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DISCUSSION

The present study demonstrated the presence of
anti-Tom40 antibodies more frequently in the serum
of patients with AD than control subjects or patients
with multiple sclerosis (Table 1). We do not find any
differences in anti-Tom40 antibodies between control
subjects without neurological diseases older than 60
years and healthy control subjects younger than 40
years. This indicates that it may not be age dependent.
The finding of anti-Tom40 antibodies in patients with
AD suggests that the anti-Tom40 antibody may be a
potential biomarker of AD. Further prospective stud-
ies are required to establish the anti-Tom40 antibody
as biomarker of AD.

The brain in AD is characterized by impairments in
energy metabolism and vascular hypoperfusion [10].
Mitochondrial abnormalities and vascular damage are
important in the pathogenesis of AD, but causative fac-
tors in mitochondrial dysfunction in AD are not well
understood [11-13]. The translocase of the outer mem-
brane (TOM) complex is a protein complex of the outer
mitochondrial membrane essential for protein trans-
port into mitochondria, and Tom40, a channel-forming
subunit of the TOM complex, has been associated
with AD [8, 14-20]. A variable length, deoxythymi-
dine homopolymer (poly-T) within intron 6 of the
Tom40 gene is associated with the age of onset of
late-onset AD [8]. Furthermore, nonglycosylated full
length and C-terminal truncated amyloid-B protein
precursor (ABPP) accumulates in the protein import
channels of mitochondria of brains of patients with
AD but not in age-matched controls [17]. ABPP forms
a stable complex (480kDa) with Tom40 and a larger

complex (620 kDa) with both Tom40 and the translo-

case of the inner membrane (TIM) complex Tim23, and
accumulation of ABPP across mitochondrial import
channels may lead to mitochondrial dysfunction [17,
18]. It has been also shown that the transport of
amyloid-B into the mitochondrion is mediated by the
Tom40 pore, further promoting neurotoxity [19, 20].
The present study showed an association between anti-
Tom40 antibody and lower cognitive scores in patients
with AD (Table 2). This result provided evidence
in support of the previously reported hypothesis that
Tom40 may be important in the pathogenesis of cog-
nitive impairment in AD.

The mechanism of anti-Tom40 antibody production
is unclear. ABPP may form complexes with Tom40 and
may cause mitochondrial dysfunction and endothe-
lial and neuronal cell damage. An immune response
after formation of these complexes may induce the
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production of the anti-Tom40 antibody. An additional
mechanism of anti-Tom40 antibody production might
be considered. The aberrant Tom40 may lead to for-
mation of antibodies against Tom40 and may lead
to mitochondrial dysfunction. These possible mech-
anisms may cause inadequate availability of energy
in the form of adenosine triphosphate (ATP) in the
endothelial cell, potentially resulting in vascular dys-
function. It also may lead to inadequate availability
of ATP in active dendrites and axons resulting in an
impediment of axodendritic flow to synapses, resulting
in losses of synapses and cognitive impairment.

The pathogenetic role of anti-Tom40 antibody in AD
is unknown. The antigen Tom40 is an intracellular pro-
tein, not on the surface of the cell membrane. Based on
the intracellular location of the antigen, the anti-Tom40
antibody may not be related to pathogenicity. However,
some reports indicate that the selective autoantibody
penetrates living cell membranes and binds to intracel-
lular antigens [21, 22]. Similarly, anti-Tom40 antibody
may penetrate cell membranes and bind to Tom40; this
may potentially inhibit the function of Tom40, which
is essential for protein transport into mitochondria, and
may cause mitochondrial dysfunction and contribute to
the pathogenesis of AD. Future study may include an
evaluation of whether anti-Tom40 antibody could pen-
etrate cell membranes and bind to Tom40, resulting in
mitochondrial dysfunction.

The limitations of the present study include the small
number of patients and control subjects. Future studies
may include larger numbers of subjects to establish a
relationship between anti-Tom40 antibody and cogni-
tive impairment in patients with AD.
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Late-onset Patients with Sporadic Amyotrophic Lateral
Sclerosis in Japan have a Higher Progression Rate of
ALSFRS-R at the Time of Diagnosis
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Abstract

Objective The population in Japan is aging at a faster rate than in other countries in the world. It is specu-
lated that the number of patients with late-onset amyotrophic lateral sclerosis (ALS) will increase even more
in the future. However, few studies have been undertaken on the characteristics of patients with late-onset
ALS in Japan. This study sought to investigate the clinical features of patients with late-onset ALS compared
with those with early-onset ALS using the progression rate (AFS).

Methods Forty-five patients with sporadic ALS were divided into 2 groups: 23 patients with early-onset of
ALS (<65 years; early onset) and 22 patients with late-onset ALS (=65 years; late-onset). Every patient was
followed up from the time of initial diagnosis to the primary endpoint (death or time culminating in death
without tracheostomy or ventilation assistance including noninvasive positive pressure ventilation) or for at
least 48 months after initial diagnosis.

Results AFS in the patient group with late onset was significantly higher than that of the group with early
onset (p=0.010). Survival of patients with late onset was significantly decreased compared to that of patients
with early onset (p=0.031).

Conclusion Our finding suggested that patients with late-onset ALS showed more rapid disease progression
than those with early-onset ALS using AFS.
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other countries in the world (11). It is speculated that the
number of patients with late-onset ALS will increase even
more in the future. However, few studies have been under-
taken on the characteristics of patients with late-onset ALS
in Japan. It is important to study the characteristics of this
disease because the aging population is increasing world-
wide.

Recently, the progression rate (AFS) of the revised ALS

Introduction

Amyotrophic lateral sclerosis (ALS) is the most common
and best recognized form of motor neuron diseases. ALS is
a degeneration of both upper and lower motor neurons lead-
ing to progressive muscular paralysis with death usually
within 1 to 5 years after the onset (1).

The incidence rate of ALS varies with the age at onset.
Some studies have reported that the age at onset of ALS is
higher now compared to 2 or 3 decades ago (2-6). Previous
reports described that late onset of ALS was a risk factor for
poor prognosis (7-10).

The population in Japan is aging at a faster rate than in

functional rating scale (ALSFRS-R) (12) at the time of diag-
nosis was reported to be useful for the quantitative assess-
ment of patients with ALS (13). Subsequently, to our knowl-
edge, this is the first report of clinical features associated
with AFS. Herein, we describe the clinical features of pa-
tients with late-onset ALS and compare them with those of

Department of Neurology and Geriatrics, Graduate School of Medicine, Gifu University, Japan
Received for publication July 11, 2011; Accepted for publication December 4, 2011

Correspondence to Dr. Yuji Tanaka, yutanaka-gif @umin.net

579
-127 -



Intern Med 51: 579-584, 2012 DOI: 10.2169/internalmedicine.51.6148

Table 1.

Summary of Clinical Characteristics between Early- and Late-

onset Amyotrophic Lateral Sclerosis Patient Groups

Early-onset Late-onset
ALS patients ALS patients p value
group group
(n=23) (n=22)
Age (years) 59.0 76.5 p<0.001
(30-64) {66-89)
Sex (M/F) 1617 1517 p>0.999
Onset Bulbar onset 6 11 0.215
Limb onset 16 11
ALSFRS-R 41.0 355 0.075
(2-48) {5-46)
Duration (m) 17.0 12.5 0.225
(3-68) (3-134)
Progression rate 0.57 1.01 0.010
(0.04-2.71) (0.15-4.00)

Variables are expressed as median (range). Medians were compared using the Mann-

Whitney U test. Categorical variables were compared using Fisher exact probability
test. ALSFRS-R: revised Amyotrophic lateral sclerosis Functional Rating Scale at ini-
tial diagnosis. Duration: from the time when the initial symptoms were noted to diag-
nosis (months), progression rate (AFS); 48-ALSFRS-R at time of diagnosis/duration
from the time when the initial symptoms were noted to diagnosis (months).

patients with early-onset ALS using AFS. -

Materials and Methods

Patients

The present study population consisted of 45 patients with
sporadic ALS. On the basis of the El Escorial/Airlie House
criteria (14), the diagnosis of clinically definite or clinically
probable ALS was made between 1999 and 2005. All ALS
patients were consecutively consulted at our hospital and in-
terviewed by neurologists. Every patient underwent serum
and cerebrospinal fluid examination, cranial and spinal cord
magnetic resonance imaging, evoked motor and sensory po-
tential examinations, electromyogram, and functional respi-
ratory tests. Patients with clinically probable ALS were later
confirmed as having definite ALS. The onset of illness was
the time of progressive weakness in any body part ascer-
tained by multiple family and patient interviews and consul-
tation with the first visited physicians. Each patient was fol-
lowed up from the time of initial diagnosis to the primary
endpoint (death or time culminating in death without tra-
cheostomy or ventilatory assistance including noninvasive
positive pressure ventilation) or for at least 48 months after
initial diagnosis.

