP (nV) 2.4 +*33 1.5 £ 2.3° 2.0 + 3.5 NS NS NS 115 £ 47

Not elicited 14 cases (39%) 17 cases (61%) 21 cases {(66%)

% < 0.001, ®p < 0.005, and °p < 0.05 (Mann-Whitney U test) for the control values.

SD = standard deviation; MCV = motor nerve conduction velocity; DL = distal latency; CMAP = compound muscle action potential;
SCV = sensory nerve conduction velocity; SNAP = sensory nerve action potential; NS = not significant.
Control values are based on previously published reports.’**2

Table 4. Pathology of the Sural Nerves, Mean = SD

Alcoholic Neuropathy
3. Nonalcoholic

1. Without 2. With Thiamine-
Thiamine Thiamine Deficiency ?
Deficiency, Deficiency, Neuropathy, Controls
n =29 n= 18 n =19 lvs2 2vs3 lvs3 (n=29)
Total MFD (no./mm?) 2,687 * 1,875° 2,727 * 1,649* 2,367 * 1,868* NS NS NS 8,190 * 511
Large MFD (no./mm?) 1,307 *+ 864° 928 =+ 764" 663 * 693° NS NS 0.005 3,068 + 294
Small MFD (no./mm?) 1,381 * 1,278 1,800 * 1,245* 1,704 = 1,310° NS NS NS 5,122 = 438
Axonal sprouting (no./mm?)  137.6 + 264.8 157.3 £ 271.4 28%95 NS 0.01 0.046
Small/large
All cases 1.8 *+29 44+ 8.0 13.6 = 27.0 NS 0.02 <0.0001 1.7 0.2
(n=29) (n = 18) (n=19)
Cases with abundant RMFs 0.7 * 0.3* 47 +9.6 13.6 = 27.0 0.03 0.02 <(0.0001 1.7 202
are excluded (n = 20) (n = 12) (n=19)
G-ratio 0.58 = 0.07*  0.54 = 0.06* 0.56 = 0.06* NS NS NS 0.73 = 0.03
Neuroﬁla.man; density 187.0 = 44,1* 188.2 = 41.2° 193.5 + 43.8° NS NS NS 108.3 = 25.9
(no./pm®)
UMFD (no./mm?) 7,029 * 4,153°11,194 * 4,386 10,585 * 4,867 0.004 NS 0.006 29,913 * 3,457
Subperineurial edema (%) 6.6 £ 29° 7.3 + 42° 10.3 = 4.5° NS 0.02 0.002 46*1.0
Teased fiber study
Myelin irregularity (%) 173113 9277 5.7 =52 001 NS  0.0003
De/remyelination (%) 9.0 5.2 10.3 *+ 8.2 34+48 NS 0.003 0.001 9.5+ 8.8
Axonal degeneration (%) 30.9 £19.7* 453 * 30.7° 57.8 & 25.3* NS NS 0.001 1.7+ 1.4

i < 0.001, Pp < 0.005, and °p < 0.05 {Mann~Whitney U test) for the control values.

SD = standard deviation; MFD = myelinated fiber density; small/large = ratio of small myelinated fibers to large myelinated fibers; UMFD =
unmyelinated fiber density; RMFs = regenerating myelinated fibers, NS = not significant.

Cases with abundant regenerating fibers were excluded for determination of the mean G-ratio and neurofilament density.

Control values are based on previously published reports,*®2 and control values for G-ratio and neurofilament density are obtained from nine
normal volunteers.
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nine cases (31%) axonal sprouting was abundant (more
than 5% of regenerating fibers in the total myelinated
fibers; see Fig 1C). The duration of neuropathic symp-
toms of these nine cases was extremely long (70.5 *
49.5 months), and the regenerating myelinated fibers
increased the proportion of small myelinated fibers
(small/large, 4.3 * 4.4; control, 1.7 = 0.2). In the
remaining 20 cases (69%), duration of neuropathic
symptoms was much shorter (9.7 £ 11.6 months). Re-
duction of small myelinated fibers in these 20 cases was
more profound than reduction of large myelinated fi-
bers (small/large, 0.7 * 0.3), hence small-fiber-
predominant loss was clearly evident (see Figs 1B and
2). Axonal shrinkage with increased neurofilament den-
sity accompanied by a redundant loop of myelin was
observed in some myelinated fibers. Decreased G-ratio
(0.58 *= 0.07; control, 0.73 * 0.03) and increased
neurofilament density (187.0 * 44.1 filaments/pm?;
control, 108.3 % 25.9) indicated axonal atrophy. Re-
duction of unmyelinated fiber density also was pro-
found (7029 + 4153 fibers/mm?). Clusters of small
unmyelinated fibers, suggestive of regenerating fibers,
were seen in cases with abundant axonal sprouting of
myelinated fibers. Varying degrees of subperineurial
edema was seen. In teased-fiber preparations, the fre-
quency of axonal degeneration was prominent (30.9 *
19.7%), and myelin irregularity was conspicuous in the
remaining fibers (17.3 *£ 11.3%). The proportion of
segmental de/remyelination was 9.0 * 5.2%. This de-
myelination consisted of widening of consecutive nodes
of Ranvier resulting from attenuation of the internodes
of the myelin sheath (see Fig 3).

Nonalcoholic Thiamine Deficiency Neuropathy

All patients manifested symmetric polyneuropathy with
more involvement in the lower than upper limbs,
showing a centripetal pattern of progression. The ini-
tial symptom of neuropathy was variable, in contrast
with alcoholic neuropathy without thiamine deficiency
(ALN); this was weakness in the lower extremities in
16 patients (50%) and numbness in the distal lower
limbs in 16 patients (50%; see Table 2). Progression
rate also varied; acute progression within 1 month was
seen in 18 patients (56%), whereas slow progression
over more than 1 year was seen in 6 patients (19%).
On average, progression was more rapid than in ALN
(p = 0.001). Impairment usually was motor dominant,
as in 27 patients (84%), which contrasted to the
sensory-dominant pattern characteristic of ALN. Some
patients whose motor weakness progressed over days
initially were thought to have Guillain—Barré syn-
drome. Motor symptoms were more predominant in
the lower than upper extremities; even so, 26 patients
(81%) showed weakness in the upper limbs. Sensory
disturbance was present in the lower limbs in all pa-
tients and also was present in the upper limbs and

trunk in 25 patients (78%) and 9 patients (28%), re-
spectively. Varying degrees of numbness with or with-
out painful sensations were noted in all patients, but
painful sensations were reported by only 7 patients
(22%). Involvement of all sensory modalities was a
common feature in TDN, in contrast with predomi-
nant affection of nociception in ALN; superficial sen-
sation was most affected in only 3 patients (9%), deep
sensation was most involved in 9 patients (28%), and
both modalities were equally affected in 20 patients
(63%). Biceps, patellar, and Achilles tendon reflexes
were reduced or absent in most patients. Plantar re-
sponses were flexor in all patients. Autonomic symp-
toms were absent or only mildly present in most pa-
tients, but six patients who had severe thiamine
deficiency manifested flaccid bladder requiring urethral
catheterization or severe intestinal gas retention that
mimicked ileus. Activities of daily living were signifi-
cantly more impaired than in ALN (p < 0.0001)
mainly because of rapid progression of muscle weak-
ness. Only five patents (16%) could walk unaided at
the time of initial examination. Functional status de-
termined by modified Rankin score was 3.6 * 1.0.

