Table I Antecedent infections and initial electrodiagnoses in 159
patients with Guillain-Barré syndrome

AIDP AMAN  Unclassified
Campylobacter Jejuni, n = 22 5 16 1
Cytomegalovirus/Epstein-Barr 13 0 1
virus,n = 14
Others/none, n = 123 37 53 33
Total, n = 159 55 69 35

AJIDP = acute inflammatory demyelinating polyneuropathy;
AMAN = acute motor axonal neurcpathy.

performed within 13 days of the onset of neurologic symptoms.
The mean patient age was 38 years (range, 3 to 80 years). Pre-
treatment serum samples taken during the first 3 weeks after
onset were frozen at —80 °C. Patients were considered positive for
C. jejuni if they had serologic evidence of C. jejuni infection and a
definite history of a diarrheal illness within the previous 3 weeks
of GBS onset.®s

Infection serologies. Sera from the patients were tested for
the presence of immunoglobulin (Ig) G antibodies against C. jejuni
by ELISA, as deseribed elsewhere.® Serum was considered posi-
tive when the titer was =1:2,000. Anti-C. jejuni antibody titers
were =1:2,000 in 14 (82%) of 17 GBS patients from whom C. jejuni
had been isolated but had decreased to the normal range within 6
months of the onset of GBS.1® Antibodies to CMV and EBV were
measured commercially (The Special Referenice Laboratory Com-
pany, Tokyo, Japan). CMV infection was defined as the presence
of IgM antibodies in the ELISA, and EBV infection was defined as
the presence of high titers of antibodies against early antigens or
IgM antibodies against the virus capsid antigen. The cutoff values
for anti-CMV and -EBV assays were determined from data of 200
healthy Japanese subjects, We included CMV/EBV-related GBS
because GBS subsequent to infections by these viruses has been
proved to be typical ATDP .81

Antiganglioside antibody testing. The same serum samples
were tested for the presence of antibodies to GM1, GM1b, GMZ,
GDl1a, GalNAc-GD1a, GD1b, GT1a, and GQlb by ELISA, as de-
seribed elsewhere™ IgG anti-C. jejuni antibody and antipanglio-
side antibodies were measured by one of authors (M.K.), who was
blinded to the clinical information.

Electrophysiology. Nerve conduction studies were done
weekly for the first 4 weeks and monthly for the next 5 months by
two examiners (S.K. and K.Q.) using the same conventional proce-
dures and the same EMG machine {Viking 4, Nicolet Biomedical
Japan, Tokyo, Japan). Motor nerve studies were made of the me-
dian, ulnar, peroneal, and tibial nerves, including F-wave analy-
ses. Amplitude and duration of compound muscle action potential
(CMAP) were measured for the initial negative phase. Antidromic
sensory nerve conduction studies were performed in the median,
ulnar, and sural nerves. Patients were classified as having AMAN
or AIDP based on the published electrodiagnostic criteria.® Nor-
mal data of nerve conduction parameters were obtained from 101
healthy subjects.

Results. Infection serology and initial electrodiagnoses.
Table 1 shows the relation between antecedent infections
and electrodiagnoses in the first examination. Of the 159
GBS patients, 30 (19%) were positive for anti-C. jejuni
antibody; of these 30 patients, 22 had a history of diarrhea
before the onset of GBS and were determined as having
recent C. jejuni infection. Only two patients had a positive
stool culture for C. jejuni. Eleven (7%) were positive for
anti-CMV antibody, and three (2%) were positive for anti-
EBV antibody. None had positive serology for two or more
organisms. By electrodiagnostic criteria, 159 patients were
classified with AIDP (n = 55; 35%) or AMAN (n = 69; 43%)
or as unclassifiable (n = 35; 22%) based on the results of
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Figure 1. Serial findings of motor distal latencies in the
median nerves in patients with infection by cytomegelouvi-
rus (CMV}/Epstein-Barr virus (EBV) or Campylobacter
jejuni. The date are given as mean *= SEM. A dotted line
indicates the cutoff value of criteria for demyelination.

the first electrodiagnostic studies performed 1 to 13 days
(median, 6 days) after neurologic onset.

Of the 22 C. jejuni-positive patients, 16 (73%) were di-
agnosed with AMAN (p < 0.01, compared with the CMV/
EBV group), and 5 (23%) showed the AIDP pattern; of
these 5 patients, 3 showed prolonged (>120% of upper
limits of normal} motor distal latencies in the median and
ulnar nerves, and 2 showed prolonged distal latencies in
the median, ulnar, and peroneal nerves. None of the five
patients had a decrease in conduction velocities and pro-
longed F-wave latencies, fulfilling the criteria for demyeli-
nation. There was no abnormal temporal dispersion or
prolonged CMAP duration. Therefore, only prolonged dis-
tal latencies met the criteria for demyelination in these
patients. One unclassified patient showed mildly reduced
CMAP amplitudes, which did not meet the criteria for
AMAN (<80% of lower limits of normal).

Of the 14 CMV/EBV-positive patients, 13 (93%) were
classified with AIDP (p < 0.001, compared with the other
patient groups). All 13 patients had prolonged motor distal
latencies and F-wave latencies in almost of the nerves
tested. The remaining one patient had mild prolongation of
distal latencies and F-wave latencies, which did not meet
the criteria for ATDP.

Time course of electrodiagnostic findings. Because the
electrodiagnosis of AIDP in all 5 C. jejuni-positive patients
was based on the prolonged distal latencies, we analyzed
serial findings of the median distal latencies; figure 1
shows the sequential data in the 22 C. jejuni-positive and
14 CMV/EBV-positive patients. The mean latency of the C.
Jejuni-positive group was slightly prolonged during week 1,
but there was no significant prolongation in the 6 months
after onset of GBS, In contrast, there was a progressive
increase in the mean distal latency through month 2 or 3
in the CMV/EBV-positive group. Analysis of ulnar nerve
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Figure 2. Serial findings of median distol latencies in
patients with infection by cytomegalovirus (CMV)/Ep-
stein-Barr virus (EBV) or Campylobacter jejuni 4 dotted
line indicates the cutoff value of criteria for demyelination.

studies showed similar differences in the time course of
distal latencies.

Figure 2 shows distal latency of the median nerve in
patients who were classified with AIDP in the first studies.
In all five C. jejuni-positive patients, the distal latency
returned toward normal within 2 weeks. Representative
waveforms of CMAPs are shown in figure 3. There were
similar inereases in distal latencies for C. jejuni-positive
and CMV-positive patients during week 1. However, the
time courses were distinct; the prolonged distal latencies
quickly returned toward normal in C. jejuni-positive pa-
tients but progressively increased in the CMV-positive pa-
tient. In the C. fejuni-positive patients, CMAP amplitudes
after distal stimulation were already low (<80% of lower
limit of normal) during week 1, and after normalization of
prolonged distal latencies in week 2, these patients were
reclassified with AMAN according to the electrodiagnostic
criteria.?

Features of C. jejuni-positive patients with the initial
diagnosis of AIDP. Table 2 shows clinical profiles of pa-
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Figure 3. Compound muscle action potentials after me-
dian nerve stimulation at the wrist in patients with posi-
tive serology for Campylobacter jejuni (4, B) or
cytomegalovirus (CMV; C). Despite similar prolongations
of distal latencies during week 1, note rapid shortening
within days in C. jejuni-positive patients in contrast to a
progressive increase in distal latency in a CMV-positive
patient (C).

tients with C. jejuni infection who were classified with
AIDP in the first studies. All five patients had diarrhea
preceding the onset of GBS, Sensory nerve involvement
was found for only one patient. These features were consis-
tent with thoge of AMAN.?® In the follow-up electrodiag-
nostic studies during week 2 or 3, four (Patients 1 through
4) were diagnosed with AMAN, and their sensory nerve
conduction was normal. Patient 5 was classified with acute
motor-sensory axonal neuropathy (AMSAN) because, be-
sides the AMAN pattern in motor nerve studies, the ampli-
tudes of sensory nerve action potentials were decreased in
the median, ulnar, and sural nerves. Therefore, none of the
C. jejuni-positive patients had the time course of typical
AIDP in serial electrodiagnostic studies, and all had the
final electrodiagnosis of AMAN/AMSAN. All five patients
had elevated serum antibodies against gangliosides GM2,
GM1b, GD1a, or GalNAc-GD1la. In contrast, none of the 14
CMV/EBV-positive patients had these antibodies, but 3
CMV-positive patients were positive for anti-GM2 IgM
antibodies.

Discussion., Qur results showed that in this Japa-
nese series 23% of 22 C. jejuni-positive patients, who
were selected using strict eriteria, had the AIDP pat-
tern in the first electrophysiologic studies. The elect-
rodiagnosis was based on the prolonged distal motor
latencies, but the distal conduction slowing rapidly
returned toward normal, and sensory nerve conduc-
tion was normal in almost of them. The time course
of nerve conduction abnormality was distinct from
that of CMV/EBV-positive AIDP; therefore, demyeli-
nation is unlikely to be responsible for the conduc-
tion abnormalities. These results suggest that C.
Jejuni infection does not appear to elicit AIDP.
Isolation of C. jejuni from stool culture is the gold
standard for the diagnosis of infection by this bacte-
rium, but culture survey would underestimate the
frequency of C. jejuni infection because the time be-
tween the infection and GBS onset often exceeds the
duration of excretion of viable C. jejuni in stools.?
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Table 2 Profiles of patients with Campylobacter jejuni infection and initial electrodiagnosis of AIDP

Patient Infectious Hughes Cranial nerve Sensory Final

no. Age, ylsex symptom grade palsy deficit electrodiagnosis IgG antibody to

1 32/M Diarrhea 2 Facial, bulbar —_ AMAN GM1

2 20 Diarrhea 2 — — AMAN GM1, GM1b

2 32/F Diarrhea 1 — — AMAN GM1, GalNAc-GDla
4 48/'M Diarrhea 2 — — AMAN GM1, GM1b

5 44/M Diarrhea 4 Facial, bulbar Yes AMSAN GM1, GD1a

AIDP = acute inflammatory demyelinating polyneuropathy; AMAN = acute motor axonal neuropathy; AMSAN = acute motor-sensory

axonal neuropathy; — = none; Ig = immunoglobulin.

Serologic studies are more sensitive but less specific
than culture-based methods. There are no standards
for serologic testing for C. jejuni infection with re-
gard to antigens used or cutoff values for the positiv-
ity, and the sensitivity and specificity of serologic
assays vary considerably among laboratories.?! The
specificity of our assay was 88%,'% and in combina-
tion of a clinical history of a definite diarrheal ill-
ness, the strict criteria in this study could reduce the
false-positive cases.!®* We suggest that the frequency
of C. jejuni-related AIDP in previous studies could,
in part, be affected by the low specificity of serologic
assays and by the lack of analyses of serial electrodi-
agnostic findings. In a recent report investigating
Chinese GBS patients with anti-GalNAc¢-GDla or
GM1b antibodies, C. jejuni serology measured by the
same investigator (M.K.) was positive for 54% of 28
AMAN patients and for none of 9 AIDP patients,
supporting the view that C. jejuni infection is not
associated with AIDP.2?