Patients were divided into 2 groups: 23 patients with
early-onset ALS (<65 years; early onset; 16 men, 7 women,
median age, 55.3 years; range, 30-64 years) and 22 patients
with late-onset ALS (=65 years; late onset; 15 men, 7
women; median age, 75.6 years; range, 66-89 years). The 2
groups were compared for initial symptoms, ALSFRS-R
score at the time of initial diagnosis, duration (from the time

when the initial symptoms were noted to diagnosis) and
AFS (13). AFS was calculated as AFS=(48-ALSFRS-R score
at time of diagnosis)/duration from the time when the initial
symptoms were noted to diagnosis (months) (13). The time
of initial onset was determined on the basis of subjective
complaints and information confirmed from family mem-
bers. Data for AFS represented a fixed covariate at the base-
line of diagnosis (13).

Statistical analysis

Categorical variables were compared using the Fisher ex-
act probability test. Other variables are expressed as median
(range). Medians were compared using the Mann-Whitney U
test. The association between age categories and post-
diagnosis period until primary endpoint were examined us-
ing the Kaplan-Meier curve, and differences were analyzed
using the log-rank test and Cox proportional hazards model.
All analyses were carried out using StatView statistical soft-
ware, version 5.0 (Abacus Concepts, Inc., Berkeley, CA).
Values for p less than 0.05 were considered significant.

Results

The clinical features of the patients with ALS are summa-
rized in Table 1. In the ALS patient group with early onset,
6 patients were bulbar onset and 16 patients were limb on-
set. In those with late onset, 11 patients were bulbar onset
and 10 patients were limb onset. There was no significant
difference between ALS patients with bulbar onset and limb
onset in each group (p=0.215). The ALSFRS-R score at the
time of initial diagnosis was not significantly different in pa-
tients with early onset (median, 41.0 points; range; 2-48
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Figure 1. Comparison between the progression rate of the

early- and late-onset amyotrophic lateral sclerosis patients
groups. The progression rate (AFS) was different in the pa-
tient group with early-onset amyotrophic lateral sclerosis
(ALS) (median, 0.57; range 0.04-2.71) compared with the
group with late-onset ALS (median, 1.01; range, 0.15-4.00).
AFS of the late-onset ALS group was significantly higher than
that of the early-onset ALS group (p=0.010).

points) compared with those with late onset (median, 35.5
point; range, 5-46 points; p=0.075). The duration was not
significantly different in patients with early onset (median,
17.0 months; range, 3-68 months) compared with those with
late onset (median, 12.5 months; range, 3-134 months; p=
0.225). AFS was significantly different in patients with early
onset (median, 0.57; range, 0.04-2.71) compared with those
with late onset (median, 1.01; range, 0.15-4.00; p=0.010)
(Fig. 1). Using simple, nominal variables in the Cox propor-
tional hazards model, survival was found to differ between
patients with early onset and those with late onset. Survival
of patients with late onset was significantly decreased com-
pared with patients with early onset (p=0.031) (Fig. 2).

The clinical features of the ALS patients with bulbar on-
set are summarized in Table 2. The ALSFRS-R score at the
time of initial diagnosis was not significantly different in
early onset patients with bulbar onset (median, 43.5 points;
range; 3-46 points) compared with late onset patients with
bulbar onset (median, 35.0 point; range, 5-46 points; p=
0.057). The duration was not significantly different in early
onset patients with bulbar onset (median, 10.5 months;
range, 3-28 months) compared with late onset patients with
bulbar onset (median, 11.0 months; range, 3-27 months; p=
0.880). AFS was significantly different in early onset pa-
tients with bulbar onset (median, 0.47; range, 0.14-1.75)
compared with late onset patients with bulbar onset (median,
2.00; range, 0.15-4.00; p=0.044) (Fig. 3). Using simple,
nominal variables in the Cox proportional hazards model,
survival was found to differ between early onset patients
and late onset patients with bulbar onset. Survival of pa-
tients with late onset was significantly decreased compared
with patients with early onset (p=0.031) (Fig. 4).
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Figure 2. Kaplan-Meier survival plots according to age at
onset and post-diagnosis period until primary endpoint in
amyotrophic lateral sclerosis patients. Kaplan-Meier survival
plots according to the age at onset and post-diagnosis period
until primary endpoint (death or time culminating in death
without tracheostomy or ventilation assistance) in amyo-
trophic lateral sclerosis patients (n=45) are shown. By using
simple, nominal variables in the Cox proportional hazards
model, the survival of patients with late onset (n=22) was sig-
nificantly decreased compared to that of patients with early
onset (n=23; p=0.031).

The clinical features of the ALS patients with limb onset
are summarized in Table 3. The ALSFRS-R score at the
time of initial diagnosis was not significantly different in
early onset patients with limb onset (median, 39.5 points;
range; 4-48 points) compared with late onset patients with
limb onset (median, 36.0 point; range, 14-45 points; p=
0.349). The duration was not significantly different in early
onset patients with limb onset (median, 21.0 months; range,
3-68 months) compared with late onset patients with limb
onset (median, 13.0 months; range, 7-134 months; p=0.505).
AFS was significantly different in early onset patients with
limb onset (median, 0.54; range, 0.04-0.91) compared with
late onset patients with limb onset (median, 0.76; range,
0.18-1.71; p=0.046) (Fig. 5). Using simple, nominal vari-
ables in the Cox proportional hazards model, survival was
found to differ between early onset patients and late onset
patients with bulbar onset. Survival of patients with late on-
set was significantly decreased compared with patients with
early onset (p=0.034) (Fig. 6).

Discussion

In this study, we demonstrated that AFS of the late-onset
ALS group was significantly higher than that of the early-
onset ALS group. Moreover, even in both groups with bul-
bar and limb onset, we demonstrated that AFS of the late-
onset ALS group was significantly higher than that of the
carly-onset ALS group. These results showed that ALS in
the group with late onset was rapidly progressing. In addi-
tion, the survival of patients with late onset was significantly
decreased compared with that of patients of early onset.

Recently, AFS of ALS was reported and calculated on the
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Table 2. Summary of Clinical Characteristics between Early- and Late-
onset Amyotrophic Lateral Sclerosis Patient Groups with Bulbar Onset

Early-onset Late-onset
ALS patients ALS patients p value
group group
{n=6) (n=11)
Age (years) 525 77.0 p<0.001
{30-64) (66-89)
Sex (M/F) 42 74 p>0.999
ALSFRS-R 43.5 35.0 0.057
(39-46) (5-46)
Duration (m}) 10.5 11.0 0.880
(3-28) (3-27)
Progression rate 0.47 2.00 0.044
(0.14-1.75) (0.15-4.00)

Variables are expressed as median (range). Medians were compared using the Mann-

Whitney U test. Categorical variables were compared using Fisher exact probability test.
ALSFRS-R: revised Amyotrophic lateral sclerosis Functional Rating Scale at initial di-
agnosis. Duration: from the time when the initial symptoms were noted to diagnosis
(months), progression rate (AFS); 48-ALSFRS-R at time of diagnosis/duration from the
time when the initial symptoms were noted to diagnosis (months).

Progression rate
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Figure 3. Comparison between the progression rate of ear-
ly- and late-onset amyotrophic lateral sclerosis patients groups
with bulbar onset. The progression rate (AFS) was different in
the patient group with early-onset amyotrophic lateral sclero-
sis (ALS) (median, 0.47; range 0.14-1.75) compared with the
group with late-onset ALS (median, 2.00; range, 0.15-4.00).
AFS of the late-onset ALS group was significantly higher than
that of the early-onset ALS group (p=0.044).

basis of the severity (ALSFRS-R) and duration (from the
time when the initial symptoms were noted to diagno-
sis) (13). AFS calculated by using the ALSFRS-R score at
the time of initial diagnosis and symptom duration repre-
sents a predictive index of survival. It enables evaluation of
the disease process. In addition, AFS at the time of diagno-
sis in each patient appears to be more closely associated
with future progression to the primary endpoint (13). It was
reported the significance of AFS by adding a time axis at di-
agnosis and conducting comparisons with the total ALSFRS-
R score alone (13). Subsequently, to our knowledge, this is

Cumulative Survival of ALS patients
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Figure 4. Kaplan-Meier survival plots according to the age
at onset and of post-diagnesis period until primary endpoint
in amyotrophic lateral sclerosis patients with bulbar onset.
Kaplan-Meier survival plots according to the age at onset and
post-diagnosis period until primary endpoint (death or time
culminating in death without tracheostomy or ventilation as-
sistance) in amyotrophic lateral sclerosis patients (n=17) are
shown. By using simple, nominal variables in the Cox propor-
tional hazards model, the survival of patients with late onset
(n=11) was significantly decreased compared to that of pa-
tients with early onset (n=6; p=0.031).

the first report of an association between clinical features
and AFS.

In the present study, ALSFRS-R score and duration (from
the time when the initial symptoms were noted to diagnosis)
were not significantly different between ALS patients with
early onset and those with late onset. However, AFS of late-
onset ALS group was significantly higher than that of the
early-onset ALS group. Survival of patients with late onset
was significantly decreased compared with that of patients
with early onset. It was suggested that AFS might predict
the prognosis more accurately (13).
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Table 3.