Findings of nerve conduction studies were similar to
those in ALN (see Table 3). Only distal latency of the
median nerve was significantly prolonged (p = 0.005),
whereas CMAPs in the tibial nerves were significantly
smaller (p = 0.002) in ALN than in TDN.

Myelinated fiber density was significandy reduced
(see Table 4). Reduction of large meylinated fibers was
greater than in ALN (p = 0.005). Densities of large
myelinated fibers were 663 = 693 fibers/mm?® (22% of
normal control), whereas those of small myelinated fi-
bers were 1704 % 1310 fibers/mm® (33% of normal
control). The mean ratio of small to large myelinated
fibers was 13.6 = 27.0 (control, 1.7 * 0.2), signifi-
cantly higher than in ALN (p < 0.0001). Axonal
sprouting was scarce in all cases. In contrast with ALN,
all cases showed more loss of large myelinated fibers
than loss of small mylinated fibers except one (see Figs
1D and 2). The mean G-ratio was 0.56 * 0.06 (con-
trol, 0.73 % 0.03) and the density of neurofilaments
was 193.5 = 43.8 filaments/um? (control, 108.3 *
25.9), not differing significantly from those in ALN.
Reduction of unmyelinated fibers also was seen but was
less profound than in ALN (p = 0.006). Regeneration
of unmyelinated fibers was scarce. Subperineurial
edema was more severe than in ALN (p = 0.002). In
teased-fiber preparations, significantly more axonal de-
generation was seen than in ALN (p = 0.001). The
proportion of fibers showing segmental defre-
myelination was small compared to ALN (p = 0.001).
Myelin isregularity was observed in 5.7 = 5.2% of fi-
bers, significantly less often than in ALN (p =
0.0003).
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Alcoholic Neurapathy with Thiamine Deficiency
Neuropathic symptoms in alcoholic neuropathy with
thiamine deficiency (ALN-TD) were variable, showing
characteristics of both ALN and TDN (see Table 2).
The initial symptom was numbness or painful pares-
thesias in the lower limbs in 16 patients (57%) but was
weakness in 12 others (43%). Progression varied from
acute (within 1 month) in 11 patients (39%) to
chronic (occurring over 1 year) in 13 (46%). Relative
degrees of motor and sensory deficits also were vari-
able; 15 patients (54%) showed a motor-dominant pat-
tern, whereas the remaining 13 (46%) showed a
sensory-dominant or purely sensory pattern. Muscle
weakness was present in the lower limbs in 26 patients
(93%) and in the upper limbs in 14 (50%). Sensory
disturbance was present in the lower extremities in all
patients extending to the trunk and distal portion of
the upper extremities in 7 patients (25%) and 19 pa-
tients (68%), respectively. Painful paresthesias were re-
ported by 16 patients (57%), significantly less often
than in ALN (p = 0.005). Modaliy of sensory deficit
also was variable; superficial and deep sensations were
affected equally in 15 patients (54%), deep sensation
predominated slightly in 6 (21%), and predominant
involvement of nociception associated with painful par-
esthesias as in ALN was seen in 7 (25%). Deep tendon
reflexes were reduced in the biceps, patellar, and Achil-
les tendons in 13 patients (46%), 23 (82%), and 28
(100%), respectively. Plantar responses were flexor in
all patients. The modified Rankin score was 2.8 * 0.9,
intermediate between ALN and TDN scores.

Findings of nerve conduction studies were similar to
those in ALN and TDN (see Table 3).

Sural nerve biopsy specimen findings also were vari-
able occupying a range between ALN and TDN (see
Table 4). Densities of large myelinated fibers were
928 * 764 fiberssfmm? (30% of normal control) and
those of small myelinated fibers were 1,800 = 1,245
fibers/mm? (35% of normal control). The mean ratio
of small to large myelinated fibers was 4.4 = 8.0,

Fig 1. Light microscapic observations of the sural nerve. (4)
Transverse section of a sural nerve specimen from a control
case. (B) A specimen from a patient with a 4-month bistory of
alcoholic neuropathy without thiamine deficiency. Small my-
elinated fibers show more loss than large myelinated fibers.
Subperineurial edema is slight. (C) A specimen from a patient
with a 5-year history of alcoholic neuropathy without thiamine
deficiency does not show small-fiber-predominant axon loss as
in B, because of the presence of abundant axonal sprouting
(arrowheads), which indicates regeneration of axons. (D) A
specimen from a patient with nonalcoholic thiamine-deficiency
neuropathy. In contrast with B, large myelinated fibers show
more loss than small myelinazed fibers, although both types of
myelinated fibers are significantly reduced. Subperineurial
edema is marked (between arrowheads). Bar = 30um.
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Fig 2. Relationships between large and small myelinated fibers. Boldface lines represent the normal ratio of small to large myelin-
ated fibers (small/large = 1.7). Black boxes indicate the mean value in contvol cases. Circles located below the boldface lines indi-
cate predominance of large myelinated fibers, whereas those above the boldface lines indicate predominance of small myelinated fi-
bers. Black circles represent cases with few regenerating myelinated fibers (<5% of total myelinated fibers), whereas white civcles
represent cases with abundant regenerating myelinated fibers (> 5% of total myelinated fibers). Abundant regeneration of myelin-
ated fibers increase the number of small myelinated fibers. In the pure alcoholic neuropathy (ALN) group, all cases with few regen-
erating fibers showed predominance of large myelinated fibers, reflecting predominantly small-fiber loss; all except one nonalcoholic
thiamine-deficiency neuropathy (TDN) cases showed predominance of small myelinated fibers, reflecting predominantly large-fiber

loss.

which was intermediate between ratios in ALN and
TDN. Axonal sprouting was abundant in six cases
(33%). The proportions of large and small myelinated
fibers were highly variable between cases (see Fig 2).
The mean G-ratio was 0.54 * 0.06 and the density of
neurofilaments was 188.2 % 41.2 filaments/pm?, not
differing significantly from those in ALN or TDN. In
teased-fiber preparations, the frequency of axonal de-
generation was 45.3 = 30.7%. Myelin irregularity was
conspicuous in the remaining fibers (9.2 * 7.7%). The
proportion of segmental de/re-myelination was 10.3 *
8.2%. Values for the teased-fiber preparations were in-
termediate between the range of ALN and TDN.