The blood-nerve barrier is anatomically deficient
in the distal nerve terminals and nerve roots,?® and
these regions are preferentially involved in AIDP
and AMAN.?*% Therefore, conduction slowing or
block in the distal nerve segments is the most fre-
guent nerve conduction abnormality in GBS. A num-
ber of factors other than demyelination can cause
slowing of nerve conduction, such as loss of the fast-
est fibers, membrane hyperpolarization or depolar-
ization, and sodium channel inactivation.?® Axonal
degeneration of the fast fibers is unlikely to explain
prolonged distal latencies seen in our C. jejuni-
positive patients because motor nerve conduction ve-
locities were normal in those patients, and their
rapid normalization is against this view. A previous
report studying axonal excitability in GBS suggests
that resting membrane potential is not altered in
AIDP and AMAN.?” We speculate that sodium chan-
nel dysfunction explains the prolonged distal laten-
cies and their quick reversal in C. jejuni-positive
patients: in patients with poisoning of tetrodotoxin,
which specifically inactivates voltage-gated sodium
channels, profound slowing of nerve conduction be-
came normal within days.2® Moreover, recent electro-
physiologic studies in AMAN patients suggest
sodium channel dysfunction in the motor nerve ter-
minals,?*?* possibly mediated by antibodies, cyto-
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kines, or other inflammatory substances, although
our data could not provide direct evidence of physio-
logic conduction failure at the nodes of Ranvier.

In almost all of our C. jejuni-positive patients with
prolenged distal latencies, sensory nerve conduction
was normal, and this supports the view that these
patients had axonal GBS rather than AIDP because
sensory nerve fibers are usually involved in AIDP.S
Although our study included only Japanese patients
and the possibility of host susceptibility factors could
not be excluded, based on the clinical and electro-
physiologic findings found in this study, we suggest
that slowing of motor nerve conduction in C. jejuni-
positive patients is not caused by segmental demyeli-
nation, and, therefore, C. jejuni infection does not
cause typical AIDP.* Patients with axonal GBS can
show transient conduction slowing, mimicking one
caused by demyelination in the early phase of the
illness.® In this regard, electrophysiologic classifica-
tion of GBS would be better determined based on
sequential findings rather than on results of single
studies.
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Articles

Immunoglobulin improves a model of
acute motor axonal neuropathy by
preventing axonal degeneration

Y. Nishimoto, MD; M. Koga, MD, PhD; M. Kamijo, MD, PhD; K. Hirata, MD, PhD; and N. Yuki, MD, PhD

Abstract— Background: The action mechanism of IV immunoglobulin (IVIg) for Guillain-Barré syndrome has yet to be
clarified. Objective: To evaluate clinical, histologic, and immunologic effects in a disease model of acute motor axonal
neuropathy (AMAN) treated by IVIg. Methods: Rabbits were sensitized with gangliosides including GM1 and divided
randomly into two groups at disease onset, One group received IV homologous y-globulin (400 mg/kg/day) for 5 days (n =
15), and the other received saline {(n = 15). Disease severity was scored (0 to 13 points) daily. Sixty days after onset,
anti-GM1 antibodies were tested by ELISA, and the number of degenerative axons was counted in spinal anterior roots.
Results: Between both groups at onset, there was no difference in any characteristics including ¢linical score. The IVIg
group had faster recovery than the saline group (p = 0.03). The percentage of rabbits that improved by a score of =4 was
higher in the IVIg (53%) than in the saline (13%) group 60 days after onset (p = 0.03). Anti-GM1 IgG titers 60 days after
onset did not differ between the groups. The anterior roots of rabbits surviving 60 days after onset showed lower frequency
of axonal degeneration in the IVIg-treated (n = 11; mean 4.5%) than in the saline-treated (n = 8; mean 11.1%) rabbits
{p = 0.01). Conclusions: The therapeutic efficacy of IVIg in an AMAN model was confirmed. IVIg may not affect the

production or catabolism of anti-GM1 IgG, but it may prevent axonal degeneration of motor nerves.

NEUROLOGY 2004;62:1939-1944

Guillain-Barré syndrome (GBS) has been referred to
as acute inflammatory demyelinating polyneurop-
athy (AIDP). This view was shaped in part by what
is known of its laboratory analogue, experimental
autoimmune neuritis (EAN), induced by immuniza-
tion with P, or P, protein (components of peripheral
nerve myelin), but neither protein seems to be a
target molecule in patients with AIDP.? An “axonal
form of GBS” was proposed in 1986,° and later the
existence of the axonal variants of GBS, acute motor
axonal neuropathy (AMAN) and acute motor—sen-
sory axonal neuropathy, was established.*® We re-
cently established an animal disease model of
AMAN,? in which the clinical, pathologic, and immu-
nologic features of rabbits are very similar to those of
AMAN. On sensitization with bovine brain ganglio-
side (BBG) mixture, all 13 rabbits developed high
anti-GM1 IgG antibody titers and flaccid limb weak-

Additional material related to this article can be found en the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the June 8 issue to find the title link for this article.

ness of acute onset and had a monophasic illness
course. Pathologic findings for the peripheral nerves
showed predominant Wallerian-like degeneration
with neither lymphocytic infiltration nor demyelina-
tion. IgG was deposited on axons of the anterior
roots, and GM1 was shown to be present on axons of
the peripheral nerves.

IV immunoglobulin (IVIg) is effective for GBS in
shortening recovery time,’® but the action mecha-
nism has not yet been determined. We tested
whether IVIg was clinically effective in AMAN rab-
bits and evaluated how it acts histologically and im-
munologically. IVIg had a beneficial effect in a rabbit
AMAN model, although rat EAN models have pro-
vided conflicting results regarding its effects.01!

Materials and methods. FExperiment 1. Induction of the dis-
ease model. Male Japanese white rabbits (2.0 to 2.5 kg; Oriental
BioBervice Kanto, Tsukuba, Ibaraki, Japan) were used. They
were caged individually, provided food (commercially available
chow) daily, and had unrestricted access to water. The disease
model was induced by active immunization by the procedure de-
scribed elsewhere with minor modification.” An emulsion contain-
ing 2.5 mg of a BBG mixture (Cronassial: Fidia, Padova, Italy)

From the Department of Neurclogy (Drs. Nishimoto, Koga, Hirata and Yuki), Dokkyo University School of Medicine, Tochigi, and Department of Neurology
(Dr. Kamijo), Labor Welfare Corporation, Chubu Rosai Hospital, Aichi, Japan.

Supported in part by a Crant-in-Aid for Scientific Research (B) (KAKENHI 14370210 to N.Y.) from the Ministry of Education, Culture. Sports, Science. and
Technology of Japan and a grant from the Japan Health Sciences Foundation.

Received November 5, 2003. Accepted in firal form February 2, 2004.

Address correspondence and reprint request to Dz, N, Yuki, Department of Neurclogy, Dokkyo University School of Medicine, Kitakobayashi 880, Mibu,
Shimotsuga, Tochigi 321-0293, Japan; e-mail: yuki@dekkyomed.acjp

Copyright © 2004 by AAN Enterprises, Inc. 1939



Table Clinical scale and clinical feature frequencies

Frequencies, %

5d At
Clinical feature before onset onset
Abnormal posture 10 97
Neck weakness 27 87
Slip of forelimbs 30 70
Slip of hindlimbs 50 80
Dragging forelimbs 0 7
Dragging hindlimbs 0 27
Unable to walk 0 0
Slow righting reflex 3 33
No righting reflex 0 7
Ptosis 0 13
Tremor of limbs or trunk induced by 0 33

pulling tail

Spontaneous tremor of limbs or trunk 0 17
Animal appeared systemically unwell 0 0

A score of 1 point was given for each of the 13 clinieal features
shown in the left column. n = 30.

was injected subeutaneously to the back at 3-week intervals. Ac-
tive immunization was continued until disease onset or the eighth
inoculation. This study was carried out in accordance with the
Guidelines for the Care and Use of Laboratory Animals of Dokkyo
University School of Medicine, the law concerning Kind Treat-
ment and Management of Animals, and the Japanese govern-
ment's notification on Feeding and Safe-Keeping of Laboratory
Animals. All procedures were approved by the Animal Care and
Use Committee (approved no. 0037) of Dokkyo University School
of Medicine.

Clinical scale. The clinical scale used was a modification of
the scale of the previous study. A score of 1 point was given for
each of the 13 clinical features shown in the left column of the
table. The observed clinical features were totaled daily to calcu-
late the daily clinical score (maximum score 13). Disease onset
was defined as a daily clinical score of =4. Death was given the
seore of 13 until the end of the experiment because it eould be
considered the severest clinical state.

Protocol of treatment with IVig. When rabbits fulfilled the
criteria for disease onset, they were divided into twe groups
{Groups A and B) by permuted block randomization with a size 10
block. Group A animals received IV injections of 400 mg/kg (in 4
mL of saline/kg) of rabbit vy-globulin (Serological Proteins,
Kankakee, IL) daily from onset for 5 days. Rabbit y-globulin prep-
aration was derived from the rabbit's plasma by the Cohn cold
ethanol fractionation process, as were the human vy-globulin prep-
arations. Homologous vy-globulin was used because in a pilot
study, IV human y-globulin induced anemia and hematuria in
several rabbits, Group B animals received the same volume of
saline IV for 5 days. The solution was injected slowly over 1 hour
by syringe pumps (model 100 series; KD Scientifie, Boston, MA).
The rabbits were weighed and examined for each clinical sign
daily by an observer who was unaware of the treatment allocation.
Rabbits were checked daily for 60 days after disease onset and
then killed.

Qutcome measures. The primary outcome measures were the
time from disease onset to death and the mortality rate on day 60
after onset. Secondary outcome measures were the time required
to improve to a daily clinical score of =4 and the percentage of
rabbits with scores of =4 at 60 days after onset. Other outcome
measures were changes from onset in the daily clinical score and
body weight.

Histologic analysis. Five normal rabbits not given active im-
munization or treatment constituted the histologic controls and
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were housed for 9 weeks under the same conditions as Groups A
and B. After the follow-up period, the normal and disease rabbits
were anesthetized deeply with pentobarbital sodium and then per-
fused transcardially with 3% glutaraldehyde/1% paraformalde-
hyde as described elsewhere.” Lumbar cords with the right spinal
roots were excised and immersed in the same fixative. Samples
were postfixed with 1% osmium tetroxide, dehydrated in a graded
ethanol series, and then embedded in Epon 812 (Polysciences,
Warrington, PA), Cross-sections 0.7 um thick were cut from each
sample and stained with 0.5% toluidine blue. Morphologic evalua-
tion of each ventral root was made on olivine blue sections. One of
the authors, who was unaware of the clinical information, manu-
ally counted the number of degenerative axons from every two to
four frame areas (single frame, 0.03 mm?) in the ventral root of
the lumbar cord.”* The frequency of degenerative axons (the ratio
of the number of degenerative axons to the total number of axons
of all frame areas) was calculated for each rabbit.