Summary of Clinical Characteristics between Early- and Late-

onset Amyotrophic Lateral Sclerosis Patient Groups with Limb Onset

Early-onset Late-onset
ALS patients ALS patients p value
group group
{n=16) (n=11)
Age (years) 59.0 73.0 p<0.001
(36-64) {66-82)
Sex (M/F) 11/5 8/3 p>0.999
ALSFRS-R 39.5 36.0 0.349
(4-48) {14-45)
Duration (m) 21.0 13.0 0.505
(3-68) (7-134)
Progression rate 0.54 0.76 0.046
(0.04-0.91) (0.18-1.71)

Variables are expressed as median (range). Medians were compared using the Mann-

Whitney U test. Categorical variables were compared using Fisher exact probability
test. ALSFRS-R: revised Amyotrophic lateral sclerosis Functional Rating Scale at ini-
tial diagnosis. Duration: from the time when the initial symptoms were noted to diagno-
sis (months), progression rate (AFS); 48-ALSFRS-R at time of diagnosis/duration from
the time when the initial symptoms were noted to diagnosis (months).

Progression rate

(AFS) p = 0.046
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3
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Figure 5. Comparison between the progression rate of ear-

ly- and late-onset amyotrophic lateral sclerosis patients groups
with limb onset. The progression rate (AFS) was different in
the patient group with early-onset amyotrophic lateral sclero-
sis (ALS) (median, 0.54; range 0.04-0.91) compared with the
group with late-onset ALS (median, 0.76; range, 0.18-1.71).
AFS of the late-onset ALS group was significantly higher than
that of the early-onset ALS group (p=0.046).

A previous study had reported that patients with late-
onset ALS had a poor prognosis (15). In this regard, it was
speculated that the degeneration of motor neurons was rele-
vant in the aging process (15). However, degeneration of
motor neurons in ALS was reported to be different from that
in the normal aging process. In addition, it was surmised
that a poor prognosis was affected by age-related physi-
ological respiratory insufficiency rather than by age-related
of motor neurons (16). The age at onset of ALS is higher
now compared to the recent 2 or 3 decades (2-6). This
might be related to the longer life expectancy of the general
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Figure 6. Kaplan-Meier survival plots according to the age
at onset and of post-diagnosis period until primary endpoint
in amyotrophic lateral sclerosis patients with limb onset.
Kaplan-Meier survival plots according to the age at onset and
post-diagnosis period until primary endpoint (death or time
culminating in death without tracheostomy or ventilation as-
sistance) in amyotrophic lateral sclerosis patients (n=27) are
shown. By using simple, nominal variables in the Cox propor-
tional hazards model, the survival of patients with late onset
(n=11) was significantly decreased compared to that of pa-
tients with early onset (n=16; p=0.034).

population. Although the increase in mortality is restricted
to the population aged =65 years, it cannot be explained by
the increasing age of the general population alone (17). It
was formerly reported that elderly people with ALS were
less likely to consult a neurologic specialist (18). Recently,
it was thought that elderly people consult neurologists more
often (19). Thus, it was thought that the clinical features of
patients with late-onset ALS were related to pathological,
physiological and medical-sociological factors.

The population in Japan is aging at a faster rate than in
other countries in the world (11). It is speculated that the
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number of patients with late-onset ALS will increase even
more in the future. The present study evaluated the clinical
features in a small number of patients with ALS in Japan.
By using AFS, we confirmed the result of previous reports.

In conclusion, by using AFS, we found that patients with
late-onset ALS showed more rapid disease progression than
those with early-onset ALS. We propose that AFS may be
useful for the assessment of affected patients. A larger popu-
lation is required to validate our conclusion.

The authors state that they have no Conflict of Interest (COI).

References

1. Sabatelli M, Madia F, Conte A, et al. Natural history of young-
adult amyotrophic lateral sclerosis. Neurology 71: 876-881, 2008.

2. Neilson S, Robinson I, Nymoen EH. Longitudinal analysis of
amyotrophic lateral sclerosis mortality in Norway, 1966-1989: evi-
dence for a susceptible subpopulation. J Neurol Sci 122: 148-154,
1994.

3. Neilson S, Gunnarsson LG, Robinson I. Rising amyotrophic lat-
eral sclerosis mortality in France 1968-1990: increased life expec-
tancy and inter-disease competition as an explanation. J Neurol
241: 448-455, 1994.

4. Neilson S, Gunnarsson LG, Robinson I Rising mortality from
motor neurone disease in Sweden 1961-1990: the relative role of
increased population life expectancy and environmental factors.
Acta Neurol Scand 90: 150-159, 1994.

5. McGuire V, Longstreth WT Jr, Koepsell TD, van Belle G. Inci-
dence of amyotrophic lateral sclerosis in three counties in western
Washington state. Neurology 47: 571-573, 1996.

6. Piao YS, Wakabayashi K, Kakita A, et al. Neuropathology with
clinical correlations of sporadic amyotrophic lateral sclerosis: 102
autopsy cases examined between 1962 and 2000. Brain Pathol 13:
10-22, 2003.

7. Traynor BJ, Codd MB, Corr B, Forde C, Frost E, Hardiman O.
Incidence and prevalence of ALS in Ireland, 1995-1997: a
population-based study. Neurology 52: 504-509, 1999.

8. Piemonte, Valle d’Aosta. Register for Amyotrophic Lateral Sclero-

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

sis (PARALS). Incidence of ALS in Italy: evidence for a uniform
frequency in Western countries. Neurology 56: 239-244, 2001.

. Sorenson EJ, Stalker AP, Kurland LT, Windebank AlJ.

Amyotrophic lateral sclerosis in Olmsted County, Minnesota, 1925
to 1998. Neurology 59: 280-282, 2002.

Logroscino G, Beghi E, Zoccolella S, et al. SLAP Registry. Inci-
dence of amyotrophic lateral sclerosis in southern Italy: a popula-
tion based study. J Neurol Neurosurg Psychiatry 76: 1094-1098,
2005.

Ezrati M. Japan’s aging economics. Foreign Aff 76: 96-104, 1997.
Cedarbaum JM, Stambler N, Malta E, et al. BDNF ALS Study
Group (Phase III). The ALSFRS-R: a revised ALS functional rat-
ing scale that incorporates assessments of respiratory function. J
Neurol Sci 169: 13-21, 1999.

Kimura F, Fujimura C, Ishida S, et al. Progression rate of
ALSFRS-R at time of diagnosis predicts survival time in ALS.
Neurology 66: 265-267, 2006.

Brooks BR. El Escorial World Federation of Neurology criteria for
the diagnosis of amyotrophic lateral sclerosis. Subcommittee on
Motor Neuron Diseases/Amyotrophic Lateral Sclerosis of the
World Federation of Neurology Research Group on Neuromuscu-
lar Diseases and the El Escorial “Clinical limits of amyotrophic
lateral sclerosis” workshop contributors. J Neurol Sci 124(suppl):
96-107, 1994.

Norris F, Shepherd R, Denys E, et al. Onset, natural history and
outcome in idiopathic adult motor neuron disease. J Neurol Sci
118: 48-55, 1993.

Terao S, Li M, Hashizume Y, Mitsuma T, Sobue G. No transneu-
ronal degeneration between human cortical motor neurons and spi-
nal motor neurons. J Neurol 246: 61-62, 1999.

Seljeseth YM, Vollset SE, Tysnes OB. Increasing mortality from
amyotrophic lateral sclerosis in Norway? Neurology 55: 1262-
1266, 2000.

Forbes RB, Colville S, Swingler RJ. Scottish ALS/MND Register.
The epidemiology of amyotrophic lateral sclerosis (ALS/MND) in
people aged 80 or over. Age Ageing 33: 131-134, 2004.
Shimohata T, Yanagawa K, Tanaka K, Nishizawa M. Longitudinal
analysis of age at onset and initial symptoms in patients with
amyotrophic lateral sclerosis. Rinsho Shinkeigaku (Clin Neurol)
46: 377-380, 2006 (in Japanese, Abstract in English).