Discussion :

The pathogenesis of alcoholic neuropathy, especially its
relationship to thiamine deficiency, has remained un-
clear. Recent studies indicated a direct neurotoxic effect
of ethanol or its metabolites, involving ethanol-induced
glutamate neruotoxicity,'®*” decreased production of
neurofilament protein or its phosphorylated form,?*3?
or. impairment of fast axonal transport.*® Axonal de-
generation has been documented in animals receiving

ethanol while maintaining normal thiamine status.?!
Human studies also have suggested a direct toxic effect,
because a dose-dependent relationship has been ob-
served between severity of neuropathy and amount of
ethanol consumed.'” In addition to this direct toxic
effect, thiamine deficiency is closely related to chronic
alcoholism® and also can induce neuropathy in alco-
holic patients. Ethanol diminishes thiamine absorption
in the intestine and reduces hepatic stores of thia-
mine.**** Ethanol also decreases phosphorylation of
thiamine, reducing availability of the active form of the
vitamin.**=#¢ In addition, patients with chronic alco-
holism tend to have dietary imbalance. These relation-
ships make chronic alcoholism a risk factor for
thiamine-deficiency neuropathy.

Clinicopathological features of alcoholic neuropathy
have remained obscure despite its wide prevalence, in
large part because of incomplete differentiation from
beriberi neuropathy. Although sometimes attributed to
inadequate nutritional assessment in. reported cases,
technical limitations of thiamine status assessment con-
tributed greatly to the problem. Only in the 1960s
were assays of erythrocyte transketolase activity intro-
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Fig 3. Consecutive portions along the length of a single teased
Jiber from a patient with alcobolic neuropathy. Note marked
irvegularity of myelin. Segmental demyelination has resulted
Jrom widening of consecutive nodes of Ranvier (arrowheads).

duced,*” and this method assesses thiamine only indi-
rectly. In the 1980s, a direct, highly sensitive, and con-
venient high-performance liquid chromatographic assay
for thiamine became widely available.’*'> When we
assess clinicopathological features of “alcoholic neurop-
athy,” both direct toxicity of ethanol or its metabolites
and concomitant effects of thiamine deficiency need to
be considered. In addition, clinicopathological features
of pure thiamine-deficiency neuropathy need to be
studied in nondrinkers.

In this study, we divided consecutively recruited pa-
tients with “alcoholic neuropathy” into two groups
based on thiamine status. Alcoholic neuropathy with-
out thiamine deficiency (ALN) was considered to be
attributable solely to direct toxicity of ethanol or etha-
nol metabolites. Characteristics of ALN-TD were con-
sidered to reflect combined cause of ethanol toxicity

and thiamine deficiency. On the other hand, patients
with nonalcoholic (ie, “pure”) thiamine-deficiency neu-
ropathy (TDN), identical to previously reported “beri-
beri neuropathy,” were assessed for comparison. We
thus were able to differentiate the distinct clinicopath-
ological features of the individual neuropathies and
confirm that effects of thiamine deficiency can modify
the features of ALN.

As for clinical features, ALN in our series uniformly
showed slowly progressive, sensory-dominant symp-
toms. Painful paresthesias were major complaints and
that often limited daily activities in these patients. In
pure TDN, in contrast, many patients manifested an
acutely progressive, motor-dominant pattern leading to
loss of ambulation, although variation including slow
progression or sensory-dominant pattern was apparent
in some patients. Clinical features of ALN-TD were
particularly variable, constituting a spectrum raging
from a picture of ALN to that of TDN among indi-
vidual patients.

Major electrophysiological and histopathological
findings in our three groups of patients indicated ax-
onal neuropathy, in agreement with previous descrip-
tions of both alcoholic neuropathy and beriberi neu-
ropathy.>™'! The electrophysiological features that we
observed were similar in ALN and TDN. Like the clin-
ical findings, these studies showed predominant lower
limb involvement in both neuropathies. Lower ampli-
tude of CMAPs in TDN than in ALN were reflected
by more severe muscle weakness in TDN. Electrophys-
iological findings commonly associated with myelin
damage (slowing of MCV and SCV as well as prolon-
gation of DL) also were observed in patients with ALN
and those with TDN, even though axonal damage was
dominant histopathologically.

Sural nerve specimens showed more clear-cut differ-
ences between these neuropathies than did electrophys-
iological studies. ALN showed loss of mainly small fi-
bers, less subperineurial edema, and more frequent
myelin irregularity and segmental de/remyelination. In
contrast, TDN showed predominantly large-fiber loss,
more subperineurial edema, and less myelin irregularity
and segmental de/remyelination. In ALN, small-fiber-
predominant axonal loss (small-fiber axonopathy) was
most evident in cases with recent onset. In long-
standing cases, abundant regenerating fibers obscured
some small-fiber loss. The finding of small-fiber-
predominant loss was in accord with previous descrip-
tions of painful alcoholic neuropathy.’® Relative pres-
ervation of deep tendon reflexes in ALN reflected
relative sparing of the large fibers that mediate them.
ALN-TD showed an extensive range of pathology from
small-fiber-predominant loss to large-fiber-predominant
loss with features of both ALN and TDN. Axonal
sprouting in long-standing cases and large-fiber-
predominant loss in some ALN-TD cases may have
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obscured the characteristic feature of small-fiber-
predominant loss in ALN in some previous reports de-
scribing loss of nerve fibers throughout the entire range
of fiber diameter.””*'® Axonal atrophy as determined
by the G-ratio and the density of neurofilaments did
not differ between the three groups, but irregularity of
myelin, which also indicates axonal atrophy,*® was sig-
nificantly more frequent in ALN than in TDN. Seg-
mental de/remyelination in teased-fiber preparations
also was more frequent in ALN than in TDN. This
change is consisted of the widening of consecutive
nodes of Ranvier. Irregularity of the myelin sheath also
was seen in these fibers; so these findings are supposed
to reflect axonal atrophy.*®*° Differences in relative
frequency of these changes are supposedly caused by
different mechanism of axonal atrophy in ALN from
TDN.

Another important characteristic of “alcoholic neu-
ropathy” is a presence of postgastrectomy patients;
36% of ALN-TD patients but no ALN patients. This
finding suggests that gastrectomy is a risk factor for
thiamine deficiency in patients with chronic alcoholism
and establishes thiamine deficiency as a cause of post-
gastrectomy polyneuropathy.'®

In conclusion, the nature of “alcoholic neuropathy”
has been unclear because of an often undetected or
overestimated influence of thiamine deficiency, whereas
the clinical picture of thiamine-deficiency neuropathy
(ie, beriberi neuropathy) can be distorted by concomi-
tant effects of ethanol. We compared these two neu-
ropathies with careful consideration -of interactions,
confirming that the two neuropathies are clinically and
pathologically distinct. Not only thiamine deficiency
but also direct toxic effects of ethanol or its metabolites
can cause alcoholic neuropathy. Although clinicopath-
ological features of pure alcoholic neuropathy are re-
markably uniform, extensive variation results when thi-
amine deficiency is present.
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and Welfare of Japan (G.S.).
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~ LETTERS

An unusual phenotype of McLeod
syndrome with late onset axonal
neuropathy

McLeod syndrome is a rarc multisystem
disorder defined by weak expression of the
Kell glycoprotcin antigens and the absence of
a red blood cell surface antigen, Kx.'? The
gene responsible for McLeod syndrome, XK,
was cloned in 1994.' The XK protein contains
the Kx antigen missing in patients with
McLlead syndrome. Mutation analysis of
the XK gene has shown differcnt deletions
or point mutations in families with this
condition.®

Clinical features of Mcleod syndrome are
reported to be heterogeneous.’*® Clinical
manifestations include acanthocytosis, an
increased level of serum creatine kinase
(CK), progressive muscular atrophy, seizures,
and involuntary movement. As the symptoms
and signs of this syndrome seem to be
variable even among siblings, it is sometimes
difficult to distinguish the condition from
other neuromuscular disorders by clinical
features and conventional examination.

