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Abstract

Serum antibody activities to mixtures of a ganglioside and various phospholipids were compared with those to a ganglioside alone in 30
anti-GM1 IgG-positive GBS patients and 30 anti-GQ1b IgG-positive Miller Fisher syndrome (MFS) patients. Anti-GM 1-positive sera had
higher antibody reactivities against a mixture of GMI1 and several phospholipids including PA, PI and PS, than against GMI alone. In
contrast, in case of anti-GQ1b antibody, no phospholipid provided significant enhancement. Sphingomyelin provided decrease of the activity
for both anti-GM1 and anti-GQ1b IgG. The effects of phospholipids must be considered to determine the pathogenetic role of antiganglioside

antibodies in GBS and MFS.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Antiganglioside antibodies frequently are present in
patients with Guillain-Barré syndrome (GBS) and its
variant, Miller Fisher syndrome (MFS). Anti-GMI IgG
antibodies are associated in particular with the pure motor
variant of GBS (Visser et al., 1995), or with acute motor
axonal neuropathy (Hafer-Macko et al., 1996), whereas anti-
GQ1b IgG antibodies are associated with MFS (Chiba et al.,
1992). Antiganglioside antibodies are useful diagnostic
markers as well as possible pathogenetic factors in GBS.

Recently, we reported that IgG antibody in acute GBS
sera had a higher titer against a mixture of GMI and
phosphatidic acid (PA) than against GM1 alone (Kusunoki
et al., 2003). The use of a mixture antigen of GMI and a
phospholipid may provide us with an improved method of
the antibody assay for the diagnosis of GBS. To investigate
which phospholipid is the most effective for the enhance-
ment of the anti-GM1 IgG activities and whether such an

* Corresponding author. Tel.: +81 72 366 0221x3553; fax: +81 72 368
4846.
E-mail address: kusunoki-tky@umin.ac.jp (S. Kusunoki).

0165-5728/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneuroim.2004.09.018

enhancement is generally observed in the antiganglioside
antibodies in GBS or its variant, we examined IgG
reactivities against GM1 or GQ1b with and without various
phospholipids.

2. Materials and methods
2.1. Serum samples

Sera were obtained from 30 GBS patients who had anti-
GM1 IgG antibodies and from 30 MFS patients who had
anti-GQ1b IgG antibodies.

2.2. Antibody assay

Antiganglioside antibody reactivities were measured by
the enzyme-linked immunosorbent assay (ELISA), as
described elsewhere (Kusunoki et al., 1994). Nine phospho-
lipids were used: phosphatidic acid (PA), phosphatidyletha-
nolamine (PE), phospatidylinositol (PI}, phosphatidylserine
(PS), lysophosphatidylethanolamine (LPE), lysophosphati-
dylcholine (LPC), phosphatidylcholine (PC), sphingomyelin
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Fig. 1. Means of the antibody activities for 30 anti-GM1 1gG-positive GBS patients. Activity increased when a mixture of GM1 and PA, P, PS, LPE, PE, LPC

or CL was the antigen and decreased when a mixture of GM1 and SM was.

(SM) and cardiolipin (CL) (all purchased from DOOSAN
Serdary Research Laboratories, USA).

Wells of 96-well microtiter plates were coated with 200
ng of ganglioside (GM1 or GQI1b), an antigen mixture of
100 ng each of ganglioside and phospholipid, or 200 ng of
phospholipid only. An uncoated well was the control. Each
OD value was corrected by subtraction of the control well
OD. Serum with a corrected OD of more than 0.1 was
considered positive. The antibody activity of each patient’s
serum was expressed as the mean of the corrected ODs of
two independent assays.

2.3. Statistics

Antibody activities against a ganglioside and against a
mixture of ganglioside and phospholipid were compared by
the Wilcoxon signed-ranks test. Significance was considered
positive if p<0.01.

0.D. 492nm
2

3. Results

The binding activity of anti-GM1 IgG-positive GBS sera
to a mixture of GMI and a phospholipid was compared to
that of GM1 alone. The mean antibody activity against a
mixture of GM1 and phospholipid was significantly higher
than against GM1 alone when the phospholipid was PA, PI,
PS, LPE, PE, LPC or CL, whereas it was significantly lower
when the antigen was a mixture of GM1 and SM (GM1/SM)
(Fig. 1). Of the individual sera, more than 70% of the GBS
patients had higher antibody activity against a mixture of
GM1 and the phospholipid PA, PL, PS, LPE, PE, LPC or CL
than against GM1 alone. In contrast, almost all had
significantly lower antibody activity against GM1/SM than
against GM1 alone. The antibody activity against the
mixture of GM1 and SM remained decreased even when a
mixture of 200 ng GM1 and 100 ng phospholipid per well
was used instead of 100 ng each.