© 2012 The Japanese Society of Internal Medicine
http://www.naika.or.jp/imindex.html

584
- 132 -



J Neurol
DOI 10.1007/s00415-011-6372-7

Is there delayed gastric emptying in patients with multiple system
atrophy? An analysis using the *C-acetate breath test

Yuji Tanaka - Tomohiro Kato - Hiroshi Nishida - Megumi Yamada -
Akihiro Koumura - Takeo Sakurai - Yuichi Hayashi - Akio Kimura -
Isao Hozumi - Hiroshi Araki - Masahiko Murase - Masahito Nagaki -

Hisataka Moriwaki - Takashi Inuzuka

Received: 26 September 2011/Revised: 5 December 2011/ Accepted: 10 December 2011

© Springer-Verlag 2011

Abstract Autonomic failure is one of the criteria
according to the second consensus statement for the diag-
nosis of multiple system atrophy (MSA). Gastrointestinal
symptoms are frequent complaints in patients with MSA
and may be associated with reduced gastrointestinal
motility due to autonomic nervous system dysfunction.
However, there are few reports on gastric emptying in
patients with MSA. We investigated gastric emptying in 25
patients with MSA, 20 patients with sporadic adult-onset
ataxia of unknown etiology (SAOA), and 20 healthy vol-
unteers using the '>C-acetate breath test. Gastric emptying
function is estimated by this test as the half-emptying time
(HET) and peak time of the 3C-%-dose-excess curve
(Tmax), With expirations collected for 4 h after a test meal
and determination of '*CO, content using an infrared (IR)
spectrophotometer. The HET and 7, of gastric emptying
were significantly delayed in patients with MSA as com-
pared to those in SAOA and controls (p < 0.01). The HET
and T,,,, were not significantly different between SAOA
and controls. No correlation existed between the HET or
Tmax and the duration or severity of the disease in MSA
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patients. These results suggested that gastric emptying was
significantly delayed in patients with MSA, and the delay
already appeared in the early stage of the disease. Delayed
gastric emptying is one of the autonomic failures and may
be a clinical marker of MSA.
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Introduction

Autonomic failure is one of the criteria according to the
second consensus statement for the diagnosis of multiple
system atrophy (MSA) [1]. Autonomic failure of MSA .
involves urinary incontinence or orthostatic hypotension
[1]. Gastrointestinal symptoms are frequent complaints of
patients with MSA and may be associated with reduced
gastrointestinal motility due to autonomic nervous system
dysfunction [2]. There is a report of gastric emptying (GE)
in a small number of patients with MSA [2]. Furthermore,
there is no report on the correlation between GE and dura-
tion and severity of the disease. Thus, the clinical feature of
GE in patients with MSA remains largely unknown.

Recently, the 3C.acetate breath test ("*C-ABT) has been
widely recognized as useful for evaluating GE because it is
less invasive than isotope or acetaminophen methods [3]. In
particular, the 13C-ABT is a reliable and non-invasive tool
for the analysis of GE rates of liquid phases without radi-
ation exposure [4]. In this study, we used "*C-ABT to
compare the GE among patients with MSA, those with
sporadic adult-onset ataxia of unknown etiology (SAOA),
and healthy volunteers.
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Methods
Patients

Our study population consisted of 25 patients with MSA
with predominant cerebellar ataxia (MSA-C), 20 patients
with SAOA, and 20 healthy volunteers (control group). The
patients with MSA-C were diagnosed on the basis of the
second consensus statement for the diagnosis of MSA [1].
Those with SAOA were diagnosed according to the criteria
of Abele [5, 6]. Furthermore, the patients with MSA-C and
those with SAOA were examined by magnetic resonance
imaging (1.5 Tesla).

The control group consisted of ten men and ten women;
median age was 69.0 years (range 63-73 years). The group
of patients with MSA consisted of 12 men and 13 women;
median age was 66 years (range 53-81 years); disease
duration was 3.0 years (range 0.5-7.3 years). The group of
patients with SAOA was composed of nine men and 11
women; median age was 65 years (range 54-73 years); dis-
ease duration was 2.5 years (range 1.2-3.6 years) (Table 1).
Each group of patients with MSA and SAOA was con-
secutively consulted at our hospital. None of the MSA and
SAQA patients had basic diseases such as liver dysfunc-
tion, renal failure, cardiopulmonary disease, diabetes mel-
litus, gastrointestinal disease, or history of gastric surgery.
None of the MSA and SAOA patients takes medication,
which might affect gastric motility. Clinical characteristics
(including age, gender, and body mass index) were not
significantly different among the patients with MSA, those
with SAOA, and the control group. The patients with
SAOA had no gastrointestinal symptoms. The results
of blood examinations were within the normal range. In
addition, there were no differences between the patients
with MSA and those with SAOA in terms of pepsinogen I,
I, and serum gastrin levels, which might affect gastric
motility [7]. The positive ratio of anti-Helicobacter pylori
(HP) antibody did not differ significantly between the
patients with MSA and those with SAOA.

Disease stages were defined as follows: stage 0, no gait
difficulties, stage 1, disease onset, as defined by onset of
gait difficulties, stage 2, loss of independent gait, as defined
by permanent use of a walking aid or reliance on a sup-
porting arm, stage 3, confinement to wheelchair, as defined
by permanent use of a wheelchair [6]. In MSA with stage 0
there were five patients (20%), in stage 1, there were seven
patients (28%), in stage 2, eight patients (32%), and in
stage 3, there were five patients (20%). In SAOA with
stage 0, there were six patients (30%), in stage 1, there
were six patients (30%), in stage 2, there were five patients
(25%), and in stage 3, there were three patients (15%).

Informed consent was obtained from each subject prior
to participation in this study. The study protocol was
approved by the Ethical Committee of Gifu University, and
was carried out in accordance with the 1975 Declaration of
Helsinki.

Gastric emptying examination

The GE examination was carried out using the '*C-breath
test according to Ghoos [3] with slight modifications. MSA
patients, SAOA patients, and healthy volunieers were tes-
ted after an overnight fast of 12 h. None of the MSA and
SAOA patients took medication for digestive tract function
for 24 h. Early in the morning, MSA patients, SAOA
patients, and healthy volunteers took a liquid test meal
(Racol: TM 200 kcal/200 ml; Otsuka Pharmaceuticals Co.,
Ltd., Tokyo, Japan) containing 100 mg 1BC-sodium ace-
tate. Thereafter, an expiration breath sample was collected
every 10 min for 4 h and analyzed for 3C0, using an
infrared (IR) spectrophotometer (UBiT-IR300; Otsuka
Electronics Co., Ltd., Tokyo, Japan). All subjects were in a
sitting position during the examination.

The principle of the 13C-ABT is ingestion of a liquid test
meal containing '’C-acetate, GE, absorption from the
digestive tract, metabolism in the liver (production of
13C0,), and expiration from the lung, which results in an
increase in *CO, in the expired breath [&, 9].

Table 1 Clinical characteristics of patients with multiple system atrophy and those with sporadic adult-onset ataxia of unknown etiolog

Controls (n = 20) MSA (n = 25) SAOA (n = 20) p value
Age (years) 69 (63-73) 66 (53-81) 65 (54-73) 0.072
Gender (male/female) 10/10 12/13 9/11 0.950
BMI (kg m™?) 18.7 (16.7-23.8) 20.0 (13.2-28.9) 20.7 (16.7-26.5) 0.078
Duration (years) 3.0 (0.5-7.3) 2.5 (1.2-6.0) 0.664

Variables are expressed as median (range). Categorical variables were compared using the Chi-square test. Medians were compared using the

Kruskal-Wallis test

MSA multiple system atrophy, SAOA sporadic adult-onset ataxia of unknown etiology, BMI body mass index
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Mathematical analysis

The data were used for mathematical curve fitting. A best-
fit curve of expired '*CO, was constructed for each subject.
The percentage-'>CO, cumulative excretion in the breath
was assessed using a nonlinear regression formula [10, 11]
y=m (1—e™™* 10 fit the curve of the cumulative '>C
recovery. The percentage of '>CO, excretion per hour was
fitted to the formula mkfe™ (1—e )=, ¢ is time and m,
k, and f are constants. The value of m represents the total

cumulative *CO, recovery when the time is infinite. The

half-emptying time (HET) was calculated using the for-
mula HET = —1/k In (1—e™"#). T, is the peak time of
the '*C-%-dose-excess curve (%-dose/h) based on a time
profile of the '*CO, excretion rate. The parameters were
estimated with the Excel software (Microsoft, Redmond,
WA).

Statistical analysis

Categorical variables were compared using the Chi-square
test. Other variables were expressed as median (range).
Between two groups, medians were compared using the
Mann—Whitney U test. Between three groups, medians
were compared using the Kruskal-Wallis test. Paired two
groups were analyzed using the Spearman’s correlation
coefficient by rank. All analyses were carried out on
StatView statistical software, version 5.0 (Abacus Con-
cepts, Inc., Berkeley, CA). A p value of less than 0.05 was
considered significant.

Results
Tmax in MSA, SAOA, and controls

The examinations were safely carried out in all MSA
patients, SAOA patients, and controls. Ty, was signifi-
cantly delayed in MSA patients (median 1.50 h, range
0.83-2.67 h) as compared with the controls (median 0.83 h,
range 0.67-1.00 h) (p <0.01) or with SAOA patients
(median 0.83 h, range 0.50-1.67 h) (» = 0.01) (Fig. D).
There was no significant difference in 7;,,, between SAQA
and controls.

HET in MSA, SAOA, and controls

The HET was significantly delayed in MSA patients
(median 2.77 h, range 1.67-3.71 h) as compared to the
controls (median 1.44 h, range 1.30-1.64 h) (p < 0.01) or
with SAOA patients (median 1.54 h, range 1.30-3.09 h)
(p = 0.01) (Fig. 2). There was no significant difference in
HET between SAOA and controls (Fig. 2).