We report here two cases of McLeod
syndrome in brothers and emphasise the
variable features of the disease. Phenotypic
variability was obvious in the two patients,
and one case was unusual becausc the
clinical features greatly resembled an axonal
form of Charcot-Marie-Tooth disease.

Case reports

Case 1

A 50 year old man had been complaining of
weakness and paraesthesiae in both legs. He
first noted weakness in the right leg at the
age of 37. Subsequently, the symptom
extended to both legs, and he began to be
unsteady on his feet. At age 47, he noticed
muscular atrophy in his legs. There was no
consanguinity in the family. A neurological
examination in August 2000 revealed sensori-
motor neuropathy with severe weakness and
atrophy in both calves and shins (fig 1A).
Deep tendon reflexes were diminished in the
lower limbs. The ability to sense pinprick and
light touch was mildly impaired in the distal
parts of the lower extremities. Vibration
sense was impaired in both feet. Abnormal
involuntary movement was not seen.

Laboratory investigations were unremark-
able except for a raised serum CX con-
centration (1510 IU/, normal <255). Serum
levels of thyroid hormones, vitamin B-12,
vitamin E, antinuclear antibody, anti-DNA
antibody, and anti-$5-A/SS-B antibodies
were normal. In nerve conduction studies,
neither compound mator action potentials
(CMAP) nor sensory nerve action potentials
(SNAP) were clicited in the patient’s lower
extremities.

Histopathological features of a sural nerve
biopsy specimen showed moderate myeli-
nated fibre loss and abundant axonal sprout-
ing in residual myelinated fibres (fig 1B),
while onion bulb formation was absent. No
apparent amyloid deposits or inflammatory
cell infiltrates were seen in the epineurial and
endoneurial tissues, An axonal form of
Charcot-Marie-Tooth disease was strongly
suspected from the clinical features and
pathological findings. Although mutation
analysis available for the peripheral myelin

protein zero and connexin-32 was done, no
mutation was detectable in these gencs.

Case 2
A 62 year old man, an elder brother of casc 1,
was admitted for evaluation of a progressive
movement disorder in December 2001. On
neurological examination, he had choreic
involuntary movement of the extremities,
mild weakness in the thighs, and hypore-
flexia in all limbs. Pathological reflexes were
not elicited, and he showed no sensory
disturbance. No personality change or cogni-
tive impairment was seen.

A peripheral blood smear showed acantho-
cytes in 4% of the red blood cells by May-
Giemsa staining. Serum CK was raised to

1710 U/, with predominant MM isozyme.
Brain magnetic resonance imaging showed
mild atrophy of the bilateral frontal lobes and
caudate nuclei (fig 1C). Nerve conduction
studies of the lower limbs suggested mild
sensory neuropathy, showing reduced SNAP
in the sural nerves (left 2.3 uV, right 3.6 pv).

A muscle biopsy specimen taken from the
left biceps brachii showed increased varia-
bility in fibre diamecter. The most striking
findings were some scattered necrotic fibres,
several basophilic fibres, and an increased
number of central nuclei (fig 1D).

An evaluation of Kell antigen expression
was subsequently undertaken. Expression of
Kell antigens {K2, K4, and K7) on red blood
cells was reduced, a result consistent with
MclLeod syndrome.
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Molecular analysis
After informed consent had been obtained
from the brothers, genomic DNA was
extracted from peripheral blood by standard
procedures. Exons of the XK gence were
subsequently amplified by polymcrase chain
reaction as described by Ho ef al.’ The analysis
showed a five base deletion in exon 3 at nt
positions 938 to 942 from the 5’ end of the
¢DNA. This mutation results in a frame shift
at codon 286 and the premature stopping of
translation at codon 301, as reported pre-
viously.” This mutation was found in both
cases 1 and 2, whose clinical phenotypes were
extremely diffcrent.

After mutation analysis of the XK gene, we
confirmed the presence of acanthocytes in a
peripheral blood smear of case 1.

Comment

To date, the clinical features of Mcleod
syndrome have been reported to be hetero-
geneous.” * The clinical features and conven-
tional pathological findings in this condition
are sometimes difficult to distinguish from
other neuromuscular disorders because the
expression of symptoms and signs seems to
be variable, even among siblings.” > In many
cases, chorea, seizures, or muscular atrophy
are the most frequently presented symptoms.
Danek et al recently reported clinical features
of 22 affected patients with mutation analysis
of the XK gene.” In their investigations, limb
chorea—which reflects CNS involvement in
Mcleod syndrome—was described in all
patients. It is extremely difficult to make a
diagnosis of this disease where the symptoms
and signs are restricted to the peripheral
nervous system.

In the present investigation, case 2 was
characterised clinically by choreic movement
and mild muscular atrophy, frequently seen
in the reported cases of McLeod syndrome. In
contrast, the symptoms in case 1 were
extremely rare. Case 1 showed late onset of
symptoms, slowly progressive weakness and
amyotrophy of the lower extremities, are-
flexia, glove and stocking type sensory
impairment, an increased level of serum CK,
and pathological features with axonal degen-
eration of the nerve biopsy specimen. He
showed no apparent central nervous system
involvement 14 years from onset.

Our case 1 was clinically and pathologically
indistinguishable from an axonal form
of Charcot-Marie-Tooth discase without
McLeod serology.