ELISA. Blood samples were taken from each rabbit by ear
vein puncture at disease onset and on day 60. Plasma thereafter
was stored at —80 °C until used. ELISA with minor modifications
used to measure anti-GM1 IgG antibody was reported elsewhere.
In brief, 5-pmol samples of GM1 were placed in individual micro-
titer plate wells, Plasma samples diluted 1:500 were added to the
wells, and the plates were incubated at 4 °C overnight.
Peroxidase-conjugated anti-rabbit y-chain-specific antibodies
(Nordic, Tilburg, the Netherlands; 1:1,000 dilutions) then were
added, and the plates were kept at 20 °C for 2 hours. Color was
developed with o-phenylenediamine. After 15 minutes. the reac-
tion was stopped with 2 N hydrochloride. The absorbance at 492
nm/620 nm (as reference) was measured, and the mean value for
triplicate reference wells without antigen was subtracted from the
mean value for triplicate sample wells. A colleague blinded to the
clinical information then assessed the optical densities. To correct
for assay variations, well-characterized rabbit plasma with high
anti-GM1 IgG antibody titer was the internal standard,

Experiment 2. Another experiment was performed to deter-
mine whether IVIig could inhibit disease onset. At each sensitiza-
tion with BBG, six rabbits were given IV injections of rabbit
vy-globulin (400 mg/ke) daily for 5 days. Treatment was repeated
at 3-week intervals until disease onset or the fifth inoculation
{Group C). Rabbits in Group C were weighed daily and examined
for each clinical sign by an observer. They were followed for 105
days after the first inoculation and then killed. Twenty-seven
rabbits (Group D) from Groups A and B, which had fulfilled the
criteria for disease onset during the 105 days after the first inocu-
lation, were used as controls. Qutcome measures were inoculation
times, days from first inoculation to onset, daily clinical score at
onset, and weight at onset.

Statistical analysis. Baseline characteristics of the rabbits in
Experiment 1 were compared between the groups by the Mann-
Whitney U test. The Fisher exact test was used for the 2 X 2
tables to compare categorical data. The time to reach clinical
endpoint (death or improvement to a score of =4) was compared
by the Kaplan-Meier method and log-rank test. Mean in changes
of the daily clinical score and weight from disease onset were
compared by the two-tailed Student ¢-test after each area under
the daily clinical score and weight curve from onset was caleu-
lated. This analysis was made every 5 days after onset, The
Mann-Whitney U test was used to compare groups with respect to
the daily clinical score and anti-GM1 IgG antibody titers between
the same time points. Histologic data for the rabbits surviving on
day 60 after onset were analyzed by the Kruskal-Wallis test and
Steel-Dwass procedure to verify the difference between two
groups. Differences in time between the groups in Experiment 2
were compared using the Mann-Whitney U test. Statistical analy-
ses were conducted with Microsoft Excel (Redmond, WA) and
SPSS 11.0J (Chieago, IL) software. A p value of <0.05 was consid-
ered significant.

Results. Experiment I. Three rabbits were excluded be-
cause of unexpected spinal cord injury. Thirty (81%) of the
remaining 37 rabbits that had received IVIg (Group A; n =
15) or saline (Group B; n = 15) treatment fulfilled the
criteria for disease onset. There was no difference in any
characteristics between the groups (see supplementary ta-
ble 1, available at www.neurology.org),
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Figure 1. Kaplan-Meier curves showing percentages of rab-
bits surviving during the 60 days after disease onset.
IVIg = IV immunoglobulin.

Clinical features before and at disease onset. Five
days before disease onset, 7 (23%) rabbits had a clinical
score of 0, 12 (40%) a score of 1, 9 (309%) a score of 2, and 2
(7%) a score of 3. At onset, 18 (60%) rabbits had a clinical
score of 4, 8 (27%) a score of 5, 1 (3%) a score of 6, 1 (3%) a
score of 7, and 2 (7%) a score of 8. Four features of the
clinical scale (abnormal posture, neck weakness, slip of
forelimbs, and slip of hindlimbs} were frequent at disease
onset (table). Disease onset in the AMAN rabbits was eas-
ily recognized by observing these four features.

Primary outcome. There was no difference in the sur-
vival eurves of Groups A and B traced by the Kaplan-Meier
method (log-rank test, p = 0.34) (figure 1), Eleven rabbits
had died by day 60 after disease onset: four in Group A

and seven in Group B (p = 0.23).

Secondary outcome. Kaplan-Meier curves showed
faster improvement, a score of =4, in Group A than B
(log-rank test, p = 0.03) (figure 2). The percentage of rab-
bits showing improvement by a score of =4 at 60 days after
onset was higher in Group A (53%) than B (13%) (odds
ratio [OR] 7.43, 95% CI 1.23 to 45.01, p = 0.03).

Other outeomes. Daily clinical scores were lower in
Group A than B at 50 days (median 4 [range 0 to 13] points
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Figure 2. Kaplan-Meier curves showing percentages of ani-
mals not reaching a score of =4 during the 60 days after
disease onset. IVIg = IV immunoglobulin.
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Figure 3. Changes in the mean clinical score during the
60 days after disease onset (means * SEM}. *Median clin-
ical score significantly differed between Groups A and B.
IVIG = IV immunoglobulin.

vs median 8 [range 4 to 13] points; p = 0.01) and 60 days
{median 3 [range 0 to 13] points vs median 8 [range 3 to
13] points; p = 0.03) after disease onset (figure 3). There
was, however, no difference between Groups A (mean
378.1 points X day; SD 220.3) and B (mean 489.3 points X
day; SD 142.2) in daily clinical score, as shown by the
area-under-curve values for the daily clinical score (95% CI
—27.4 to 249.9, p = 0.11) (see figure 3). Mean change of
weight for Group A (mean —3.29 g X day; SD 4.08) was
less than that for Group B (mean —6,11 g X day; SD 3.30)
(95% CI 0.06 to 5.59, p = 0.046).

Plasma anti-GM1 IgG antibedy. Figure 4 shows that
there was no significant difference in anti-GM1 IgG anti-
body activities between Groups A and B at disease onset.
On the day of sacrifice (60 days after onset), there also was
no difference between Groups A and B.
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Figure 4. Changes of anti-GM1 IgG antibody activity in
the diseased rabbits treated with IV immunoglobulin
(IVIg) (Group A} or saline (Group B). The optical density
values are shown at the disease onset (cireles) and 60 days
afler the onset (iriangles). Paired data of each rabbit are
connected by a streight line. n.s. = nof significant.
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Figure 5. Toluidine blue (0.5%)-stained sections showing
lumbar cord ventral roots of disease model rabbits that
received saline (A) and IV immunoglobulin (B) and those
of untreated normal rabbits (C). Note the extensive axonal
degeneration, perineurial edema, and cellular infiltration
in the ventral roots of the diseased rabbits. Bar = 20 pm,

Histologic findings. Histologic changes in the ventral
roots of the disease rabbits were extensive: axonal degen-
eration, perineurial edema, and macrophage infiltration of
various degrees (figure 5, A and B), whereas there was
little histologic change in the ventral roots of the untreated
normal rabbits (n = 5; see figure 5C). In the quantitative
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Figure 6. Mean percentages of axonal degeneration fibers
in the ventral roots of the lumbar cord. Frequency of ax-
onal degeneration differed between the groups (*p = 0.01).
Statistical analysis was done by the Steel-Dwass test.
White column = untreated normal rabbits (n = 5); black
column = disease model rabbits given IV immunoglobulin
(IVIg) (n = 11); gray column = disease model rabbits
given saline (n = 8). Error bar = SD.

study, the frequency of extensive axonal degeneration dif-
fered between the IVIg-treated (n = 11), saline-treated
(n = 8), and untreated normal rabbits (Kruskal-Wallis /
statistic = 16.4, df = 2, p < 0.01) (figure 6) groups. Axonal
degeneration was less in the IVIg-treated (mean 4.5%; 5D
2.7) than saline-treated (mean 11.1%; SD 5.7} group (p =
0.01). Clinical scores 60 days after onset also were lower in
the IVIg-treated (median 2; range O to 7) than saline-
treated (median 7; range 3 to 8) group {(p = 0.02). Normal
untreated rabbits had lower frequencies of axenal degener-
ation (mean 0.7%; SD 0.1) than did the other two groups
(7 < 0.01 in each group).

Experiment 2. All six rabbits in Group C had fulfilled
the criteria for disease onset by day 105. The number of days
from the first inoculation to disease onset statistically was
greater in Group C than D (see supplementary table 2, avail-
able at www.neurology.org). There was no difference in the
clinical scores at onset between two groups, whereas median
weight at onset was significantly higher in Group C.

Discussion. Previous investigations of the effect of
human Ig on EAN gave conflicting findings. EAN
rats produced by synthetic peptide derived from bo-
vine P, protein were treated with IVIg when maxi-
mal clinical scores were recorded, but the drug did
not alter the course of EAN," whereas human Ig
administered intraperitoneally at disease onset ac-
celerated recovery from EAN induced by bovine spi-
nal root myelin.”? We examined the efficacy of IVIg
in AMAN rabbits; although rabbit albumin should be
used as a control to confirm it in future studies, our
findings verified the usefulness of IVIg and are com-
patible with results of clinical trials that showed
that IVIg produced a shorter time to recovery from
GBS.8#

The cauda equina in EAN rats treated with Ig and
albumin showed demyelination, axonal degenera-
tion, and remyelination.!® There was no significant
difference in the extent of the changes between the
groups, but the proportion of demyelinated fibers



that had started to remyelinate was greater than in
the Ig-treated rats. The accelerated rate of recovery
of EAN rats treated with Ig may be due to earlier
remyelination of demyelinated fibers. In contrast,
histologic findings for AMAN rabbits treated with
IVIg suggest partial prevention of axonal degenera-
tion in the ventral root. These findings are important
for understanding the action mechanism of IVIg,
which cannot be obtained from clinical trials and in
vitro experiments, although there are potential dif-
ferences between rabbit and human IVIg.

IVIg treatment of GBS patients with anti-GM1
antibody was reported as superior to plasmapheresis
in terms of time to recovery,*!* although this could
not be confirmed in another study.’ Electrodiagnosis
of a majority patients with GBS who had anti-GM1
IgG showed AMAN, but this finding is controver-
sial for several reasons reported elsewhere.*® Plasma
exchange may have a therapeutic effect by removing
circulating factors (Igs, compliments, and cytokines),
whereas the action mechanism of IVIg is unclear.
Our study, however, showed that IVIg produced less
degeneration of motor axons, which may cause faster
clinical improvement of GBS patients who had anti-
GM1 antibodies, as well as of the AMAN rabbits.
Possible mechanisms to prevent axonal degeneration
in AMAN are discussed later.

Anti-rat myelin IgG antibody in EAN rats treated
at disease onset was significantly less in an Ig- than
albumin-treated group, but this difference disap-
peared 1 week later. The discrepancy is not ex-
plained by the turnover of IgG, which has a half-life
of 3 weeks. IgG antibody titers against synthetic
peptide did not differ between EAN rats with and
without IVIg treatment.!' In our AMAN rabbits 60
days after onset, there was no significant difference
in anti-GM1 IgG titers between the IVIg- and saline-
treated groups. Whether IVIg can effectively reduce
anti-GM1 IgG titer in GBS patients has yet to be
investigated, but it did not reduce the anti-GM1 IgM
titers of multifocal motor neuropathy patients whose
strength improved.’®?® Anti-idiotypic antibodies in
IVIg, discussed hereafter, may affect antiboedy pro-
duction by sending negative signals to B cells.?! The
large amount of IgG in an IVIg preparation may
saturate the neonatal Fec receptor (FeRn), accelerate
the catabolism of endogenous pathogenic IgG, and
reduce autoantibody levels.?2 Our findings, however,
suggest that neither suppression of anti-GM1 IgG pro-
duction nor accelerated catabolism of the autoantibody
occurred in AMAN rabbits treated with IVIg, and nei-
ther IVIg mechanism has importance for the effective
treatment of GBS associated with anti-GM1 IgG.