P=0.07

P<0.01 P=0.01
20- r 1T 1

Tmax (hr)
5

Control MSA
(n=20) (n=25)

SAOA
(n=20)

Fig. 1 Peak time of the 13C.%-dose-excess curve (Timax) 1 controls,
patients with multiple system atrophy (MSA), and those with sporadic
adult-onset ataxia of unknown etiology (SAOA)

P=0.14
[ 1
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£
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(n=20) (n=25) {n=20)

Fig. 2 Half-emptying time (HET) in controls, patients with multiple
system atrophy (MSA), and those with sporadic adult-onset ataxia of
unknown etiology (SAOA)

Correlation between GE and disease stage in MSA

In patients with MSA, either Tp,,, (p = 0.89) or HET of
GE using the '*C-ABT did not correlate with the severity
of the disease (p = 0.95). Neither Ty, (» = 0.70) nor
HET correlate with the duration of the disease (p = 0.70).

Discussion

In the present study, we have shown two novel important
points. First, our results showed that GE is significantly
delayed in patients with MSA as compared to patients with
SAOA and controls. Second, GE of patients with MSA is
already delayed in the early stage of the disease.
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Autonomic failure is one of the criteria according to the
second consensus statement for the diagnosis of MSA [1].
Among lower gastrointestinal symptoms, constipation is a
common feature and a change in bowel habits suggests
autonomic involvement of the lower gut [12]. Patients with
MSA sometimes complain of upper gastrointestinal symp-
toms [2]. Gastrointestinal symptoms may be associated with
reduced gastrointestinal motility due to autonomic nervous
system dysfunction of MSA [2]. The previous study sug-
gested that GE of patients with MSA was slower than the
control [2]. However, it was not clear whether GE of MSA
patients correlated duration and severity of the disease. In
this study, we demonstrated that GE of patients with MSA is
already delayed from the early stage.

With respect to the pathological background of MSA,
previous studies have supported the presence of a central
lesion. The pathological lesions of autonomic failure are
defined by loss of preganglionic neurons of the thoracic
intermediolateral column (IML) and sacral IML, and by
loss of visceromotor neurons of Onuf’s nuclei in the sacral
segment [13]. The dorsal motor nuclei of the vagus are also
involved [13]. Moreover, involvement of the hypothalamus
has been reported [14-16]. Interestingly, a recent study
demonstrated accumulation of phosphorylated alpha-syn-
uclein in the peripheral sympathetic ganglia in two out of
eight patients with MSA [17]. Furthermore, neurohormonal
dysfunction is also a frequent co-morbidity in patients with
MSA, and the determination of the pathological involve-
ment of the autonomic neurons, which are responsible for
circadian rhythms and responses to stress, provides new
insights into autonomic failure and neurohormonal dys-
function in MSA [18]. It is reported that patients with MSA
have an impaired circadian rhythm of gastric myoelectrical
activity due to the degeneration of the central autonomic
neurons [19]. The pathological lesions of gastrointestinal
failure in MSA patients might correlate both upper and
lower gastrointestinal functions. These mechanisms might
affect the delayed GE in MSA.

As of now, and with regard to lower gastrointestinal
symptoms, constipation is considered one of the most com-
mon manifestations of autonomic dysfunction in MSA,
occurring in 33% of patients [20, 21]. Patients with MSA
complain of constipation at a relatively early stage of the
disease [22]. Furthermore, the rectal sphincter in MSA is
frequency-denervated because of degeneration of Onuf’s
nuclei in the sacral cord [23]. The electromyogram of the
rectal sphincter may be abnormal [24]. Involvement of
Onuf’s nuclei in MSA is time-dependent [23]. This may
represent a somatic, but not an autonomic, dysfunction [26].

In some patients with non-hereditary degenerative adult-
onset ataxia at an early stage, it is difficult to distinguish
between MSA and SAOA. Inclusion criteria of SAOA were

@ Springer

as follows: (1) progressive ataxia, (2) disease onset after the
age of 20 years, (3) informative and negative family history,
(4) no established symptomatic cause, (5) no subacute onset
of ataxia, (6) negative molecular genetic testing for SCA, and
(7) no possible or probable MSA according to established
clinical criteria [5, 6]. Although the neuropathological dif-
ference between MSA and SAOA is not clear, the difference
in clinical features between patients with MSA and those
with SAOA was reported [5]. However, there were scant data
of gastrointestinal symptoms in patients with SAOA [5].
Hence, we compared GE of patients with MSA and those
with SAOA. In this study, we showed that GE was signifi-
cantly delayed in patients with MSA as compared to patients
with SAOA. The delayed GE may be one of the markers to be
useful to explain the difference between patients with MSA
and those with SAOA.

In conclusion, our study demonstrated that GE is sig-
nificantly delayed in MSA patients as compared to SAOA
patients and controls, and that no correlation existed
between GE of MSA patients and duration and severity of
the disease. From the viewpoint of an early diagnosis, it
will be important to actually measure GE in MSA patients
in clinical settings. Our results demonstrated that GE is
already delayed at the early stage of MSA. Therefore, we
speculate that delayed GE is one of the autonomic failures
of MSA and may be one of the markers for MSA.

Conflicts of interest None.
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Background: The structure and function of
myelin  PO-related 36-kDa protein are totally
unknown.

Result: A novel isoform of PO, L-MPZ, contains
extra C-terminus derived from 3'UTR of PO
mRNA and is expressed in peripheral myelin.
Conclusion: L-MPZ is produced by stop codon
readthrough and probably related with peripheral
myelinogenesis.

Significance: Analyses of L-MPZ are crucial for
understanding  readthrough  mechanism in
mammals and myelinogenesis.

SUMMARY

Myelin protein zero (PO or MPZ) is a major
myelin protein (~30 kDa) expressed in the
peripheral nervous system (PNS) in terrestrial
vertebrates. Several groups have detected a
PO-related 36-kDa (or 35-kDa) protein that is
expressed in the PNS as an antigen for the
serum IgG of patients with neuropathy. The
molecular structure and function of this 36-kDa
protein are, however, still unknown. We
hypothesized that the 36-kDa protein may be
derived from PO mRNA by stop codon
readthrough. We found a highly conserved

region after the regular stop codon in predicted
sequences from the 3'UTR of PO in higher
animals. MS of the 36-kDa protein revealed
that both PO peptides and peptides deduced
from the PO 3'UTR sequence were found
among the tryptic fragments. In transfected
cells and in an in vitro transcription/translation
system, the 36-kDa molecule was also produced
from the identical mnRNA that produced P0. We
designated this 36-kDa molecule as large myelin
protein zero (L-MPZ), a novel isoform of PO
that contains an additional domain at the C
terminus. In the PNS, L-MPZ was localized in
compact myelin. In transfected cells, just like
PO, L-MPZ was localized at cell-cell adhesion
sites in the plasma membrane. These results
suggest that L-MPZ produced by the stop
codon readthrough mechanism is potentially
involved in myelination. Since this is the first
finding of stop codon readthrough in a common
mammalian protein, detailed analysis of
L-MPZ expression will help to understand the
mechanism of stop codon readthrough in
mammals.

Peripheral myelin protein zero (known as PO
or MPZ) is a type I transmembrane adhesion
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molecule, which belongs to the immunoglobulin
(Ig) superfamily and constitutes >50% of the total
peripheral nervous system (PNS) myelin protein in
vertebrates (1). The PO gene encodes a protein of
248 amino acids (aa) including a 29-aa signal
sequence. Mature PO protein (219 aa) 1is
N-glycosylated and has an apparent molecular
weight of ~30 kDa. Homophilic interactions
between the extracellular Ig domain lead to tight
adhesion between each layer in PNS myelin (2).
The highly basic intracellular domain of PO is
- required for compaction of the cytoplasmic side of
myelin and is also involved in extracellular
adhesion (3, 4). The PO gene consists of six exons,
and protein sequences are evolutionarily highly
conserved from fish to humans (1). In particular,
sequences from mouse, rat, bovine, and human
have >90% identity. Thus, PO is important for the
function of the PNS, and a large number of PO
mutations cause hereditary motor sensory
neuropathies (5).

Several groups have suggested that a 36-kDa
(or 35-kDa) autoantigen that reacted with sera
from patients with neuropathies may be involved
in various neuropathies. This molecule has an
identical N-terminal aa sequence and partial
internal sequence as PO (6-9), but the size of this
protein is somewhat larger than P0O. Although there
are three truncated, spliced variants of PO that are
related to the omission or partial skipping of exon
3 (10), no other mRNA transcripts have been
reported. Ishida et al. (8) screened a human sciatic
nerve (ScN) c¢DNA expression library using a
serum sample obtained from a patient and found
that three positive clones included small ¢cDNA
fragments matching part of the 3'UTR of PO. The

molecular structure and function of this protein are,

however, totally unknown.