McLeod syndrome should be considered in
patients with axonal sensorimotor neuro-
pathy and high CK activity. Abnormal red cell
morphology may be a clue to the diagnosis.
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Transgenic mouse models of spinal and bulbar
muscular atrophy (SBMA)

M. Katsuno, H. Adachi, A. Inukai and G. Sobue

Department of Neurology, Nagoya University Graduate School of Medicine, Nagoya (Japan)

Abstract. Spinal and bulbar muscular atrophy (SBMA) is a
late-onset motor neuron disease characterized by proximal
muscle atrophy, weakness, contraction fasciculations, and bul-
bar involvement. Only males develop symptoms, while female
carriers usually are asymptomatic. A specific treatment for
SBMA has not been established. The molecular basis of SBMA
is the expansion of a trinucleotide CAG repeat, which encodes
the polyglutamine (polyQ) tract, in the first exon of the andro-
gen receptor (AR) gene. The pathologic hallmark is nuclear
inclusions (NIs) containing the mutant and truncated AR with
expanded polyQ in the residual motor neurons in the brainstem
and spinal cord as well as in some other visceral organs. Several
transgenic (Tg) mouse models have been created for studying

the pathogenesis of SBMA. The Tg mouse model carrying pure
239 CAGs under human AR promoter and another model
carrying truncated AR with expanded CAGs show motor im-
pairment and nuclear NIs in spinal motor neurons. Interesting-
ly, Tg mice carrying full-length human AR with expanded
polyQ demonstrate progressive motor impairment and neuro-
genic pathology as well as sexual difference of phenotypes.
These models recapitulate the phenotypic expression observed
in SBMA. The ligand-dependent nuclear localization of the
mutant AR is found to be involved in the disease mechanism,
and hormonal therapy is suggested to be a therapeutic approach
applicable to SBMA.

Copyright © 2002 S. Karger AG, Basel

Numerous animal models of neurodegenerative diseases
have been created to elucidate the molecular pathogenesis and
develop therapeutic approaches. Some transgenic mouse mod-
els of SBMA, the first polyglutamine (polyQ) disease to be dis-
covered, recapitulate the symptoms and pathologic features of
the disease, and provide insight into its pathogenesis. More-
over, with our latest model, we developed an effective treat-
ment for SBMA. Here we review transgenic mouse models of
SBMA, and discuss the therapeutic strategies against SBMA as
well as other polyQ diseases.
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$pinal and bulbar muscular atrophy (SBRMA)

SBMA, also known as Kennedy’s disease, is a late-onset
motor neuron disease characterized by proximal muscle atro-
phy, weakness, contraction fasciculations, and bulbar involve-
ment (Kennedy et al., 1968; Sobue et al., 1989). Lower motor
neurons are markedly depleted through all spinal segments and
in brainstem motor nuclei except for the third, fourth and sixth
cranial nerves (Sobue et al., 1989). Sensory neurons in the dor-
sal root ganglia are less severely affecied, and there is also a
distally accentuated sensory axonopathy in the peripheral ner-
vous system. This disease affects males, and male patients often
show signs of androgen insensitivity such as gynecomastia, tes-
ticular atrophy, and decreased fertility (Fig. 1). Female carriers
are usually asymptomatic, although some express subclinical
phenotypes, including high amplitude motor unit potentials on
electromyography (Sobue et al., 1993; Mariotti et al., 2000;
Schmidt et al., 2002). No specific treatment for SBMA has been
established. Testosterone may improve motor function in some
patients, although it has no effect on the progression of SBMA

- (Danek et al., 1994; Goldenberg et al., 1996; Neuschmid-Kas-
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Fig. 1. SBMA patient. SBMA patients show
muscle atrophy of the upper arms and gynecomas-
tia (A) as well as tongue atrophy (B).

The molecular basis of SBMA is the expansion of a trinu-
cleotide CAG repeat, which encodes the polyQ tract, in the first
exon of the androgen receptor (AR) gene (La Spada et al.,
1991). The CAG repeat within AR ranges in size from 5 to 33
repeats in normal subjects, but from 40 to 62 in SBMA patients
(Tanaka et al., 1996, Merry, 2001). Expanded polyQ tracts
have been found to cause several neurodegenerative diseases,
including SBMA, Huntington’s disease (HD), several forms of
spinocerebellar ataxia, and dentatorubral and pallidoluysian
atrophy (DRPLA) (Zoghbi and Orr, 2000). These disorders,
known as polyQ diseases, share salient clinical features such as
anticipation, somatic mosaicism (Tanaka et al., 1999), and
selective neuronal and non-neuronal involvement despite
widespread expression of the mutant gene (Doyu et al., 1994),
There is also an inverse correlation between the CAG repeat
size and the age at onset, or the disease severity adjusted by the
age at examination in SBMA (Doyuet al., 1992; La Spada et al.,
1992) as well as other polyQ diseases (Zoghbi and Orr, 2000).

Previously we reported nuclear inclusions (NIs) containing
the mutant and truncated AR with expanded polyQ in the
residual motor neurons in the brain stem and spinal cord (Li et
al., 1998a) as well as in the skin, testis and some other visceral
organs of SBMA patients (Li et al., 1998b). These inclusions
had similar epitope features detectable by antibodies that rec-
ognize a small portion of the N-terminus of the AR protein
only, and they were ubiquitinated. The presence of NIs is a
pathologic hallmark of most other polyQ diseases, and is likely
to be related to pathogenesis (Zoghbi and Orr, 2000). Although
considerable controversy surrounds the importance of NIs in
the pathogenesis of the polyQ diseases (Tobin and Signer,
2000), several studies have implied that nuclear localization of
mutant protein is essential for inducing neuronal cell dysfunc-
tion and degeneration in the majority of polyQ diseases (Ross
2002). Although molecular mechanisms still remain to be eluci-
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dated, several studies have revealed that nuclear accumulation
of the mutant protein resulted in sequestration of transcrip-
tional regulatory proteins in polyQ diseases (Steffan et al.,
2000; Nucifora et al., 2001).

SBMA is unique among polyQ diseases in that the mutant
protein, AR, has a specific ligand, testosterone, which alters the
subcellular localization of the protein by favoring its nuclear
uptake. No ligands of causative protein have been found in oth-
er polyQ diseases. AR is normally confined to a multi-hetero-
meric inactive complex in the cell cytoplasm, and translocates
into the nucleus in a ligand-dependent manner (Zhou et al.,
1994; Zhou et al., 1995). This intracellular trafficking of AR
may play an important role in the pathogenesis of SBMA.

Early mouse models of SBMA failed to show phenotypes

All of the available animal models of SBMA are transgenic
mice with truncated or full-length human AR (Table 1). Trans-
genic mice were first created using the full-length AR contain-
ing 45 CAGs, which is equivalent io the repeat length observed
in SBMA patients, driven by the interferon-inducible Mx pro-
moter or the neuron-specific enolase (NSE) promoter (Bingham
et al., 1995). Expression of mutant AR was found in mice with
the inducible Mx promoter, but at a lower level than normal
endogenous expression. The mice demonstrated neither pheno-
type nor repeat length instability. - _

Another transgenic mouse model was created with yeast
artificial chromosomes (YACs) carrying the AR gene in the
context of flanking non-coding sequences (La Spada et al.,
1998). Studies on independent lines of AR YAC transgenic
mice carrying 45 CAGs revealed intergenerational instability,
which was greater with maternal transmission and with age of
the transmitting mother. However, this model failed to show
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Table 1. Comparison between transgenic mouse lines and SBMA patients