Treatment given from the time of immunization of
EAN rats is reported to prevent paralysis in one
study,* but not in other studies.!**® Treatment from
immunization statistically took a longer time in
AMAN rabbits to produce disease onset, but it did
not prevent paralysis. In the previous study,!® treat-
ment of EAN rats from disease onset was more ben-
eficial than treatment from immunization. The

observation period for our AMAN rabbits was too
short for comparison because our interest was
whether IVIg could prevent paralysis. Their and our
results, however, suggest that Ig acts in the late
phases of the disease rather than in the initial im-
munization process.

In AMAN autopsy cases, IgG and the complement
activation product were found bound to the axo-
lemma of motor fibers.2¢ Although the most frequent
deposit site was the nodal axolemma, IgG and C3d
also were present in the periaxonal space of myelinated
internodes and bound to the outer surface of the motor
axon in the more severe cases. Macrophages surround
axons in the periaxonal space without damaging the
myelin.® In AMAN model rabbits, IgG also was depos-
ited on the axon, and periaxonal macrophages were
present.’? GM1 is highly expressed on the axons of
humans and rabbits.?? The predominant anti-GM1
IgG antibody subclasses in GBS were Ig(; and 1gG,,
which both fix complement.#2% A hypothetical immu-
nopathologic sequence of events has been proposed®:
1) Anti-GM1 IgG binds to the nodal axclemma, and
the complement is fixed. 2) Anti-GM1 IgG and acti-
vated complement enter the periaxonal space of the
internode and guide macrophages to that space. 3)
Anti-GM1 IgG antibody-dependent cytotoxicity or
complement- or macrophage-mediated cytotoxicity
then induces primary axonal degeneration.

Because IVIg preparations are derived from a
large pool of human donors, the IgG molecules in
IVIg contain antibodies with a wide range of idio-
typic and anti-idiotypic specificities.?* Infused anti-
idietypic antibodies have the potential to bind to and
neutralize pathogenic autoantibodies, thereby pre-
venting their interaction with the autoantigen. Ther-
apeutic IVIg can neutralize the neuromuscular
blocking IgG antibodies in GBS.?* An Fab fragment
prepared from the IVIg has been reported to be as
effective as complete TVIg.?® The F(ab"),, but not the
Fe¢ portion, of the IgG in IVIg preparations inhibited
the binding of anti-GM1 antibodies to GMI1-coated
microtiter plates and the binding of cholera toxin to
GM1.%31 Qur study did not evaluate the IgG deposits
on the axons because nerve tissue must be examined
before it undergoes axonal degeneration. Evaluation
of these deposits, however, will be required to deter-
mine how [VIg prevents deposition.

In a study of GBS patients, circulating tumor ne-
crosis factor-a (TNFo) and interleukin-1$ (IL-1P) de-
creased after IVIg treatment but remained relatively
high in untreated patients and in those treated with
plasma exchange.? Clinical improvement of patients
treated with IVig was associated with a reduction in
unbound TNFa during the acute phase of illness. In
contrast, sera from GBS patients enhanced leakage
in a blood-nerve barrier (BNB) model, as did anti-
GM1 monoclonal antibody, TNFa, and I1L-1B.3%% En-
dothelial cell junctions, which make up the BNB, are
disrupted in human neuropathies associated with
anti-ganglioside antibodies.® To clarify whether IVIg
can prevent BNB dysfunction in vivo, morphologic
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changes in the small vessels of the anterior roots
without perfusion will need to be evaluated as to
which part of the BNB is disrupted mechanically in
IVIg-treated and -untreated AMAN rabbits.

IVIg may inhibit complement binding and prevent
membranolytic attack complex formation.?! This may
prevent complement-mediated axonal degeneration.
Interestingly, a recent study has shown that IVIg
inhibits the binding of autcantibody to ganglioside,
thereby preventing complement activation and being
protective at motor nerve terminals.?” IVIg may in-
duce a blockade of the Fe receptors on macrophages
by saturating, altering, or down-regulating the affin-
ity of these receptors.?! Blockade of Fe receptors may
prevent macrophage-mediated axonal degeneration.
Immunchistochemical studies of complement deposi-
tion and macrophage infiltration should clarify
whether these mechanisms do function in the faster
recovery of AMAN rabbits treated with IVIg,

Safer therapy than blood products can be obtained
by clarifying the pharmacologic mechanisms of IVIg.
Intact-type immunoglobulin was superior to F(ab'), of
the IgG molecule in decreasing the clinical score of
EAN rats treated before onset.!* This indicates that the
Fe portion of the IgG molecule is the more important
for EAN therapeutics. Whether the F{ab'), or Fe por-
tion is as effective as intact-type Ig used in our AMAN
model will need to be examined. This will provide more
information on the mechanisms of therapeutic action
and facilitate development of new drugs. As an exam-
ple, if the Fe portion of IgG is effective in the AMAN
model, its active part can be identified. Moreover, if
treatment with synthetic peptides of the active part in
the Fe portion is suceessful in our AMAN model, then
cheaper and safer peptide treatments should prove of
future clinical use.
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Molecular mimicry between microbial and self-components is pos-
tulated as the mechanism that accounts for the antigen and tissue
specificity of immune responses in postinfectious autoimmune
diseases. Little direct evidence exists, and research in this area has
focused principally on T cell-mediated, antipeptide responses,
rather than on humoral responses to carbohydrate structures.
Guillain-Barré syndrome, the most frequent cause of acute neu-
romuscular paralysis, occurs 1-2 wk after various infections, in
particular, Campylobacter jejuni enteritis. Carbohydrate mimicry
[GalB1-3GalNAcf1-4(NeuAca2-3)}Gal1-] between the bacterial
lipooligosaccharide and human GM1 ganglioside is seen as having
relevance to the pathogenesis of Guillain-Barré syndrome, and
conclusive evidence is reported here. On sensitization with C. jejuni
lipooligosaccharide, rabbits developed anti-GM1 19G antibody and
flaccid limb weakness. Paralyzed rabbits had pathological changes
in their peripheral nerves identical with those present in Guillain-
Barré syndrome. Immunization of mice with the lipooligosaccha-
ride generated a mAb that reacted with GM1 and bound to human
peripheral nerves. The mAb and anti-GM1 IgG from patients with
Guillain-Barré syndrome did not induce paralysis but blocked
muscle action potentials in a muscle-spinal cord coculture, indicat-
ing that anti-GM1 antibody can cause muscle weakness. These
findings show that carbohydrate mimicry is an important cause of
autoimmune neuropathy.

M olecular mimicry is one mechanism by which infectious
agents may trigger an immune response against autoan-
tigens. Many reports have presented findings consistent with the
mimicry hypothesis, but none have convincingly demonstrated
that mimicry is an important mechanism in the development of
autoimmune disease in humans (1), Although several examples
of molecular mimicry between microbial and self-components
are known, in most cases the epidemiological relationship be-
tween autoimmune discase and microbial infection has not been
established, In other cases, moreover, no replicas of human
autoimmune disease have been obtained by immunizing with the
mimic of an infectious agent. Replicas associated with definite,
epidemiological evidence of microbial infection are required to
test the molecular mimicry theory of the development of auto-
immune diseases.

Guillain-Barré syndrome (GBS), the prototype of postinfec-
tious autoimmune diseases, ranks as the most frequent cause of
acute flaccid paralysis (2). The Gram-negative bacterium
Campylobacrer jejuni, a leading cause of acute gastroenteritis in
humans, is the most frequent antecedent pathogen. Epidemio-
logical studies, which established the relationship between GBS
and antecedent C. fejuni infection, showed that one-fourth to
one-third of GBS patients develop the syndrome after being
infected. GBS was considered a demyelinating disease of the
peripheral nerves, but the existence of primary “axonal GBS”
has been confirmed and is now widely recognized (3, 4).
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Ganglioside GM1 is an autoantigen for IgG Abs in patients with
axonal GBS subscquent to C. jejuni enteritis {2, 5). C. jejuni
strains isolated from such patients have a lipooligosaccharide
(LOS) with a GM1-like structure (2, 6).

To verify that molecular mimicry between an environmental
agent and the peripheral nerves causes GBS, we sensitized
animals with C. jejuni LOS and produced a replica of human
GBS. generated anti-GM1 mAb by immunization with the LOS,
and determined the distribution of GM1 in human spinal nerve
roots. As further proof that an autoimmune reaction causes
neuromuscular disease, we showed that anti-GM1 mAb blocked
muscle action potentials in a muscle-spinal cord coculture.

Methods

Preparation of C. jejuni LOS. The GMl-like LOS (Fig. la) was
prepared from the C. jejuni strain (CF 90-26) isolated from a
GBS patient (6) as described (7) with minor modifications. A 5-g
sample of freeze-dried bacteria was suspended in 25 ml of 50 mM
PBS (pH 7.0) containing 5 mM EDTA, The suspension was
stirred by a shearing mixer and ultra-high-speed homogenizer
{Physcotron, Microtec Nition, Chiba, Japan), after which 100 mg
of hen egg lysozyme (Worthington) was added, and the whole
stirred overnight at 4°C. The suspension was kept at 37°C for 20
min and then stirred again as above. The volume of the suspen-
sion was increased to 100 ml with 50 mM PBS (pH 7.0) combined
with 20 mM MgCl,, after which 100 ug each of nibonuclease A
and DNase I {Worthington) was added. The suspension was
incubated for 60 min at 37°C and then for 60 min at 60°C. After
being stirred in the shearing mixer and homogenizer, the sus-
pension was kept in a 70°C water bath for 10 min. Ap equal
volume of 90% phenol that had been heated to 70°C was added,
and the whole was homogenized for 5 min, The homogenate was
rapidly cooled in an ice-water bath for 15 min and then centri-
fuged at 2,000 X g. The upper aqueous layer was removed,
dialyzed against distilled water for 3 d, and then extensively
centrifuged (105,000 X g for 16 h). The gel-like pellet obtained
as the C. jejuni 1OS was freeze-dried until used.

Western Blotting. Escherichia coli K12, D31m4 (Re) LOS and
Salmonella minnesota R595 (Re) LOS were purchased from List
Biological Laboratories (Campbell, CA). A 2-ug portion of each
bacterial LOS was separated on a 15% tricine-SDS-polyacrylamide
gel (SPU-158 series, Atto Corporation, Tokyo) (8), and each was
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Fig. 1. Rabbit GBS model sensitized with C. jejuni LOS. (a) Carbohydrate
mimicry of GM1 ganglioside by the LOS of C jejuni (CF 90-26) from a GBS
patient. GM1is lacated in the nerve cell membrane, The LOS that mirmics GM1
is in the outer part of the cell wall of C. jejuni. L, Galactose; (M, M-
acetylgalactosamine; W, glucose; ¥, N-acetylneuraminic acid; Cer, ceramide;
Hep, heptose, (b) Presence or absence of the GM1 epitope in bacterial LOS-
immunized rabbits. Cho'era toxin & subunit reacts with the € fefuni LQS (lane
1) but not with E. cofi K12 LOS (lane 2) or 5. minnesota R595 LOS (lane 3). {2}
Rabbit with flaccid limb weakness induced by sensitization with C, fejuni LOS.
Rabbit Cj-18 lays splayed out, all extremities extended, head on the floor,
instead of sitting upright in the usual compact, hunched posture. (0) Anti-
ganglioside Ab from rabbits that developed limb weakness after sensitization
with C jejuni LOS. Of the bevine brain gangliosides, plasma IgG from rabbit
Cj-18 binds to GM1 {lane 1), isolated GM1 from bovine brain (lane 2), and GM1
from rabbit peripheral nerve (fane 3). The IgGs are from rabbits Cj-14, Cj-15,
and Cj-16, and the GM1 is from rabbit peripheral nerve {lane 3}. (e-h) Mac-
rophages in nerve fibers. Shown are cross sections of the cauda equina from
rabbit Cj-18, (e and f) Toluidine blue stain, Macrophages are present in the
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blotted on a pelyvinylidene difluoride membrane (Atto Corpora-
tion), which then was incubated for 2 h at 4°C with the peroxidase-
conjugated cholera toxin B subunit (List Biological Laboratories).
Binding was made visible with 4-chlore-1-naphtol.