Translation termination is a crucial step that
controls expression during protein synthesis.
During this process, well-regulated stop codon
readthrough is a mechanism that is thought to
expand the coding potential of a limited genome in
viruses (11), yeasts (for review, 12), and
Drosophila  (13-15). 1t is believed that this
mechanism occurs in higher animals and that it
can have substantial effects on the function of the
encoded protein and on the phenotype of the cell.
Rabbit B -globin is, however, the only reported
example of the utilization of this mechanism in a
higher organism (16, 17).

Highly antigenic L-MPZ is a novel isoform of PO

Here we show that the neuropathy-associated
36-kDa protein is a novel form of PO that is
produced by translational stop codon readthrough.
We designated this protein as large myelin protein
zero (L-MPZ).

EXPERIMENTAL PROCEDURES

Serum samples—Serum that was positive for

antibodies against the 36-kDa protein was
obtained from a 54-year-old female patient with
chronic inflammatory demyelinating
polyneuropathy (CIDP) at Gifu University
Hospital and was stored in aliquots at —80°C until
use. Normal serum was obtained from a
62-year-old female volunteer and was stored in
aliquots at —80°C until use. This study was
approved by the Tokyo University of Pharmacy
and Life Sciences Review Committee and the Gifu
University Review Committee. The patient and a
volunteer provided written informed consent prior
to participation in the study.
Animals—Wistar rats that were 8 weeks old and
postnatal day (P)1, P3, P5, and P7 Wistar rats were
purchased from Japan SLC (Hamamatsu, Japan).
All experiments were conducted in accordance
with the guidelines on the care and use of animals
of the Tokyo University of Pharmacy and Life
Sciences Animal Use Committee.

Preparation of brain and ScN homogenates—A
homogenate was prepared from 10 8-week-old
male Wistar rats. All procedures were carried out
on ice or at 4°C. Homogenates were obtained as
described (18) with slight modification. Briefly,
ScNs were dissected and snap frozen in liquid
nitrogen. The frozen tissues were then ground into
powder using a mortar and homogenized with a
homogenizer (Heidolph, Schwabach, Germany) in
nine volumes (w/v) of 0.32 M sucrose containing
5 mM Tris-HCL pH 7.5; 2 mM EGTA; 0.75 uM
aprotinin; 1 uM leupeptin; 1 uM pepstatin A; and
0.4 mM PMSF (Homogenization Buffer). To
remove chromosomal DNA, cell debris, and fibers,
the homogenates were centrifuged at 500 x g for
10 min, and the supernatants were collected and
stored as a whole homogenate fraction at —80°C.
The protein concentration was determined using a
bicinchoninic acid assay (Pierce Biotechnology,
Rockford, IL, USA).

Isolation of membrane, cytosol, and myelin

fractions from ScN homogenates—Whole ScN

homogenate was collected and centrifuged for 30
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min at 200,000 x ¢ The supernatant collected at
this stage contained the cytosolic fraction. The
precipitate, which was the membrane fraction, was
then re-homogenized in Homogenization Buffer.
These fractions were stored at —80°C. The myelin
fraction was purified as described (18).

Western blot analysis—Western blot analysis
using SDS-PAGE and two-dimensional gel
electrophoresis (2DE) with a cationic detergent,
cetyltrimethylammonium bromide (CTAB). was
performed as described (18). This 2DE method
using cationic detergent is appropriate for the

analysis of highly hydrophobic membrane proteins,

especially those in myelin (18, 19). CTAB-2DE is
advantageous for the solubilization of hydrophobic
proteins. The primary antibodies used in western
blotting are described below.

Peptide  absorption of immunoreactivity—

Immunoreactivity of the serum IgG in western
blotting was blocked by peptide absorption. The
absorption  peptides were synthesized by
GenScript (Piscataway, NJ, USA). Appropriate
concentrations of the serum and antibody were
incubated overnight at 4°C with each of the
synthetic peptides (20 upg/ml) in a solution
containing 0.15 M NaCl and 20 mM Tris-HCI, pH
7.5 (TBS). This mixture was diluted 1:9 (v/v) in
0.3% skim milk/0.1% Tween-20/TBS and was
used as the primary antibody solution for western
blotting.
Deglycosylation—Peptide:N-glycosidase F
(PNGase F, EC 3.5.1.52) digestion of the peptide
was performed as described (20) with slight
modification. Briefly, the samples were boiled for
5 mn m 05% SDS and 100 mM
2-mercaptoethanol  and cooled to room
temperature. Triton X-100 (10%) was added to a
final concentration of 2.5%. and the sample was
diluted to 1 ug/ml protein by adding 0.1 M
phosphate buffer (PB), pH 6.8, and 25 mM EDTA.
The mixture was incubated with 0.25 U PNGase F
(Roche)/30 ug protein for 15 h at 30°C. The
deglycosylated samples were analyzed by western
blotting.

MS analysis=PNS myelin proteins were
separated with CTAB-2DE and visualized with
fluorescent staining (18, 21). The excised 36-kDa
spot was analyzed by the Pasarow Mass
Spectrometry Laboratory at the University of
California at Los Angeles. Trvptic peptide
fractions from HPLC chromatography were loaded
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mto nano-clectrospray emitters (Proxcon; Thermo,
San Jose, CA, USA) for immediate analvsis using
a nano-clectrosprav  source—equipped  mass
spectrometer (LTQ-FT Ultra: Thermo).
identification of tryptic peptides from PO and
predicted  L-MPZ-specific  sequences  was
achieved by analvzing MS/MS spectra obtained
using an MS/MS ion scarch of the Mascot Server
(Matrix Science, Boston, MA, USA )

Plasmid constructs—Human PO c¢cDNA in the
pUCI9 vector (22) was a gift from Dr. Kiyoshi
Hayasaka (Yamagata University, Yamagata,
Japan). The FKcoRIl restriction fragment of
full-length PO was cloned into the £coRI site of
the pcDNA3.0 vector (Invitrogen, Carlsbad, CA,
USA), which contains a CMV promoter for
expression  in  mammalian cell  culture
(hPO/pcDNA3). Mutants of deletion
(del-L-MPZ/pcDNA3) or replacements [TAG —
GCG, Ala (MutA-L-MPZ/pcDNA3), TAG —
TAC, Tyr (MutY-L-MPZ/pcDNA3)] of PO stop
codon, mutant of 3'UTR-deletion just after PO stop
codon (P0-3'del/pcDNA3), and mutant of frame
shift mutation by deletion of single base pair
immediately after PO stop codon
(PO_only/pcDNA3)  were  generated  from
hP0/pcDNA3 using the PrimeSTAR Mutagenesis
Basal kit (Takara Bio, Otsu, Japan) (Fig. 9B).

Cell culture and electroporation—Monolayers
of HeLa and NIH/3T3 cells were maintained in
DMEM (GIBCO-BRL/Invitrogen) supplemented
with 10% FBSin 5% CO» at 37°C. Transfection of
pcDNA3.0 (empty vector) or hPO/pcDNA3 was
performed with an electroporator (MicroPorator,
DigitalBio: now provided as Neon by Invitrogen)
according to the manufacturer's instructions (Hela
cell, 0.7 ug plasmid DNA in 10 ul solution, 1020
V. 35 ms, two pulses: NIH3T3, 15 pg plasmid
DNA in 100 pl solution, 1350 V., 20 ms, two
pulses).

Preparation  of  transfected cell cultures—
Transfected NIH/3T3 cells (3 x 10° cells) were
plated on a 100-mm culture dish and cultured in
10% FBS/DMEM. Twenty-four hours after plating,
the cells were washed with phosphate-buffered
saline (PBS) and Homogenization Buffer
containing 1| mM DTT. The cells were harvested
with a cell scraper and lysed using a syringe with
sequential passes through 21-G and 27-G needles.
The supernatant was collected by centrifuging at
500 x g for 10 min and then used for western blot
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analysis. Transfected HeLa cells (5 x 10° cells)
were plated onto 18-mm coverslips coated with
poly-L-lysine and cultured in 10% FBS/MEM-a
containing GlutaMax (GIBCO-BRL/Invitrogen).
The cells were used for immunostaining 24 h after
plating onto the coverslips.

In vitro translation—In vitro translation of PO
and/or L-MPZ from hP0/pcDNA3 was performed

with the TnT Quick Coupled
Transcription/Translation ~ System  (Promega,
Madison, WI, USA) according to the
manufacturer's  instructions. L-[*’S]methionine

(EasyTag PerkinElmer, Waltham, MA, USA) was
used for labeling of synthesized proteins. The
radiolabeled  proteins were analyzed by
SDS-PAGE followed by autoradiography on
BioMax MR films (Kodak, Rochester, NY, USA).
For quantification, the intensity of each band was
measured by ImageGauge v4.23 (Fujifilm, Tokyo,
Japan), and the relative ratio of PO and L-MPZ
with or without G418 was calculated. Values were
obtained from four samples. Statistical analysis
was performed using a two-way ANOVA (PRISM
5; GraphPad Software, La Jolla, CA USA)
followed by Bonferroni multiple comparison test.
Immunostaining—Transfected Hela cells plated
onto coverslips were fixed with 4%
paraformaldehyde (PFA) at room temperature
(RT) for 10 min and permeabilized for 5 min at
RT in 0.1% Triton X-100 in PBS. The coverslips
were preincubated for 1 h in 10% normal donkey
serum (NDS)/PBS and then incubated overnight at
4°C with primary antibodies diluted in NDS/PBS.
After rinsing, the cells were incubated with Alexa
Fluor 488— or 594—conjugated secondary
antibodies for 1 h at RT. The labeled coverslips
were then rinsed and mounted onto glass slides
with Vectashield containing DAPI (Vector
Laboratories, Burlingame, CA, USA). Images
were captured with confocal microscopy
(Olympus, Tokyo, Japan).