Reference Transgene construct CAG repeat Motor impairment Neuropathology Muscle pathology
instability Symptoms Gender effect ~ Nuclear inclusions  Cell loss
Bingham et al., 1995  Mx or NSE promoter, full-length ()] -) - -) -) -)
buman AR with 45 CAGs
LaSpadaetal., 1998  YAC transgenic full-length human ~ mild -) =) -) ) -)
AR, with 45 CAGs
Merry et al., 1996 NSE or NFL promoter, full-length  (-) - - [&] -) =)
human AR with 66 CAGs
Adachi et al., 2001 human AR promoter, sole 239 CAGs mild weakness, amyotrophy, ) spinal cord, cerebrum () )
incoordination cerebellum
Abel et al.,, 2001 NFL promoter, truncated human AR (<) weakness, foot clasping  (-) spinal cord, cerebrum () (O]
with 112 CAGs brainstem
Abel et al., 2001 PrP promoter, truncated human AR~ () hypoactivity, foot clasping, (-) all neurons () -)
with 112 CAGs tremor, seizure
Katsuno et al., 2002 chicken B-actin promoter, full-length (-) weakness, amyotrophy significant spinal cord, cerebrum (-) grouped atrophy
buman AR with 97 CAGs brainstem
McManamny et al., cytomegalovirus promoter, full-length (<) weakness, amyotrophy, mild - ) grouped atrophy
2002 human AR with 120 CAGs foot clasping fiber-type grouping
hypertrophic fiber
Kennedy et al., 1968  SBMA patients mild weakness, amyotrophy, significant spinal cord, +) grouped atrophy
Sobue et al., 1989 fasciculation brainstem fiber-type grouping
hypertrophic fiber

the expression of mutant AR in RT-PCR or Western blot analy-
sis.

In order to enhance the toxicity of mutant AR, a transgenic
mouse model was created with human AR containing 66
CAGs, which was longer than the longest repeat observed in
SBMA patients, driven by the NSE promoter or the neurofila-
ment light chain (NFL) promoter (Merry et al., 1996). Although
expression levels of mutant AR were 2--5 times the endogenous
AR levels, these mice showed no neurologic symptoms, pre-
sumably because the CAG repeat was not long enough.

Transgenic mouse modsls with truncated AR recapitulate
neurclogic symptoms

Since mouse models of SBMA could not be created using
full-length AR, truncated AR with an expanded CAG repeat
was used in later models. This strategy was based on the results
reported on transgenic mice of Huntington disease and Ma-
chado-Joseph disease, where truncated protein had a particu-
larly pronounced effect (Ikeda et al., 1996; Mangiarini et al.,
1996). In SBMA and other polyQ diseases, NIs are detected by
antibodies against an N-terminal epitope, but not by antibodies
against a C-terminal epitope (Li et al., 1998a, b; DiFiglia et al.,
1997). These findings suggest that truncated polyQ-containing
proteins confer the toxicity in polyQ diseases. It should be
noted that truncated mutant AR is more toxic than the full-
length AR in an SBMA cell model (Merry et al., 1998; Kobaya-
shi et al., 2000). Additionally, in vitro translated full-length AR
protein with an expanded polyQ tract is cleaved by caspase-3,
liberating a polyQ-containing fragment, and the susceptibility
to cleavage is polyQ repeat length-dependent (Kobayashi et al.,
1998). Thus, cleavage of polyQ-containing proteins is likely to
contribute the toxicity of polyQ tracts.

Not like previous models, a transgenic mouse model carry-
ing 239 CAGs driven by the human AR promoter demon-
strated motor impairment and revealed that the polyQ tract is
sufficient to induce the pathogenic process of SBMA (Adachi et
al., 2001). Symptomatic lines exhibited small body size, weak-
ness, truncal and limb incoordination, reduced activity and
short lifespan. These phenotypes apparently developed within
4-8 weeks of birth in both lines, and gradually became severe at
8-16 weeks. Impairment of the rotarod task appeared within 8
weeks of birth, and the subsequent progression was monophas-
ic. The most striking pathologic observation was widespread
occurrence of NIs, which were distributed in the neuronal cell
nuclei in the cerebrum, cerebellum, brainstem and spinal cord,
but 1o a lesser extent or not at all in the basal ganglia. This
pathologic distribution was limited by the promoter used, and
was more widely spread than that of human SBMA. In the
regions with their marked occurrence, the NIs were also promi-
nently observed in the nuclei of the glial cells. The electron
microscopic structure of NIs was very similar to that observed
in SBMA patients; granular materials densely aggregate with-
out a limiting membrane or filamentous materials. These NIs
were positive for ubiquitin and colocalized with proteasome
components (20s, PA28a, and PA28y). Despite abundant Nls,
there was no evidence of active neuronal degeneration or reac-
tive astrogliosis. Thus neuronal dysfunction, rather than neu-
ronal degeneration, is likely to be the pathogenesis of this
mouse model. Expression of the transgene assessed by RT-PCR
was revealed in the cerebrum, cerebellum, spinal cord, pitu-
itary, lung, eye and skin; its distribution was compatible to that
of Nls as well as mouse AR distribution. The mice showed sub-
tle meiotic instability of the CAG repeat, in agreement with
SBMA.

Simultaneously, another SBMA mouse model was created
with truncated human AR containing 112 CAGs, driven by the
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Fig. 2. Structure of AR protein. The AR protein consists of three major domains: N-terminal trans-
activating, DNA-binding, and ligand-binding domains, The polyglutamine tract is located in an N-
terminal domain, which possesses major transactivating function (AF-1). The ligand binding domain
(LBD) in the C-terminus also contains weak transactivating function (AF-2). The nuclear localization
signal (NLS) in the DNA-binding domain (DBD) and hinge lesion is unmasked upon ligand-binding.

NFL or prion protein promoter (Abel et al., 2001). The mice
with the prion protein promoter showed non-specific features
such as tremor, seizure and loss of body weight, whereas those
with the NFL promoter demonstrated motor impairment simi-
lar to SBMA patients, accompanied by upper motor deficits.
Widely expressed mutant AR may account for these neurologi-
cal phenotypes, because the distribution of histopathological
involvement, which depended on the expression level of the
transgene, was more extensive than that of SBMA., Immunohis-
tochemical analysis of AR expression revealed transgenic AR-
positive nuclear inclusions in isolated neurons in several re-
stricted regions of the central nervous system including the
brainstem and the cortex and at lower frequency in spinal cord
motor neurons. NIs were ubiquitinated and contained several
molecular chaperones, including HDJ-2 and Hsc70. About half
of the NIs were positive for CREB-binding protein, a transcrip-
tional coactivator (McCampbell et al., 2000). In spite of neuro-
logic symptoms and NIs, neither neuronal loss nor neurogenic
muscle atrophy was demonstrated in this model.

The fact that neuronal loss is not evident despite abundant
NIs has been demonstrated in various mouse models of other
polyQ diseases (Rubinsztein, 2002). Formation of NIs pre-
ceded cerebellar ataxia in a transgenic mouse model of SCA1
(Burright et al., 1995). Loss of cerebellar Purkinje cells, how-
ever, was not revealed until the symptoms progressed in this
model. The life span of these model mice may not be long
enough to demonstrate neuronal cell loss, although some other
models have shown neuronal degeneration (Reddy et al., 1998;
Hodgson et al., 1999; McManamny et al., 2002). These findings
suggest that the pathogenesis of human polyQ disease could be
neuronal dysfunction rather than neuronal loss in early stages.