Rabbit Immunization. Male Japanese white rabbits (Kbs:JW),
weighing 2.0-2.5 kg, obtained from Oriental Bioservice Kanto
(Ibaraki, Japan), were immunized as described (9) with minor
modifications. A 2.5- or 10-mg portion of the C. jejuni LOS was
dissolved in 0.5 ml of keyhole lympet hemocyanin (KLH) (2
mg/ml; Sigma} in PBS, after which 0.5 m! of complete Freund's
adjuvant (CFA) (Sigma) was added, and the mixture was emul-
sified. A 1-ml sample of the C. jejuni LOS emulsion was injected
s.c. in the back at 3-wk intervals until limb weakness developed
or 12 mo had passed since the first inoculation. Control rabbits
were injected under the same protocol with 10 mg of E. coli LOS
or of S. minnesota LOS or without the LOS. The rabbits were
checked daily for clinical signs, and plasma samples taken weekly
by ear vein puncture.

TLC Immunostaining and ELISA. Total gangliosides were extracted
from the sciatic nerves of normal rabbits and humans, and TLC
immunostaining was done as described (9). In brief, the periph-
eral nerve gangliosides, authentic GM1, bovine brain ganglioside
mixture (Cronassial; Fidia, Padova, Italy), and each LOS were
layered on TLC plates. The plates were developed then overlaid
with plasma from the rabbits or from a GBS patient from whom
C. jejuni (CF 90-26) had been isolated and the anti-GM1 mAb.
Last, they were incubated with peroxidase-conjugated anti-
rabbit (Nordic, Tilburg, The Netherlands), anti-human (Dako.
Glostrup, Denmark), or anti-mouse IgG Abs. Rabbit anti-GM1
Ab titers were tested by ELISA as described (9).

Pathological and Immunohistochemical Studies of Rabbit Peripheral
Nerves. The lumbar spinal nerve root, cauda equina, and sciatic
nerve specimens were evaluated pathologically, as described (9).
For electron microscopy, ultrathin sections cut from tissuc
fragments embedded in Epon 812 resin were stained with uranyl
acetate and lead citrate and then examined in a Hitachi-7100
electron microscope (Hitachi, Tokyo). In the immunohisto-
chemical study, the nerve root, cauda equina, sciatic nerve, and
tibial nerve specimens were stained with peroxidase-conjugated
protein G (Sigma) as reported (9).

Generation of Anti-GM1 mAb. Mice lacking the functional gene for
B1,4-N-acetylgalactosaminyltransferase (GM2/GD2 synthase;
EC 2.4.1.92) were raised, and their genotypes were determined
as described (10). Those mice did not express complex ganglio-
sides including GMI. They were immunized i.p. four times at
2-wk intervals with 50 pg of C. jefuni LOS dissolved in 50 wul of
KLH solution and then mixed with 50 ul of CFA. Three days
after the final immunization with 50 ug of LOS in 50 ul of PBS.
splenocytes were fused with P3/NS1/1-Agd-1 myeloma cells
(Health Science Research Resources Bank, Osaka). Cloning was
done with a hybridoma-cloning kit {ClonaCell-HY; StemCell
Technologies, Vancouver, BC, Canada). Culture supernatants

nerve fibers (arrowheads). The initial degenerated axon stage also is shown
{arrow in f). Demyelination and remyelination are rare, and no inflammatory
cells exist in the endoneurium. (g and h} Electron micrographs of nerve fibers
with macrophbage infiitration. The nerve fiber in g is the same as in e. Macro-
phages (M) occupy the periaxcnal space between the atrophic axons (A) and
the surrounding myelin sheaths, which appear almost normal. (Scalebars = 10
#m } () Wallerian-like degeneration of nerve fibers. Shown are cross sections
of the sciatic nerve from rabbit Cj-14 killed 39 days after onset. Toluidine blue
stain was used. Myelin ovoids produced by Wallerian-like degeneration of the
myelinated fibers are present (arrowheads). {Scale bar = 10 pym.)
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underwent an ELISA (9} with GM (Sigma) and anti-mouse IgG
Ab (Sigma) to obtain hybridomas that secrete anti-GMI1 IgG
mAb. The mAb isotype produced by the hybridomas was tested
with a mouse monoclonal isotyping kit {Amersham Pharmacia).
The mAb produced with an i-MAb mAb production kit (Diag-
nostic Chemicals, Charlottetown, PE, Canada) was purified by
protein G affinity chromatography according to the manufac-
turer's instructions {Amersham Pharmacia).

Immunohistochemistry of Human Spinal Nerve Roots. Anti-GM1 IgG
from a GBS patient (Patient 1, ref. 5) was purified by affinity
chromatography (11) then biotinylated with a FluoReporter
MiniBiotin-XX Protein Labeling Kit (F-6347) (Molecular
Probes). Spinal nerve roots without pathological changes were
obtained at autopsy from an 82-year-old woman who died of
bronchopneumonia. In the immunohistochemistry study, cryo-
stat sections {6 pm thick) from snap-frozen nerve tissues were
fixed with cold acetone and immunostained first with the
biotinylated human anti-GM1 IgG then the avidin-biotin-
peroxidase complex {ABC) in a Vectastain ABC kit (Vector
Laboratories). In mouse anti-GM1 mAb, biotinylated horse
anti-mouse IgG (Vector Laboratories) was the secondary Ab.
Diaminobenzidine was the chromogen. After immunostaining,
sections were counterstained with hematoxylin. For the negative
controls, the first Abs were omitted or replaced with normal sera.

For immunoelectron microscopy, nerve roots obtained at
autopsy were fixed in 4% paraformaldehyde in 0.1 M PBS (pH
7.4), dehydrated in a graded dimethylformamide series at
—25°C, and embedded in LR White resin (London Resin,
Berkshire, U.K.). Ultrathin sections were cut and mounted on
nickel grids. After incubation with 10% normal goat serum for
10 min, the sections were incubated overnight at 4°C with the
mouse anti-GM1 mAb. After being washed with PBS, the
sections were incubated for 30 min at room temperature with
goat anti-mouse IgG conjugated to 15-nm gold particles {British
BioCell International, Cardiff, U.K.). They then were washed
with PBS and incubated with 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4). After being washed with distilled
water, the sections were stained with uranyl acetate and lead
citrate and examined in a Hitachi H-7100 electron microscope.
For the negative controls, the primary Ab was replaced with
normal mouse serum,

Muscle Action Potentials in a Rat Muscle-Spinal Cord Coculture. This
was done as described {12). After 1 wk of coculture, the
innervated muscle specimens were placed in ar experimental
chamber (35-mm Petri dish) on the stage of an inverted light
microscope (IX-70; Olympus, Tokyo). The chamber (volume, 1
mi) was perfused continually with culture medium at the rate of
2-3 ml/min. Glass microelectrodes filled with 3 M KCl that had
a tip resistance of 80-120 M(} were used to record spontaneous
muscle action potentials. Ten microliters of anti-GM1 mAb
(GB2Z, 1 mg/mb), mouse IgG2bx (MOPC-141, 1 mg/mi; Cappel.
Aurora, OH), sera samples from patients who had GBS with
anti-GM]1 1gG, myasthenia gravis, or amyotrophic lateral scle-
rosis, and from normal controls with and without complement
inactivation, or purified anti-GM1 IgG were added in a bath
application. Electrical activity recorded by electrodes connected
to a microelectrode amplifier (MEZ-8301; Nihon Kohden, To-
kyo) was displayed on an oscilloscope (VC-11; Nihon Kohden).
Data were transferred to a computer through an A-D converter
(Digidata-1200 Interface; Axon Instruments, Union City, CA)
and stored. The spontaneous action potential was low-pass
filtered at 1 kHz. All experiments were performed at 33 * 1°C.

Passive Transfer in Mice. Male C57BL/6 mice (12 wk of age; SLC,

Hamamatsu, Japan) were injected intravenously with 1 mg of the
anti-GM1 mAb or 10 mg of the purified human anti-GMI1 IgG.
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The mice were checked daily for clinical sings. Sera and nerve
tissue were obtained 2 wk after the injection. Mouse and human
anti-GM1 Ab titers were tested by ELISA, and the cauda equina
was stained with peroxidase-conjugated protein G (Sigma) as
described (9).

Results

Induction of Paralyzed Rabbits. None of the 10 controls inoculated
only with KLH and CFA every 3 wk showed limb weakness until
12 mo after the first inoculation, whereas 4 of the 10 rabbits
immunized with 2.5 mg of C. jejuni LOS, KLH, and CFA
developed limb weakness sooner. Two rabbits (Cj-9 and Cj-6)
developed flaccid paresis of the hind limbs 215 and 216 d after
the initial inoculation and tetraparesis the next day. They were
unable to lift their heads and bodies, respectively, 5 and 4 d after
onset. Two other rabbits (Cj-1 and Cj-4) developed tetraparesis
133 and 329 d after the initial inoculation, but weakness was mild
during the course of the illness.

The cholera toxin B subunit {a specific ligand for GMI-
oligosaccharide) bound strongly to the C. jejuni LOS, but did not
react with E. coli K12 LOS or §. minnesota R595 LOS (Fig. 1b).
None of the control rabbits inoculated with 10 mg of E. coli LOS
(n = 5)or 8. minnesota LOS (n = 5) showed limb weakness until
12 mo after the first inoculation. In contrast, all eight rabbits
immunized with 10 mg of the C. fejuni LOS, KLH, and CFA
developed limb weakness earlier. One rabbit (Cj-18) developed
flaccid paresis of the hind limbs 64 d after the initial inoculation
and tetraparesis 7 d after its onset (Fig. 1¢ and Movie 1, which
is published as supporting information on the PNAS web site).
The others (Cj-11 to Cj-17) developed tetraparesis 227, 47, 176,
172, 40, 64, and 128 d, respectively, after the initial inoculation.
Quadriparesis and respiratory paresis developed and progressed
rapidly in three rabbits (Cj-11, Cj-13, and Cj-17), causing death
2, 15, and 1 d, respectively, after onset of limb weakness. One
rabbit (Cj-15), however, had a monophasic course like that of
patients with GBS. After onset, limb weakness worsened for 8 d,
reached a plateau, and then lessened from day 16.