1.5

0.5 1

o
GQ1b
alone

phospholipid added

PA__ Pl PS LPE

SM _PE__PC_LPC CL
bar: meantSD *P<0.01

Fig. 2. Means of the antibody activities for 30 anti-GQ1b IgG-positive MFS patients. Means of the antibody activities increased only when a mixture of GQ1b

and PA was the antigen. The other phospholipids produced no enhancement.
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bar: meantSD *P<0.01

GQ1b 100ng + a phospholipid 100ng/well
B8 GQ1b 200ng + a phospholipid 100ng/well

Fig. 3. Antibody reactivity against a mixture divided by that against GQ!b alone. Columns give the means of the ratios. Activities in MFS against mixtures
(except GQ1b and PA) were lower than against GQ1b alone. When the mixture contained 200 ng of GQ1b and 100 ng of phospholipid per well, instead of 100
ng each, binding activity against the mixture was restored to a level similar to that against GQ1b alone (200 ng/well) for PI, LPE, LPC and CL.

Results for the anti-GQlb IgG-positive sera clearly
differed from those for anti-GM! IgG-positive sera; only
PA had a slight enhancing effect, but it did not reach
statistical significance. The other phospholipids did not have
an enhancing effect. Antibody activities against mixtures
were lower than against GQ1b alone (Fig. 2).

When a mixture of 200 ng GQ1b and 100 ng phospholipid
per well was used instead of 100 ng each, serum antibody
binding activity against a mixture was restored to a level
similar to that against GQ1b alone for the phospholipids PI,
LPE, LPC and CL but not PS, SM, PE or PC (Fig. 3).

The control experiments showed that IgG antibodies
against phospholipids were negative in most cases,
indicative that the reaction of the IgG antibody with
phospholipid did not account for the phospholipid enhance-
ment of anti-GM1 IgG antibody activity described above.
Some GBS patients had low antibody activity titers against
LPE, PE, PC, LPC and CL. However, the antibody
reactivities against mixture antigens (GM1/LPE, GMI1/PE,
GM1/PC, GM1/LPC and GM1/CL) were still much higher
than those against GM1 alone even if ODs of phospholipid
coated wells were subtracted from those of GM1/phospho-
lipid wells.

Of the 30 patients with GBS, 4 had both anti-GM1 IgG
and anti-GM1 IgM. We examined the reactivity of the IgM
antibodies from those four patients with a mixture of GM1
and phospholipid. No enhancing effect like that obtained
with IgG antibodies occurred with the IgM antibodies.
When GM1 was mixed with SM, IgM activity decreased
like that for IgG.

4. Discussion

In the previous study, maximal binding activities were
observed at a GM1/PA ratio of 1:1 when varying ratios of

GM1 and PA of mixture antigen were used (Kusunoki et al.,
2003). In this study, we therefore investigated antibody
activities against a mixture at a ganglioside/phospholipid
ratio of 1:1. Anti-GM1 IgG-positive GBS sera had higher
antibody activities against a mixture of GM1 and the
phospholipid PI, PS, LPE, PE, LPC or CL, as well as PA,
than against GM1 alone. In our preliminary study, some
anti-GM1 IgG-negative patients had IgG reactivity against a
mixture of GM1 and such phospholipids as PI, PS, CL as
well as PA. A mixture antigen of GM! and such a
phospholipid as PA, which provided significant enhance-
ment of the anti-GM1 IgG reactivity in GBS sera, may be
more useful than GM1 alone in ELISA for the diagnostic
test of GBS.

Effects of the addition of a phospholipid on the activities
of anti-GQ1b IgG-positive sera differed. A phospholipid
addition to GQIlb antigen did not produce a significant
increase in antibody activity, and activity was decreased
when a mixture of GQ1b and a phospholipid (except PA)
was the antigen.

The cause of the difference in the anti-GM1 IgG and
anti-GQ1b IgG reactivities remains to be determined. It is
possible that the physiochemical differences of GM1 and
GQlb make the differences of the effects of phospholi-
pids on binding activities of antibodies. However, anti-
GMI antibody activities are not necessarily enhanced by
the addition of PA to the antigen, as seen in some GBS
sera and in the rabbit antisera (Kusunoki et al., 2003).
The most probable reason may be the difference in the
preceding infection. The major phospholipid constituents
in Gram-negative bacteria are PE, phosphatidylglycerol
and CL. PS and PA are present as minor components
(Huijbregts et al., 2000), but these bacteria have no SM
(Zien et al, 2001; Carman and Henry, 1999). This
indicates that anti-GM1 IgG-positive sera reactivity
increased when a phospholipid present in Campylobacter
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jejuni, a Gram-negative bacterium, was added to the
antigen mixture. Respiratory rather than gastrointestinal
infections, however, precede onset in most anti-GQlb
IgG-positive patients; those with Miller Fisher syndrome.
The difference in the preceding infectious agent may, at
least in part, explain why the reactivity of anti-GQlb
IgG-positive serum was not enhanced by the addition of
those phospholipids that increased the reactivity of anti-
GM1 IgG-positive serum.