Symptomatic full-length model provides therapeutic
approach to SBMA

Unlike the profound gender difference of phenotypes in
SBMA patients, neither a Tg mouse model of SBMA expressing
expanded pure 239 CAGs (Adachi et al., 2001) nor another
model carrying truncated AR with 112 CAGs (Abel et al., 2001)
showed any remarkable phenotypic difference with gender,
because the transgenes of these Tg mice did not contain the
ligand-binding domain located in the C-terminus of AR
(Fig. 2).
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Recently, we generated Tg mice expressing the full-length
human AR containing 24 or 97 CAGs under the control of the
cytomegalovirus enhancer and the chicken B-actin promoter
(Katsuno et al., 2002). This model recapitulated not only the
neurologic disorder, but also the phenotypic difference with
gender which is a specific feature of SBMA, Three out of five
lines with 97 CAGs (AR-97Q) exhibited progressive motor
impairment, although no lines with 24 CAGs showed any man-
ifested phenotypes. All symptomatic lines showed small body
size, muscle atrophy, weakness, reduced activity and short life-
span; all of which were markedly pronounced and accelerated
in the male AR-97Q mice, but either not observed or far less
severe in the female AR-97Q mice regardless of the line. Early
mortality of male mice, which is not common in SBMA,
appears to be caused by cachexia due to progressive amyotro-
phy. Western blot analysis revealed the transgenic protein
retained in the stacking gel in all symptomatic lines. We
detected these proteins in the spinal cord, cerebrum, heart,
muscle and pancreas. Although the male AR-97Q mice had
more protein within the stacking gel than their female counter-
parts, the female AR-97Q mice had more monomeric AR pro-
tein. The nuclear fraction contained most of the mutant AR
within the stacking gel. Despite the profound sexual difference
of the mutant AR protein expression, there was no significant
difference in the expression of the transgene mRNA between
the male and female AR-97Q mice. These observations indi-
cate that the testosteroné level plays important roles in the sex-
val difference of phenotypes, especially in the post-transcrip-
tional stage of the mutant AR.

In the AR-97Q mice, we detected diffuse nuclear staining
and less frequent NIs with 1C2, an antibody specifically recog-
nizing the expanded polyQ, in the neurons of the spinal cord,
cerebrum, cerebellum, brainstem and dorsal root ganglia as
well as non-neuronal tissue such as the heart, muscle and pan-
creas. The regions with diffuse nuclear staining and Nls also
showed immunoreactivity to an antibody to AR (N-20). Nei-
ther 1C2 nor N-20 revealed immunoreactivity in the cyto-
plasm. The male AR-97Q mice showed markedly more abun-
dant diffuse nuclear staining and NIs than females, in agree-
ment with the symptomatic and Western blot profile differ-
ences with gender. Muscle histology revealed significant
grouped atrophy and small angulated fibers in the male AR-
97Q mice as well as mild myopathic change. Although neuronal
cell loss was not evident in the spinal cord, morphologic studies
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revealed axonal atrophy of the ventral nerve root as well as
shrinkage of the spinal motor neurons. The female AR-97Q
mice showed no neurogenic changes. The neuronal cell popula-
tions in the cerebrum, cerebellum and dorsal root ganglia were
also fairly well preserved despite the abundant diffuse nuclear
staining and NlIs. These results indicate that dysfunction of the
lower motor neurons contributes to the motor impairment in
this model, and this dysfunction is far more severe in the male
Tg mice than in the females.

Because of such dramatic sexual difference of phenotype,
we examined the effects of hormonal interventions in this

mouse model. Castrated male AR-97Q mice, which had a
decreased testosterone level, showed significant improvement
of symptoms, pathologic findings, and nuclear localization of
the mutant AR compared with the sham-operated male AR-
97Q mice. The castrated male AR-97Q mice weighed the same
as their castrated male littermates, whereas the sham-operated
male AR-97Q mice showed progressive emaciation (Fig. 3A).
Motor impairment assessed by rotarod and cage activity was
significantly less or virtually absent in the castrated male AR-
97Q mice as compared with the sham-operated male AR-97Q
mice (Fig. 3B and C). The castrated male AR-97Q mice showed
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motor impairment similar to that of the female AR-97Q mice.
The life span was also significantly prolonged in the castrated
male AR-97Q mice (Fig. 3D). Castration ameliorated muscle
atrophy and body size reduction (Fig. 3E). In a foot print analy-
sis, the sham-operated male AR-97Q mice exhibited motor
weakness with dragging of their legs, while the castrated male
AR-97Q mice had mild symptoms (Fig. 3F). In the Western
blot analysis using N-20, the mutant AR appearing within the
stacking gel was markedly diminished in the castrated male
AR-97Q mice compared with the sham-operated male AR-97Q
mice (Fig. 4A). The mutant AR in the nuclear fraction also sig-
nificantly decreased in the castrated male AR-97Q mice
(Fig. 4B). Castration markedly diminished diffuse nuclear
staining and NIs (Fig. 4C). These observations suggested that
castration markedly prevented nuclear localization of the mu-
tant AR protein. Leuprorelin, an LHRH agonist that reduces
testosterone release from the testis, also rescued motor dysfunc-
tion and nuclear accumulation of mutant AR in this model
{Katsuno et al., 2003).

In contrast to castration of the male mice, testosterone
administered to the female AR-97Q mice caused significant
exacerbation of symptoms, pathologic features, and nuclear
localization of the mutant AR. The motor impairment assessed
by rotarod and cage activity was significantly exacerbated in
the female AR-97Q mice administered testosterone, similar to
the case of untreated male AR-97Q mice. Western blot analysis
using N-20 revealed the mutant AR in the stacking gel in whole
tissue homogenates as well as in the nuclear fraction, which was
larger in amount in the testosterone-administered female AR-
97Q mice than in the sesame oil-administered female AR-97Q
mice. The testosterone-administered female AR-97Q mice
demonstrated markedly pronounced diffuse nuclear staining
and NIs with 1C2 compared with the sesame oil-administered
female AR-97Q mice. Since the nuclear translocation of AR is
testosterone-dependent (Stenoien et al.,, 1999; Simeoni et al.,
2000), testosterone appears to show toxic effects in the female
AR-97Q mice by accelerating nuclear translocation of the
mutant AR. By contrast, castration prevented the nuclear local-
ization of the mutant AR by reducing the testosterone level.
Although a few exceptions have been reported (Hodgson et al.,
1999; Hackam et al., 1999), the nuclear localization of the
mutant protein with expanded polyQ is important in inducing
neuronal cell dysfunction and degeneration in the majority of
polyQ diseases. Addition of a nuclear expori signal to the
mutant huntingtin eliminated aggregate formation and cell
death in cell models of HD (Saudou et al., 1998; Peters et al.,
1999), whereas a nuclear localization signal had the opposite
effect (Peters et al., 1999). In Tg mice of SCAl having a
mutated nuclear localization signal, ataxin-1 was distributed in
the cytoplasm, and the mice did not show any neurologic disor-
ders (Klement et al., 1998). These findings suggest that reduc-
tion of testosterone ameliolates phenotypic expression by pre-
venting nuclear localization of the mutant AR, while castration
may enhance the protective effects of heat shock proteins
(HSPs), which are normally associated with AR and dissociate
upon ligand binding,