Induction of Anti-GM1 Antibody. TL.C with immunostaining
showed that, as to rabbit peripheral nerve gangliosides, plasma
IgG Abs from the paralyzed rabbits reacted strongly with the
GM1 (Fig. 1d) and with the C. jejuni LOS (data not shown),
whereas neither E. coli LOS nor §. minnesora 1.0S induced
anti-GM1 Abs in the rabbits. The IgG Abs from the paralyzed
rabbits did not react with GDla, GDI1b, or GT1b (Fig. 1d).
Anti-GM1 IgM antibodies were detected in the eight paralyzed
rabbits 2-4 wk after their first sensitization with C. jejuni LOS,
Anti-GM1 IgG antibodies were detected in these rabbits 4-6 wk
after their first inoculation, and the titers gradually increased by
repeated immunizations., Six of the eight rabbits developed
flaccid paresis within 3 wk (median, 1 wk) after the peak
anti-GM | IgG titer was reached (range, 2,000-32,000; median,
8,000). but the titers did not correlate with the severity.

Patholagical Findings in Diseased Rabbits. The spinal nerve roots of
rabbit Cj-18 killed 11 d after onset had few nerve fibers showing
Wallerian-like degeneration, whereas the nerve roots showed
occasional macrophages within the periaxonal spaces sur-
rounded by almost intact myelin sheaths (Fig. 1 e-h). Axons of
these nerve fibers had various degrees of degeneration. Sciatic
nerve specimens from the paralyzed rabbits showed more severe
Wallerian-like degeneration than did the proximal nerve roots
(Fig. 1i). Demyelination and remyelination were rare, and no
inflammatory cells were present in the endoneurium. Further-
more, protein G bound selectively to some axons in the cauda
equina of rabbit Cj-12, indicating that Ig( deposits were on those
axons (data not shown). In contrast, no significant changes were
found in the brains or spinal cords of any of the paralyzed rabbits.

Yuki et al.
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Fig. 2.
the mAb (GB2) generated by C. jejuni LOS. (a) Of the bovine brain ganglio-
sides, it recognizes GM1 (lane 1), the GM1 isolated from bovine brain (lane 2),
and the GM1 of human peripheral nerve (fane 3}. (b) The mAb reacts with the
C. jejuni LOS {lane 1) but not with £. cofi K12 LOS {lane 2} or §. minnesota R595
LOS (Jane 3). (¢~f} GM1 immunoreactivity in the anterior nerve roots of the
human Jumbar cord with the bictin-conjugated anti-GM1 IgG from a GBS
patient {c) and the anti-GM1 mAb {d-f). (c and d) Labeling is present in the
myelin sheaths of both large and small myelinated axons. (€} GM1 antigenicity
Is localized on the myelin lamellae, plasma membrane of the outer Schwann
cell process, the basal [amina, and the mitochondria and some vacuoles of an
axon. {f) Labeling also is present on Schwann cell processes surrounding the
nodal region of an axon. (¢ and d} The immunoperoxidase method was used.
{e and f} The immunogold method is indicated by 15-nm gold particles. (Scale
bars =30 pmincandd, 1 umine and 2 pmin £)

Characteristics of mAb GB2. A clone with anti-GM1 IgG activity
(GB2), subclass IgG2bk, was obtained. TLC immunostaining
showed it reacted strongly with the GM! in a bovine brain
ganglioside mixture that included GMI, GD1a, GDl1b, and
GT1b (Fig. 2a) and with the C. jejuni LOS (Fig. 2b). An ELISA
showed that GB2 reacted with GM1 but not with gangliosides
GM2, GD2, GalNAc-GDla, GTla, or GQ1b, evidence of its
highly restricted binding specificity for GM1. Anti-GM1 mAb
was therefore used in our study. TLC immunostaining confirmed
that our anti-GM1 mAb reacted strongly with the GM1 in human
peripheral nerve gangliosides (Fig. 2a).

Localization of Anti-GM1 Ab Binding in Human Spinal Nerve Roots.
The immunohistochemistry of the anterior roots of the human
spinal cord showed that the anti-GM1 IgG from the patient with
GBS subsequent to C. jejuni enteritis reacted with the myelin
sheaths of both large and small myelinated fibers (Fig. 2¢). Fine
dot-like staining of the axons also was detectable. Immunostain-
ing with mAb gave similar results (Fig. 2d) and visibly labeled
Schwann cell cytoplasms. Fibroblasts or collagen fibrils were
negative for GM1. No immunostaining occurred when the first
Ab was omitted or replaced with normal mouse serum. Immu-
noclectron microscopy with mAb confirmed the presence of
GMI antigenicity on the myelin lamellae on the outermost cell
membrane of Schwann cell processes and on the basal lamina,

Yuki et al.
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Fig. 3. Biologic activity of anti-GM1 mAb. (a) Blockade of muscle action
potentials by anti-GM1 mAb in muscle—spinal cord cocultured cetls, (b} Time
course of inhibition of spontanecus muscle action potentials by anti-GM1
mAb recovery after washout. The number of potentials was measured every
5 5. Arrows show times of the anti-GM1 mAb addition and exchange of the
bath solution.

Labeling was present along the axolemmas of axons and on
occasional vesicles and mitochondria in the axoplasm (Fig. 2e).
Labeling of Schwann cell processes around unmyelinated axons
also was visible. At the nodes of Ranvier immunoreactivity
occurred on Schwann cell processes covering the nodal regions
of axons (Fig. 2f}. No immunostaining took place when the first
Ab was replaced with normal mouse serum,

Biologic Activity of Anti-GM1 Ab in Muscle-Spinal Cord Cocultures.
After I wk of coculture, asynchronous contractions of several
individual muscle fibers had occurred on formation of neuro-
muscular junctions (Fig. 3a and Movie 2, which is published as
supporting information on the PNAS web site). Muscle action
potential frequency was 1.3 * .54 per s and amplitude was
752 £ 64 mV (n = 6). Anti-GM1 mAb prolonged the muscle
action potential intervals at the neuromuscular junctions, be-
yond which potentials were inhibited (Fig. 3 and Movie 3, which
is published as supporting information on the PNAS web site).
This inhibition did not occur with the isotype-matched control
Ab. The bleckade of muscle action potentials by anti-GM1 mAb
was fully reversed after a wash with the culture medium (Fig. 3),
Sera from 11 patients who had GBS associated with anti-GM1
IgG after C. jgjuni enteritis and from seven patients with
myasthenia gravis also blocked the muscle action potentials,
whereas sera from seven patients with amyotrophic lateral
sclerosis and seven healthy control subjects did not. GBS sera
with complement inactivation inhibited potentials, and purified
anti-GM1 IgG from the GBS patient (patient 1, ref. 5) also
blocked them.

Passive Transfer in Mice, None of the mice injected with mouse
(r = 5) and human (n = 5) anti-GM1 IgG showed limb weakness
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until 2 wk after the iv. injection. Mouse and human anti-GM],
respectively, were detected in their sera obtained at the time of
killing. No protein G bound to axons in the cauda equina of the
mice, indicating that no IgG deposits were present on those
axons.

Discussion
If molecular mimicry by an infectious agent is the trigger of an
autoimmune response leading to an autoimmune disease, several
conditions must be satisfied: (f) the pathogen must be associated
with the onset of the symptoms or disease in a convincing
number of cases; (if) a clinically detectable immune response to
the pathogen must be demonstrable, at least at disease onset,
which response must be shown to cross-react with host antigens
of the affected tissues; and (ii{) the pathology of the disease must
be consistent with the immune response (13). As discussed
below, these conditions have been established for GBS subse-
quent to C. jejuni infection, proof that GM1 mimicry by C. jejuni
does cause GBS. Many C. jejuni strains actually have been
isolated from GBS patients at the onset of limb weakness (14).
Patients with axonal GBS subsequent to C. jejuni enteritis have
anti-GM1 IgG, and the titers peak early in the discase, followed
by a gradual decline (3). C. jejuni LOSs from GBS isolates have
a tetrasaccharide structure consistent with GM1 mimicry (2, 6).
Several research groups have failed to induce neuropathy by
sensitization with C. jejuni LOS with GM1 epitope. Rats immu-
nized with C. jejuni 1LOS only showed an IgM response to GM1
(13). Anti-GM1 IgG has been induced in rabbits by sensitization
with the LOS from the C. jejuni reference strain obtained from
a patient with enteritis and the LOSs from GBS-associated
strains, but no muscle weakness was observed (16, 17): The New
Zealand White rabbits were immunized with a smaller amount
of LOS and no KLH, and the observation period may have been
too short. Because induction rates of the GMI-inoculated GBS
mode] depend on species or breed susceptibility and the immu-
nization procedure used (18), Japanese white rabbits were
injected repeatedly with KLH and 2.5 mg of C. jejuni LOS
bearing a GM1-like structure. Four of the 10 rabbits developed
weakness that was associated with anti-GM1 IgG. Next, a larger
amount of the LOS was injected. All eight rabbits immunized
with 10 mg of the LOS developed limb weakness, and muscle
weakness progressed rapidly. One rabbit had a monophasic
course similar to the clinical course of patients with GBS, GM1
is expressed on rabbit penipheral nerve axons (9), and all the
paralyzed rabbits had IgG Abs to GM1 in their peripheral nerve
gangliosides. Macrophages within the periaxonal space sur-
rounded by an intact myelin sheath are the pathological substrate
of axonal GBS (3). This finding was confirmed in the nerve roots
of rabbit Cj-18. Sciatic nerve specimens from the paralyzed
rabbits showed Wallerian-like degeneration. Demyelination and
remyelination were rare, and no T cell infiltration occurred. IgG
was deposited on some axons in the cauda equina of rabbit Cj-12.
These findings, compatible with the features of human axonal
GBS (3, 4), provide evidence that the rabbits inoculated with C.
Jejuni LOS constitute a valid GBS mode!, This definitive replica
of a human autoimmune disease produced by immunizing with
the mimic of the infectious agent associated with epidemiological
evidence of microbial infection has not been reported previously.
Whereas most GBS patients develop limb weakness within 3
wk after C. jejuni infection, the paralyzed rabbits required several
inoculations with GM1-like LOS and with GM1 (9}. In contrast,
the anti-GM [ IgG titers correlated with the disease onset in the
inoculated rabbits and in the GBS patients (5). The inflamma-
tory response in GBS may be triggered by either activation of
complement or leukocytes. The induction of inflammation is
triggered by the concerted action of complement and FeyR (19).
Anti-GM1 IgG from GBS patients induces leukocyte effector
functions such as degranulation and phagocytosis (20). We have

11408 | www.pnas.org/cgi/dei/10.1073/pnas.0402391101

shown in the GMI-inoculated rabbits that anti-GM1 IgG effi-
ciently induces such inflammatory reactions at the onset,
whereas it dose not before the onset (W.-L.van der PolandN.Y,,
unpublished data). These findings suggest that a large amount of
anti-GM1 IgG associated with the effector functions is required
for the development of limb weakness, The pathogenic antibody
could be induced easily in the patients with GBS subsequent to
C. Jejuni infection but not in the rabbits immunized by GM1 and
C. jejuni LOS, probably because of their diversity of the anti-
GM1 response., The reason should be elucidated by further
studies.