Frozen sections of the ScN were prepared by
transcardial perfusion of 8-week-old Wistar rats
with 4% PFA in 0.1 M PB, pH 74. The
10-um-thick frozen sections were permeabilized
and blocked for 1 h in TBS containing 0.3% Triton
X-100 and 10% NDS (NDS/T-TBS). The sections
were then incubated overnight at 4°C with primary
antibodies diluted in NDS/T-TBS, thoroughly
rinsed in TBS, and incubated with fluorescently
labeled secondary antibodies for 1 h at RT. Finally,
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the labeled frozen sections were rinsed and
mounted in Vectashield containing DAPI. The
images were captured with confocal microscopy.

Antibodies—The following antibodies were
used for immunostaining: goat polyclonal anti-P0
antibody produced against the peptide sequence
(DHSRSTKAVSEK) of the C-terminal region of
human PO (1:500; Abnova, Taipei, Taiwan), rat
monoclonal anti-myelin basic protein antibody
(anti-MBP; 1:200; Chemicon/Millipore, Billerica,
MA, USA), mouse monoclonal anti-neurofilament
(anti-NF; 1:5; Nichirei, Tokyo, Japan), and rabbit
polyclonal anti-L-MPZ (1:4000) antibody, which
was produced by immunization with a keyhole
limpet hemocyanin—conjugated 21-aa peptide
(C-LRPAVKSPSRTSLKNALKNM; synthesized
by GenScript) of the human L-MPZ-specific
region. The secondary antibodies used for
immunostaining were Alexa Fluor 488- and
594—conjugated  species-specific  antibodies
(1:2000; Molecular  Probes/Invitrogen).  For
western blotting, the following antibodies were
used: the serum obtained from the patient with
CIDP (1:200), goat polyclonal anti-PO (1:4000),
rabbit polyclonal anti-L-MPZ (1:40000), mouse
monoclonal  anti-B-catenin  (1:2,000;  BD
Biosciences, San Jose, CA, USA), mouse
monoclonal anti-actin (1:4,000; Sigma-Aldrich, St.
Louis, MO, USA), rabbit polyclonal anti-
Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:2000, Imgenex, San Diego, CA),
mouse monoclonal anti-paxillin  (1:5,000; BD
Biosciences), and anti-MBP (1:2000) antibodies.
The secondary antibodies used for western blotting
were horseradish peroxidase—conjugated
anti-mouse, anti-rabbit, anti-rat, anti—goat
(1:10000; Jackson ImmunoResearch Laboratories,
West Grove, PA, USA), and anti-human IgG
(1:5000; American Qualex, San Clemente, CA,
USA).

RESULTS

Characterization of the 36-kDa protein
recognized by serum IgG from a patient with
neuropathy—In the course of investigating
neuropathy-associated autoantigens recognized by
sera from patients with neuropathy, we found that
some sera detected a 36-kDa molecule in rat ScN
homogenate. To characterize this 36-kDa protein,
western blot analysis was performed using
fractions from rat brain and ScN. The 36-kDa
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protein was detected only in the whole
homogenate fraction from rat ScN and not in brain
(Fig. 1A). This 36-kDa protein was detected in the
B-catenin (adherence junction marker)-enriched
ScN membrane fraction (Fig. 1B), especially in
the MBP molecules (myelin marker)-enriched
myelin fraction (Fig. 1C). To investigate N-linked
glycosylation, western blotting with PNGase
F—treated ScN whole homogenate was performed.
A deglycosylation assay with PNGase F revealed
that both PO and the 36-kDa protein bands were
- similarly shifted downward, suggesting that the
36-kDa protein had nearly the same sugar chain
content as PO (Fig. 1D). Thus, the serum from the
patient recognized the peptide portion of this PNS
myelin protein. These properties corresponded to
those of the previously reported 36-kDa (or
35-kDa) protein antigen (6-9). Therefore, this
36-kDa protein is likely to be a common
autoantigen in PNS myelin.

To mvestigate the relationship between this
36-kDa protein and PO, we tested whether anti-PO
antibody recognized the 36-kDa band using
commercially available anti-PO antibody, which
recognizes the C-terminal region of human P0. A
36-kDa band was detected by both anti-P0 and the
patient serum (Fig. 2A). To investigate whether
these 36-kDa molecules were identical, we
performed 2DE-western blotting using CTAB,
which is suitable for analyzing highly hydrophobic
membrane protein spots (18). Proteins from rat
ScN homogenates were visualized with silver
staining of CTAB-2DE membranes (left panels of
Fig. 2B and 2C). The same 36-kDa spots were
recognized by both the patient serum and anti-P0
antibody (white arrows in Fig. 2B and 2C). This
suggests that the 36-kDa molecule has an antigen
in common with the PO C-terminal region.

Evolutionarily conserved aa sequences derived
Jfrom the 3'UTR of PO mRNA-The N-terminal
sequence of the 36-kDa (or 35-kDa) band detected
by the sera of patients with neuropathy is identical
to that of PO, and 36-kDa (or 35-kDa) bands are

found in human, bovine, rat, and mouse PNS (6-9).

In addition, Ishida et al. (8) showed that only small
cDNA fragments containing a partial PO 3'UTR
have been obtained by expression cloning of the
human ScN ¢DNA library using the serum from a
patient with neuropathy. These data strongly
suggest that this protein is a novel isoform of PO
and contains extra aa derived from the 3'UTR of
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PO mRNA. Because exon 6 encodes part of the PO
C terminus, the stop codon, and the entire 3'UTR
(Fig. 3A), we carefully examined the sequence of
the 3'UTR of PO mRNA. After a typical stop
codon (UAG), there were 189 nucleotides before
the next in-frame stop codon (UGA) appeared.
Evolutionary comparisons of PO 3'UTR cDNAs
revealed that the extra 63 predicted aa
immediately after the regular stop codon were well
conserved from frog (Xenopus laevis) to human
(Fig. 3A). After the second stop codon, no
additional conserved regions were found in the
3'UTR. Interestingly, no such sequence homology
was found in zebrafish PO ¢cDNA (data not shown).
In addition, no such conserved aa sequence
mmediately after the regular stop codon was seen
in other common myelin protein genes, including
those encoding myelin proteolipid protein (PLP),
myelim-associated  glycoprotein, MBP, and
peripheral myelin protein 22 (data not shown).

To investigate whether the 36-kDa protein
actually contains the extra 63 aa, tryptic peptides
from the 36-kDa protein spot on CTAB-2DE gels
were analyzed by MS. Twelve tryptic peptides
from the 36-kDa protein corresponded to the
predicted tryptic peptides from PO, and five
additional peptides corresponded to the predicted
sequence in the PO 3'UTR (Fig. 3B). These
peptides covered almost the entire PO molecule
including the N terminus. These data support the
possibility that the 36-kDa protein is derived from
PO mRNA.

PO has a phosphorylation site (RSTK) that is
regulated by protein kinase C (PKC)-a in the
cytoplasmic C-terminal region (Fig. 3B). this
PKC-mediated phosphorylation is necessary for
PO-mediated adhesion (4). To look for a possible
predicted phosphorylation site in the extra 63 aa,
we analyzed this sequence with the NetPhos 2.0
Server (http://www.cbs.dtu.dk/services/NetPhos/).
One putative PKC-mediated phosphorylation site
(RTSLK: Fig. 3B) was found with a high score.

Elimination of immunoreactivity —for the
36-kDa band by the specific peptide derived from
the predicted sequence in the 3'UIR of PO
mRNA~-To determine whether the extra 63 aa of
the 36-kDa protein contain antigenic sites, we
performed peptide absorption using synthetic
peptides derived from the predicted sequence in
the 3'UTR of human PO mRNA. First, two
peptides (Fig. 4A; PO-1 and P0-2) that matched the
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predicted extra sequence were synthesized and
used for absorption. The immunoreactivity for the
36-kDa band in the patient serum was completely
absorbed by the P0-2 peptide but not at all by the
PO-1 peptide (Fig. 4B). To further investigate the
epitope, five different 12-mer peptides (Fig. 4A;
P0-2-1 to -5) that totally covered the P0O-2 peptide

sequence were synthesized and used for absorption.