The castrated AR-97Q mice showed phenotypes similar fo
those of the female AR-97Q mice, implying that motor impair-
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ment in SBMA patients can be reduced to the level in female
carriers. SBMA has been considered to be an X-linked disease,
whereas other polyQ diseases show autosomal dominant inher-
itance. In fact, SBMA female carriers hardly manifest clinical
phenotypes, although they possess similar numbers of a CAG
repeat in the disease allele as their siblings with SBMA (Sobue
et al., 1993; Mariotti et al., 2000). Indeed the lower level of
mutant AR expression in female carriers due to X inactivation
may cause the escape from the manifestation, but our present
study also strongly suggests that the low level of testosterone
prevents the nuclear localization of the expressed mutant AR,
resulting in a lack of phenotypic manifestations in the female
carriers. This hypothesis is supported by the finding that mani-
festation of symptoms is minimal even in homozygous females
of SBMA (Schmidt et al., 2002). The testosterone-dependent
neurodegenaration was also recently revealed in a fly model of
SBMA (Takeyama et al., 2002). Thus, hormonal intervention
to diminish testosterone level appears to be applicable to
human therapy.

Another Tg mouse model carrying the full-length AR with
120 CAGs driven by the cytomegalovirus promoter showed
slowly progressive motor impairment and neurogenic muscle
atrophy (McManamny et al., 2002). The affected mice also dis-
played a progressive reduction in sperm production consistent
with androgen insensitivities in SBMA patients. Although this
model showed no neuronal inclusions throughout the nervous
system, loss of motor neurons was demonstrated in the spinal
cord. Notably, as expected, mild but evident sexual difference
of phenotypes was observed. This finding supports the hypoth-
esis that testosterone level is implicated in the phenotypic
expression of SBMA. The above study and ours indicate that
the C-terminus of mutant AR is necessary to recapitulate the
testosterone-dependent pathogenesis of SBMA in mouse mod-
els.

“Loss of function” model of SBMA

As in other autosomal dominant polyQ diseases, a toxic gain
of the mutant AR function has been considered the mainstream
of SBMA pathogenesis. Although the expansion of polyQ tract
in AR deteriorates the transcriptional activities of AR (Mhatre
et al., 1993; Brooks et al., 1997), motor impairment has not
been observed in severe testicular feminization (Tfm) patients
lacking AR function (Gottlieb et al., 1999). Thus, the neuro-
logic impairment in SBMA cannot be attributed to the loss of
AR function (Maclean et al., 1995), a reason why testosterone
shows insufficient and transient effects when used as a thera-
peutic agent for SBMA (Danek et al., 1994; Goldenberg et al,,
1996; Neuschmid-Kaspar et al., 1996). Animal models of Tfm
demonstrate a decreased number of motor neurons in the spi-
nal nucleus of the bulbocavernosus (Sengelaub et al., 1989)
without any other motor neuron involvement.

However, re-examination of earlier studies and recent data
has revealed that loss of normal protein function also plays a
role in the neuronal involvement in polyQ diseases. In a hun-
tingtin knockout mouse model, the heterozygotes demon-
strated motor impairment and basal ganglia degeneration (Na-
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pression and neuropathology of male AR-97Q
mice. (A) Western blot analysis of total homoge-
nates from the spinal cord and muscle of castrated
(C) and sham-operated (S) male AR-97Q mice,
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1C2 showed marked differences of diffuse nuclear
staining and nuclear inclusions between castrated
and sham-operated AR-97Q mice in the spinal
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sir et al., 1995). More recently, conditional inactivation of wild-
type huntingtin selectively in forebrain and testis resulted in a
progressive degenerative neuronal phenotype and sterility
(Dragatsis et al., 2000). Additionally, an anti-apoptotic effect of
wild-type huntingtin was revealed in a cell model (Rigamonti et
al., 2000). These results imply that loss of normal huntingtin
function may contribute to the neurodegeneration in HD.
Androgens have been found to have neuroprotective effects.
Administration of testosterone immediately after nerve injury
impacts positively on functional recovery through actions me-

C S CS

NCY N CY

. Sham-operated

diated by the androgen receptor (Jones at al., 2001). In a cell
culture model, AR with 24 CAGs showed trophic effects,
whereas AR with 65 CAGs did not demonstrate any neuropro-
tection (Lieberman et al., 2002). The role of normal AR func-
tion in the pathogenesis of SBMA should be further studied in
cell and animal models.
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Fig. 6. Hypothetical dynamics of mutant AR
in SBMA. In the absence of ligand, mutant AR is
confined to a multi-heteromeric inactive complex
with heat shock proteins (HSPs) and immuno-
philins in the cell cytoplasm. Upon testosterone-
binding, the conformational change of mutant AR
facilitates its dissociation from the complex and
translocation into the nucleus. Mutant AR is
cleaved and aggregates in the nucleus, whereas
cellular mechanisms such as molecular chaperone
and ubquitin-proteasome system attempt to miti-
gate its toxicity. Aggregation sequestrates critical
cellular proteins such as CREB-binding protein
(CBP) resulting in aberrant transcription, and
finally forms nuclear inclusions. On the other
hand, decreased transactivating function of mu-
tant AR may contribute to the neurodegeneration
and androgen insensitivity in SBMA.

Toward therapy for SENIA and other polyQ diseases

As mentioned above, our recent study indicated that testos-
terone reduction exerts therapeutic effects by preventing nu-
clear translocation of mutant AR in the SBMA transgenic
mouse model (Fig. 5). This approach can easily be applied to
human SBMA therapy. Although no specific ligand of the
mutant protein has been revealed in other polyQ diseases, the
striking therapeutic effects of castration in our SBMA mice fur-
ther suggest that patients with polyQ disease can be rescued by
preventing the nuclear translocation of the mutant proteins.
We empbasize the need of investigating hormone-like small
molecules which alter the nuclear localization of mutant pro-
teins for developing therapeutic intervention.

No substantially effective therapeutic approach to polyQ
diseases has been developed in spite of continuous efforts.
However, some promising results using transgenic animal mod-
els have been reported. Molecular chaperones, which renature
misfolded mutant proteins, have exerted beneficial effects in
cell and animal models of polyQ diseases (Kobayashi et al.,
2001). Over-expression of molecular chaperone HSP70 had
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