LOS is composed of oligosaccharide and lipid A. Several lines
of evidence support an GM1 oligosaccharide rather than lipid A
structure for the C jejuni LOS that has importance in the
development of GBS. E. coli K12 LOS and §. minnesora R595
LOS do not carry the GM1 epitope. Sensitization of those LOSs
that carry lipid A did not induce anti-GM1 Abs in the rabbits,
evidence that anti-GM1 1gG is not a resul: of polyclonal B cell
stimulation, None of the rabbits developed limb weakness. In
contrast, a GBS model has been established that uses inoculation
with GM1, which carries a ceramide moiety but not lipid A (9).
Sensitization with GM1 induced anti-GM1 IgG in rabbits, who
developed limb weakness. The pathology is identical with that of
human axonal GBS and with that of paralyzed rabbits inoculated
with C. jejuni LOS. IgG Ab to GQ1b also is associated with
Fisher syndrome, which is characterized by ophthalmoplegia,
ataxia, and areflexia (21). That syndrome is considered a variant
of GBS because some patients develop GBS during the clinical
course of Fisher syndrome, but patients with Fisher syndrome
typically do not develop limb weakness or have anti-GM1 IpG.
C. jejuni isolates from Fisher syndrome have an LOS with GQ1b
epitope (22). Five rabbits were sensitized with 10 mg of C. jejuni
(CF 93-6) LOS bearing GQIlb epitope, but none of them
developed limb weakness (N.Y., unpublished data). This indirect
evidence shows that the nature of the GMI-oligosaccharide
structure is important for the development of GBS.

We injected C. jejuni LOS into the mice lacking GM1 (immune
naive hosts) and obtained an IgG-class mAb that is highly
specific for GM1. The anti-GMI mAb bound to the GM1 of
human peripheral nerve gangliosides on a TLC plate. A point
worth noting is that GM 1 is expressed in both the peripheral and
central nervous systems but that sensitization with GM1 or the
GM1-like LOS produces only peripheral neuropathy. This char-
actetistic seems to occur because the blood-brain barrier that
protects the brain and spinal cord is much tighter than the
blood-nerve barrier. Electrophysiological, immunohistochemi-
cal, and pathological study findings show that the initial lesion in
axonal GBS may be localized in the spinal nerve roots (23, 24).
The reason may be that nerve roots are vulnerable because they
lack a blood-nerve barrier. The cholera toxin B subunit stains
both the nodes of Ranvier and paranodal Schwann cells in
human spinal roots (25), which we confirmed with the anti-GM1
mAb and anti-GM1 1gG from a GBS patient. Similar immuno-
histochemical results with mAbs were obtained for spinal nerve
roots in rabbits (data not shown). GM1 was expressed on axons
of the anterior nerve roots in both humans and rabbits, which
nerve roots seem to be the initial lesion in axonal GBS. The
clinical, pathological, and immunclogical features of the para-
lyzed rabbits sensitized with the C. jejuni LOS were very similar
to those of axonal GBS. We therefore speculate that the
pathogenesis of axonal GBS subsequent to C, jejuni enteritis is
as follows: (/) Infection by C. jejuni carrying a GM1-like LOS
induces high production of anti-GM1 IgG in patients who have
a particular immunogenetic background, (i) the autoantibody
binds to GMI expressed on motor nerve axons in the spinal
roots. and (#) the deposited 1gG recruits macrophages into the
periaxonal space where they attack the axon and Wallerian-like
degeneration occurs.
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Limb weakness in some GBS patients is quickly cured by
plasmapheresis, indicating that autoantibody causes physiologi-
cal conduction failure in the motor nerves before any patholog-
ical change occurs (26), The nerve terminal lacks a blood-nerve
barrier; therefore, Abs have easy access to neuronal membranes,
the presumed sites of injury. In a mouse phrenic nerve—
diaphragm preparation, the IgG from GBS patients produced
neuromuscular blockade in a complement-independent manner
(27). We added anti-GM1 mAb to rat muscle-spinal cord
cocultures, and it blocked muscle action potentials at the neu-
romuscular junctions. This blockade was fully reversed after a
wash with the culture medium, consistent with the clinical
observation that in GBS plasma exchange induces rapid recov-
ery. The anti-GM1 IgG present in GBS subsequent to C. jejuni
enteritis also blocked muscle action potentials and was comple-
ment-independent, Although the blockade mechanism needs to
be clarified, these findings are consistent with anti-GM1 IgG
being biologically active and pathogenic and producing muscle
weakness directly in patients with GBS. In mice, systemic
injection of mouse or human anti-GM1 IgG did not induce
paralysis and IgG binding to the peripheral nerves, although the
amount of antibody injected and/or the duration of treatment
might not be sufficient. Passive transfer of axonal degeneration
in rat peripheral nerves, however, was produced by intraneural
injection of human and rabbit anti-GM1 IgGs associated with
complements (M. Kamijo and N.Y., unpublished data). These
findings suggest that other factors such as tumor necrosis fac-
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tor-a and IL-183, which enhance leakage in the blood-nerve
barrier (28), are required to induce c¢linical and pathological
disease by the systemic injection. Circulating tumor necrosis
factor-o and IL-18 increase in GBS patients (29), and this
increase could occur also in our active immunization model
using CFA.

In conclusion, this study has verified that molecular mimicry
between an environmental agent and the peripheral nerves
causes GBS. Molecular mimicry is an important mechanism in
the development of human autoimmune diseases. Research on
molecular mimicry and autoimmunity principally has focused on
T cell-mediated, antipeptide responses, rather than on Ab
responses to carbohydrate structures (1). Our findings show that
carbohydrate mimicry between GML1 and the C. jejuni LOS
induces the production of pathogenic autoantibodies and the
development of GBS. This new concept that carbohydrate
mimicry can cause an autoimmune disease provides a clue to
the resolution of the pathogenesis of other immune-mediated
diseases.
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Abstract

Patients with the pharyngeal-cervical-brachial variant (PCB) of Guillain—Barré syndrome (GBS) have anti-GT1a IgG with or without
GQ1b reactivity, whereas those with Fisher syndrome (FS) or Bickerstaff’s brainstem encephalitis (BBE) have anti-GQ1b IgG antibodies
which cross-react with GTla, The nosological relationship between these conditions has yet to be established. To investigate the relationships
between each manifestation and between clinical features and the coexistence of anti-GQ1b IgG, we reviewed neurological signs present
during illnesses of 140 patients who had anti-GT1a IgG. Based on our criteria, FS was diagnosed for 64 (46%) patients, GBS for 22 (16%),
BBE for 14 (10%), and PCB for 6 (4%). Overlapping conditions were diagnosed for some patients: FS and GBS (5%}, PCB and F5 (5%),
BBE and GBS (4%), and PCB and BBE (1%). Patients who initially had bulbar palsy developed not only PCB but FS or BBE. The
population of anti-GT1a-positive patients frequently had ophthalmoplegia, ataxia, and areflexia, whereas the subpopulation who had anti-
GTla IgG without GQ1b reactivity frequently had preceding diarrhea as well as oropharyngeal, neck, and limb weakness. Patients with anti-
GTla IgG presented a variety of clinical conditions, indicative of a continuous clinical spectrum. A major part of this clinical variation was
due to the coexistence of anti-GQ1b IgG. The presence of a common autoantibody (anti-GTla IgG) and overlapping illnesses suggests that
PCB is closely related not only to GBS but to FS and BBE as well.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Guillain-Bame syndrome; Pharyngeal-cervical-brachial variant; Anti-GTla antibody; Anti-GQIb antibody; Fisher syndrome; Bickerstaff's

brainstem encephalitis

1. Introduction

Guillain-Barré syndrome (GBS) is characterized by the
acute onset of limb weakness. Bulbar palsy, which causes
respiratory failure or aspiration and occasionally may
require intubation, has been reported in two-fifths of
GBS patients studied [1]. Ropper [2] described three
patients, in whom oropharyngeal, neck, and shoulder
weaknesses progressed acutely. He called this regional
variant “pharyngeal-cervical-brachial weakness resembling
botulism or diphtheria” and, elsewhere, proposed diagnos-
tic criteria [I].

Cumulative evidence supports the speculation that anti-
ganglioside antibodies function in the development of GBS
and its varants [3]. A patient developed the pharyngeal-
cervical-brachial variant (PCB) after an intramuscular injec-
tion of bovine ganglioside mixture {4], indicative that anti-
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ganglioside antibodies also have a pathogenetic role in the
development of PCB. Anti-GTla IgG antibodies with and
without GQ1b reactivity have been detected in patients who
have acute oropharyngeal palsy [5,6], PCB [7-9], or GBS
[10-12]. On the other hand, anti-GQ1b IgG antibody with
anti-GTla reactivity has been found in patients who have
Fisher syndrome (FS), Bickerstaff’s brainstem encephalitis
(BBE), acute ophthalmoparesis (AO) without ataxia, or
ataxic GBS [13-15]. The nosological relationship between
PCB and these other conditions, however, has yet to be
established. The aim of our study was to clarify the clinical
features of anti-GTla-positive patients who had various
neurological disorders and the relationships between PCB
and related conditions.

2. Materials and methods
2.1. Patients

A sequential retrospective study was made of 2,148
consecutive patients with various neurological disorders.
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Serum samples were obtained from patients who had
been referred to our laboratory for serum anti-ganglioside
antibody testing by Japanese university and district
general hospitals between August 1999 and November
2001.

2.2, Enzyme-linked immunosorbent assay

Serum IgG antibodies to GTla, GQIb, GM1, GMIb,
GM2, GD1a, GalNAc-GD1a, GDIb, and GT1b were mea-
sured routinely by an enzyme-linked immunosorbent assay
{ELISA) as reported elsewhere [16]. Absorbance values at
492 nm were calculated by subtracting the optical densities
obtained for wells without antigen. In this study, serum was
considered positive for anti-ganglioside antibodies when the
absorbance value was 0.5 or higher at the dilution of 1:500
because, as reported elsewhere [17], this high cut-off level
gives high specificity.

2.3. Clinical feature analysis

Information on antecedent illnesses, initial symptoms,
neurological signs and respiratory distress during the
illness, and cerebrospinal fluid (CSF) findings were
obtained from patients who had anti-GTla IgG. The
neurclogical signs assessed were consciousnsss distur-
bance, blepharoptosis, ophthalmoplegia, facial weakness,
bulbar palsy, nuchal weakness, distribution of limb weak-
ness, deep tendon reflexes, pathological reflexes, ataxia,
sensory impairment, and autonomic dysfunction. The
patients’ clinical featres were reviewed by one of the
authors (T.N.) by means of questionnaires and their med-
ical records at discharge obtained from each primary
physician. When the medical records did not contain
adequate information, follow-up faxes were sent to the
physicians. Patients with anti-GTla antibodies were divid-
ed into subgroups according to the other antibodies pres-
ent, after which the clinical features of the subgroups were
compared.

2.4. Diagnostic criteria

Diagnosis of GBS was based on the established criteria
[18]. Diagnoses of FS, BBE, AO, overlapping FS and GBS
(FS/GBS), and overlapping BBE and GBS (BBE/GBS)
were based on our published criteria [15]. The diagnostic
criterta used for PCB are given in Table 1. Patients who had
ophthalmoplegia and ataxia, in addition to the clinical
features of PCB, were considered to have overlapping
PCB and FS (PCB/FS). Those who had consciousness
disturbance, hypermreflexia, or hemisensory disturbance, as
well as ophthalimoplegia, ataxia, and the clinical features of
PCB were considered to have overlapping PCB and BBE
(PCB/BBE). The presence of extensor plantar responses did
not exclude a diagnosis of GBS [18] or a variant if the other
clinical features were typical.