On the western blot, the peptide P0-2-4 clearly
absorbed the immunoreactivity from the patient
serum (Fig. 4C), indicating that the 36-kDa protein
has the extra sequence derived from the 3'UTR of
PO mRNA, and the epitope recognized by the
serum is located within the P0-2-4 sequence
(SRTSLKNALKNM). Thus, because the 36-kDa
protein is encoded by the PO gene, we designated
this protein as a large form of myelin PO and
called it L-MPZ. A rabbit polyclonal anti-L-MPZ
was produced against a 20-aa peptide (Fig. 4A:
anti-L-MPZ antigen peptide) that includes the
P0-2-4 sequence. This rabbit anti-L-MPZ
antibody recognized the same 36-kDa band as the
band detected by the patient serum (Fig. 4D). The
high antigenicity of this specific region of L-MPZ
was demonstrated by the extremely high titer of
this antibody in an ELISA with the peptide antigen
(>1/512,000; ~2.0 ng/ml) and western blotting
with the ScN homogenate (>1/40,000; ~0.05
ug/ml). The immunoreactivity of anti-L-MPZ was
also absorbed by both the antigen peptide and the
P0-2-4 peptide (data not shown), which indicates
that the epitope for the rabbit antibody and the
patient IgG were in the same 12-aa region.
Production of both L-MPZ and PO from
human PO cDNA-The PO gene is relatively small
(7 kb) and consists of six exons (1). Exon 6
contains both stop codons (Fig. 3A). Therefore, we
considered it unlikely that L-MPZ is translated
from a splice variant. To test whether L-MPZ was
produced from PO mRNA, we analyzed NIH/3T3
cells transfected with a PO expression vector
containing full-length human PO cDNA. After
electroporation, the human PO protein was
transiently expressed in the NIH/3T3 cells (Fig.
5A). Both glycosylated and deglycosylated (by
PNGase F) L-MPZ bands were detected in lysates
from transfected NIH/3T3 cells with western
blotting using anti-L-MPZ (Fig. 5B).
Aminoglycosides such as G418 are reported to
induce stop codon readthrough in Escherichia coli,
yeast, and human cultured cells (23. 24). To
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confirm the stop codon readthrough of PO mRNA,
we performed in vitro transcription/translation in
the presence of G418 using a mammalian in vitro
transcription/translation system. For effective stop
codon readthrough in in vitro translation, 5 ug/ml
G418 is sufficient (25). Synthesized [*S]
methionine-labeled proteins were detected by
autoradiography of SDS-PAGE gel (Fig. 6A).
Strong band of unglycosylated PO with the leading
peptide (predicted MW: ~27.5 kDa) was detected
in the sample from the in Vvitro
transcription/translation of human PO c¢DNA
without G418. Unglycosylated L-MPZ with the
leading peptide (predicted MW: ~34.4 kDa) was
also detected at low levels in the fraction not
treated with G418. A dramatic increase of L-MPZ
was detected in the sample with human PO ¢cDNA
in the presence of G418. The relative ratio of PO
and L-MPZ were calculated from the intensity of
each band with or without G418 treatment
(without G418, PO 107.3+2.8, L-MPZ 16.3£3.3;
with G418, PO 57.1+2.2, L-MPZ 81.1£4.9) (%)
(Fig. 6B). Next, to demonstrate PO stop codon
readthrough producing L-MPZ, three types of
readthrough model mutants as L-MPZ, deletion or
replacement (Ala or Tyr) of PO stop codon in
hPO/pcDNA3, were used in in vitro translation. All
three types of vectors produced the bands
corresponding to unglycosylated L-MPZ with the
leading peptide (Fig. 6A). These results indicate
that both PO and L-MPZ were derived from PO
mRNA, possibly via stop codon readthrough. Thus,
L-MPZ is probably produced in PO-expressing
Schwann cells in vivo by the same mechanism.
Molecular structure of L-MPZ—The predicted
structure of L-MPZ, based on data from western
blotting, MS analysis, and the transfection study,
is depicted in Figure 7. According to the results
from the deglycosylation assay and MS analysis,
most of the structure of L-MPZ seems to be
identical to that of PO; the N-terminal extracellular
region contains a disulfide bond, an Ig-like domain,
and N-linked glycosylation. There 1s a
transmembrane  region and a  C-terminal
cytoplasmic region that contains a putative
PKC-dependent phosphorylation site. We found
that L-MPZ has an extra 63 aa at the C terminus of
PO, which are located in the cytoplasm. This
additional region is highly basic and may contain
an extra PKC-dependent phosphorylation site,
which is in the antigenic site. No other known
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motifs or domains were found in the
L-MPZ-specific extra region.

Developmental expression and localization of
L-MPZ in the PNS—L-MPZ was enriched in the
adult ScN myelin fraction and was translated from
PO mRNA. Because the expression of PO protein is
dramatically increased during ecarly postnatal
development, we next investigated the change in
L-MPZ expression by stop codon readthrough
during ScN development. L-MPZ and PNS myelin
proteins (PO and MBP-splice variants) were
detected with western blotting. In myelin fractions
obtained during the various developmental stages,
L-MPZ was detected from P1, and expression
increased with age, similar to the major PNS
myelin proteins (Fig. 8A). Because
myelinogenesis is active around P7 in the rat PNS,
upregulation of L-MPZ in 5- to 7-day-old rat ScN
myelin may be involved in the maturation of
myelinated fibers.

To investigate the localization of L-MPZ in the
PNS, double immunostaining of adult rat
longitudinal ScN sections was performed using
anti-L-MPZ (green) and anti-NF (red: Fig. 8B)
antibodies. L-MPZ—positive signals were detected
specifically in the myelin, which ensheathed
NF-positive axons. Thus, L-MPZ 1s localized in
the compact myelin of the PNS.

Cellular localization of L-MPZ and PO in
transfected Hela cells—During myelination, PO is
targeted to the plasma membrane, and homophilic
binding of extracellular Ig-like domains mediates
intermembrane adhesion to form compact myelin
(2). In the HeLa cell culture system, forcibly
expressed PO protein is localized to the plasma
membrane, especially at sites of close apposition
between two PO-expressing cells (26). To
investigate the cellular localization of L-MPZ and
PO, we performed double immunostaining of
full-length PO ¢cDNA-transfected HeLa cells using
anti-L-MPZ and anti-P0 antibodies. L-MPZ and
PO immunoreactivities were colocalized (Fig. 9A,
first row,). While anti-L-MPZ can detect only
L-MPZ, anti-PO antibody detects mainly PO but
also slightly detects L-MPZ in western blot (Fig.
2A). Therefore, to confirm the individual
distribution of PO and L-MPZ in transfected cells,
five types of mutant [deletion or frame-shift

mutants to express only P0, deletion or
replacement (Ala or Tyr) of PO stop codon to
express only L-MPZ-like molecules] were
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generated from full-length human PO ¢cDNA (Fig.
9B). The productions of these mutant molecules
were confirmed by western blotting using anti-P0
or anti-L-MPZ antibodies (data not shown). In
immunocytofluorescence, both individual PO and
L-MPZ-like molecules were detected in plasma
membrane (Fig. 9A, second-6th rows). Especially,
Just like PO, L-MPZ-positive signals were
accumulated at sites of cell-cell adhesion between
two L-MPZ-like mutant-expressing cells (Fig. 9A,
4th-6th rows). These results indicate that L-MPZ
may also contribute to cell adhesion.

DISCUSSION

In this study, we show that the highly antigenic
36-kDa neuropathy-associated protein, designated
L-MPZ, is a novel 1soform of PO that contains an
additional 63 aa at the C terminus of PO. This
protein is probably produced by translational
readthrough of the regular PO stop codon, because
L-MPZ was produced by the identical PO mRNA
in conjunction with PO in transfected mammalian
cells and because PO peptides and peptides with
the deduced aa sequence in the 3'UTR of PO are
both found with MS analysis of tryptic L-MPZ
fragments. Stop codon readthrough was also
shown by the great increase in L-MPZ synthesis
with mammalian in vitro transcription/translation
system in the presence of G418. PO stop codon
readthrough model mutants those only produced
L-MPZ-like proteins were also synthesized by
mammalian in  vitro transcription/translation
system. Like PO, L-MPZ was expressed during
myelinogenesis, localized in compact myelin of
the PNS, and accumulated at cell-cell adhesion
sites in transfected cells, suggesting that L-MPZ is
involved in the formation and/or maintenance of
compact myelin, similar to P0O. Because the
L-MPZ-specific region contains an additional
putative PKC phosphorylation site and is highly
antigenic, L-MPZ may also have some unique
roles in normal and pathological myelin
conditions.

There was a high degree of homology at the aa
level among the L-MPZ-specific coding regions in
PO mRNA from mammals and X. laevis (>80%
identity in mammals and ~48% identity in X
laevis), but such homologies were not seen in
zebrafish or shark PO mRNA (data not shown).
These findings suggest that evolutionarily, PO may
have acquired the L-MPZ-specific region by stop
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