Table 1
Diagnostic criteria for the pharyngeal-cervical-brachial variant of Guillain-
Barré syndrome

Clinical features
(1) Progressive weakness predominant in the neck, shoulders, proximal
arms, and oropharyngeal muscles over 1-3 weeks
(2) Areflexia or hyporeflexia, at least in the arms
(3) Lower limb strength of 5 or 4 on the Medical Research Council scale
Features strongly supportive of the diagnosis
(1) A history of infection symptoms within 4 weeks before the onset of
neurological symptoms
{2) CSF albuminocytological dissociation
(3) Abnormal motor nerve conduction or late responses
Differential diagnoses
botulism, diphtheria, myasthenia gravis, polymyasitis, multiple sclerosis,
vascular disease, vasculitis, brainstem tumor, toxic or metabolic
neuropathy
Appendix
Extensor plantar responses do not exclude the diagnosis if other clinical
features are typical,
Paticnts with both ophthalmoparesis and ataxia are diagnosed as having an
overlap of the pharyngeal-cervical-brachial variant and Fisher syndrome.
Patients with CNS involvement (consciousness disturbance, hyperreflexia,
or hemisensory disturbance) together with ophthalmoparesis and ataxia
are diagnosed as having an overlap of the pharyngeal-cervical-brachial
variant and Bickerstaff’s brainstem encephalitis.

CSF =cercbrospinal fluid; CNS =c¢entral nervous system.
2.5, Statistical analysis

Differences in proportions were examined by the % % or
Fisher’s exact (two-tailed) test. Differences in medians were
examined by the Mann-Whitney U test. A difference of
p<0.05 was considered significant. Ninety-five percent
confidence interval was calculated from the odds ratios
(OR). Statistical analyses were done with Statcel software
(OMS, Saitarna, Japan).

3. Results

3.1. Clinical features of patienis with anti-GTla IgG
antibodies

Anti-GTla IgG antibodies were positive in 140 patients
(median age, 40; 77 men, 63 women), 12 of whom were
reported elsewhere [11]. Table 2 shows the clinical profiles
during illness. Fighty-nine percent of the patients had an
antecedent illness (upper respiratory tract infectious symp-
toms alone, 65%; diarrhea alone, 8%; both, 16%). The most

~ frequent initial symptom was diplopia, the second unsteady

gait; both cardinal symptoms of FS.

Most patients had muscular weakness of acute and mono-
phasic progression. Frequent signs occurring during illness
were the triad of FS. Eighty-nine percent of the patients had
hypo- or areflexia, 85% external ophthalmoparesis, and 71%
cercbellar-type ataxia (truncal alone, 15%; limb alone, 2%;
both, 54%). Half of the patients had neck or limb weakness,
and 37% of them showed proximal-dominant, 20% distal-
dominant, and 43% diffuse limb weakness. Fifty-four percent
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Clinical profiles of patients with anti-GT1a IgG antibody

141

Total FS GBS BBE AQ PCB FS/GBS BBE/GBS PCB/FS PCB/BBE Unclassified
Patients (n) 140 64 22 14 7 6 7 5 7 2 6
Gender (men/women) 77/63 39/25 12/10 36 473 51 34 21 25 072 2/4
Median age (range) 40 40 32 4] 34 63 60 47 35 47 36
(4-86) (4-86) (4-71) (11-67) (6-54) (29-71) (32-86) (29-74) (21-76) (27-68) (20-51)
Antecedent illness: (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Upper respiratory 81 91 64 86 86 50 86 100 71 50 50
infection
Diarthea 24 20 27 21 43 50 14 20 43 0 17
Initial symptoms:
Diplopia 37 50 9 29 71 0 43 20 43 0 33
Unsteady gait 21 33 0 14 0 17 29 40 0 50 17
Limb weakness 19 0 86 14 [} 17 14 20 14 50 0
Photophobia 6 3 0 21 14 0 14 0 0 0 33
Rkhinolalia aperta 4 3 0 0 1} 33 0 0 29 0 0
Dysphagia 4 2 5 7 14 17 0 0 0 1] 17
Blepharoptosis 2 3 0 0 0 0 0 0 14 0 0
Others 6 6 0 14 0 17 0 20 0 0 v}
Neurological signs during illness:
Consciousness 9 0 0 50 0 0 0 100 0 50 0
disturbance
Blepharoptosis 36 39 23 50 14 0 43 40 57 100 17
Internal 38 41 14 64 14 17 43 100 43 50 17
ophthalmoparesis
External 85 100 32 100 100 33 100 100 100 100 67
ophthalmoparesis
Facial weakness 36 17 59 50 0 67 57 80 43 100 33
Bulbar palsy 42 20 55 43 29 100 57 164 100 100 33
Weakness of the 54 28* 100 43* 0 100 160 104 100 100 50
neck or limbs:
Neck 38 11* g1 7 0 100 43 104 100 100 33
Upper limbs 52 25" 95 43* 0 100 100 104 100 100 50
Lower limbs 44 16* 95 43" 0 50° 100 100 71° 100 33
Tendon reflex in arms: '
Brisk or normal 12 3* 0 50 43b 0 0 0 0 0 g3*
Absent or decreased 88 97 100 50 57 100 100 100 100 100 17
Tendon reflex in legs:
Brisk or normal 14 3® Ly 57 43" 17 0 0 0 0 g3
Absent or decreased 86 97 95 43 57 83 100 100 100 100 17
Pathological reflex 8 0 0 43 0 0 0 60 14 50 0
Ataxia 71 100 0 79° 0 17 100 80° 100 100 67
Superficial sense 54 61 59 36 29 17 86 60 29 160 50
impaiment
Deep sense 24 28 14 14 0 17 29 40 43 100 0
impairment
Autonomic 16 8 27 29 ¢ 17 29 40 14 50 17
dysfunction
CSF:
Median cell 4 q 5 14 4 3 8 3 3 7 5
(range) (/ul) 0-176y ©-67) (0-72) (@©-16) (0-5) (1-24) (1-25) (0-176) (0-3) 6-7 (3-6)
Median protein 46 50 43 31 28 48 81 34 98 34 69
{range) (mg/dl} (11-225) (14-179) (11-112) (23-144) (20-80) (36-64) (23-225) (30-64) (29-207) (29-39) (15-132)

ES=Fisher syndrome; GBS=Guillain—Bamé syndrome; BBE=Bickerstaff’s brainstem encephalitis; AO=acute ophthalmoparesis; PCB = pharyngeal-
cervical-brachial weakness; FS/GBS=overlapping FS and GBS; BBE/GBS =overlapping BBE and GBS; PCB/FS=overlapping PCB and FS; PCB/

BBE = overlapping PCB and BBE; and CSF =cerebrospinal fluid.

* Four or more on the Medical Research Council scale.
b Deep tendon reflexes were decreased in the other limb.
€ Because of consciocusness disturbance, ataxia could not be assessed in three patients with BBE and one with PCB/BBE.
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had superficial sense impairment. Respiratory distress was
seen in 11%, and endotracheal intubation was used for 13%.
Some patients without respiratory distress also required
endotracheal intubation due to severe bulbar palsy.

3.2. Diagnoses for patients with anti-GTla IgG antibodies

Frequent diagnoses were FS and related disorders (Table
2). Some patients had an overlapping condition; FS/GBS,
PCB/FS, BBE/GBS, or PCB/BBE. The illnesses of the
remaining six (4%) patients were unclassified: four had acute
progression of ophthalmoparesis and ataxia with preserved
tendon reflexes; one acute weakness of the oropharynx, neck,
and arms with preserved tendon reflexes; and one superficial
sense impairment with autonomic dysfunction. Examples of
PCB/FS and PCB/BBE cases are given hereafter.

3.3. Case report of PCB/FS

A 76-year-old man suffered cough, sore throat, and fever
which abated over 3 days. Four days after their resolution,
he experienced both rhinolalia aperta without dry mouth and
numbness of the forearms (day 1). The next day he had
difficulty in swallowing and was admitted to a hospital. He
was mentally alert but had severe paretic dysarthria and
dysphagia. The soft palate could not be raised, and pharyn-
geal and palatal reflexes were absent. Ocular movement was
not limited. Blepharoptosis and facial weakness were ab-
sent. Muscle strength in the neck and four limbs was
normal. Deep tendon reflexes were brisk in the upper limbs
and normal in the lower ones. Plantar responses were
indifferent. Ataxia was not present. Hypesthesia and dyses-
thesia of the upper limbs were present. There was no
autonomic nervous dysfunction. On day 5, proximal-dom-
inant arm weakness (3 on the MRC scale), associated with
hyporeflexia in the arms was present. Nuchal weakness of 4
on the MRC scale was found on day 6. The CSF protein
concentration was 23 mg/dl with 1 cell/ul on day 5. An
electrophysiological study on day 6 showed delayed distal
latencies and slow motor nerve conduction velocities in the

median, ulnar, and tibial nerves. Conduction block was
present in the median and ulnar nerves. Senmsory nerve
conduction showed mildly decreased potentials in all the
nerves tested. Serological examinations were negative for
recent Campylobacter jejuni or Haemophilus influenzae
infection. An ELISA showed that the patient had IgG
antibodies to GTla (titer of 16,000) and GQ1b (2000).

GBS had been diagnosed by the primary physician,
and six sessions of immunoadsorption therapy with a
phenylalanine-conjugated column [19] were conducted
between days 7 and 21. On day 7, he developed external
ophthalmoparesis, facial weakness, and cerebellar-type
ataxia. Neck and proximal arm weakness, respectively,
were 2 and 3 on the MRC scale. Because of the truncal
ataxia, mono-pedal stance and tandem gait were impos-
sible. On day 10, rhinolalia and muscle weakness began
to decrease. His limb power had returned to nommal, but
mild bulbar palsy remained on day 20. On day 6, PCB
would have been the diagnosis, but PCB/FS was diag-
nosed instead because he showed ophthalmoparesis and
ataxia on day 7.

3.4. Case report of PCB/BBE

A 27-year-old woman with no history of antecedent
infectious illness experienced clumsiness and numbness of
the right arm and leg (day ). Two days later, she developed
unsteady gait. On day 5, she became drowsy and had
rhinolalia aperta, and so was admitted to a hospital. The
neurological examination showed left blepharoptosis, bifa-
cial weakness, and bulbar palsy. Ccular movement was
disturbed in abducens gaze on the left. Neck and arm
weakness was 3 on the MRC scale, but leg power was
preserved. Deep tendon reflexes were absent. She was
unable to walk without support because of cerebellar-type
ataxia. Hypesthesia and hypalgesia were present in the right
arm and leg. Urination was disturbed. EEG showed diffuse
slow waves in 7-9 Hz background activities. No F wave
could be elicited from the median and tibial nerves. Com-
pound muscle action potentials of facial nerves were de-

Table 3 :

Diagnoses for patients with antibodies against individual gangliosides

Diagnosis No. IgG antibodies to :

GQIb (%) GM1 (%) GMIb (%) GM2 (%) GDla (%) GalNAc-GDl1a (%) GD1b (%) GT1b (%)

Total 140 94 6 21 1 14 3 11 9
FS 64 100 0 14 0 2 0 5 3
GBS 22 73 36 41 9 50 9 32 32
BBE 14 100 0 36 0 7 0 0 0
AQ 7 100 0 0 0 0 0 0 14
PCB 6 83 0 33 0 33 0 17 i7
FS/GBS 7 100 14 29 0 14 14 29 14
BBE/GBS 5 100 0 0 ] 0 20 40 0
PCBS 7 100 ¢ 29 0 14 0 0 0
PCB/BBE 2 100 0 50 0 50 0 0 0
Unclassified 6 67 0 0 0 17 0 0 17

Abbreviations as in Table 2.