Whether antibodies with high reactivity against a
mixture of GMI and phospholipid rather than against
GM1 alone recognize a conformational epitope formed by
GM! and a phospholipid has yet to be clarified. The
antibodies possibly have specificity for GM1 which
undergoes conformational change in association with a
phospholipid, as reported for P2-glycoprotein 1 and
anticardiolipin antibodies (Matsuura et al., 1994). Phos-
pholipids also may affect the binding force between
antibodies and GM1. Because the phospholipids composi-
tion surrounding ganglioside antigen can influence anti-
body binding, susceptibility to injury can be contributed by
membrane phospholipids content. The composition and
distribution of each phospholipid at such possible target
sites as the paranodal myelin, axolemma, and neuro-
muscular junction, needs to be clarified in future studies.

The effect of SM in decreasing the antibody activity of
both anti-GMI IgG-positive and anti-GQ1b IgG-positive
sera seems to be of importance. Gangliosides are widely
distributed throughout the nervous system, individual ones
-sometimes being dense at a particular site. For example,
GQlb is present in the spinal roots and in all the cranial
nerves (Chiba et al., 1997), but is densely localized in the
paranodal regions of oculomotor, trochlear and abducens
nerves. Ophthalmoplegia may be due to the specific
binding of anti-GQ1b antibodies to these regions (Chiba
et al,, 1993). The decrease seen in antiganglioside antibody
reactivity in GBS and MFS caused by SM may be why
antiganglioside antibody does not cause ubiquitous damage
to the neurological system but damages only sites where
gangliosides are densely localized.

Greater attention must be paid to the effects of the
phospholipids that surround gangliosides on cell membranes
of the human nervous system in order to determine the
pathogenetic role of antiganglioside antibodies in auto-
immune neuropathies. To better understand how phospho-
lipids influence the interaction of antibodies and ganglioside
in vivo, further investigation by the use of such system that
mimic the myelin membrane as liposomes consisting
predominantly of cholesterol, PE and PC is needed.
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Abstract The clinical characteristics of five (22%) of 23 patients with Guillain-Barré
syndrome (GBS), whose serum contained immunoglobulin G (IgG} antibodies to the gang-
lioside N-acetylgalactosaminyl GD1a (GalNAc-GD1a), included pure motor weakness of the
axonal type. These patients had a relatively good prognosis, but displayed higher serum
tumor necrosis factor-alpha (TNF-a) titers than the other GBS patients. We examined the
effect of serum from these patients with 1gG anti-GalNAc-GD1a antibodies on neurites
from cultured rat dorsal root ganglia (DRG) and found it to damage the myelin in well-
elongated DRG neurites and monolayer cultures of Schwann cells and neurons. In the
regeneration model, serum from these patients delayed neurite extension and inhibited
Schwann cell proliferation. Neurons in cultured monolayers showed vacuolation and
decreased rapidly in number. Schwann cells were also vacuolated and readily detached
from the substratum. The effects of IgG anti-GaINAc-GD1a antibodies purified from one of
the patients, rabbit serum after immunization with GalNAc-GD1a, and recombinant TNF-a
were also examined. 1gG ant-GalNAc-GD1a antibodies mainly inhibited the regeneration
and preservation of neurons, while TNF-o. mainly induced morphological changes in well-
proliferated Schwann cells and myelin.

Key words: axonal type Guillain-Barré syndrome, dorsal root ganglia, 1gG anti-GalNAc-
GD1a antibody, TNF-«

Introduction

Various antibodies against gangliosides detected in
the serum of patients with Guillain-Barré syndrome
(GBS) have been recognized as important causes of
the disorder (Willison and Yuki, 2002; van Sorge et al.,
2004). Recently, ganglioside complexes were recog-
nized as new target antigens in GBS (Kaida et al,
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2004). The clinical characteristics of GBS patients
with serum immunoglobulin G (IgG) antibodies to the
ganglioside N-acetylgalactosaminyl GD1a (GalNAc-
GD1a), which included pure motor weakness of the
axonal type, have been the focus of recent studies
(Kusunoki et al., 1994, Ang et al., 1999; Hao et al,
1999; Kaida et al., 2001), and we previously immuno-
localized GalNAc-GD1a in human ventral roots, dorsal
roots, intramuscular nerves, and sural nerves (Kaida
et al., 2003). The ability of IgG anti-GalNAc-GD1a anti-
bodies to block neuromuscular transmission has
recently been reported (Taguchi et al, 2004). The
pathogenetic significance of IgG anti-GalNAc-GD1a
antibodies in axonal type GBS, however, has not yet
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been clarified. In contrast, the roles of a number of
cytokines have been examined in various immune-
mediated demyelinating diseases, including GBS
(Sivieri et al., 1997, Zhu et al., 1997; 1998). There is a
striking correlation, for example, between serum
tumor necrosis factor-o (TNF-a) titer and severe neuro-
pathy in patients with GBS (Sivieri et al., 1997).

We treated 23 GBS patients between 1996 and
2000, five (22%) of whom, with the axonal type GBS,
had 1gG anti-GalNAc-GD1a antibodies. Our observa-
tions have been reported previously (Ang et al., 1999;
Hao et al., 1999; Kaida et al., 2001). These five patients
had significantly higher serum TNF-o titers than the
other 18 GBS patients who had other types of anti-
ganglioside antibodies, yet despite this had a relatively
good prognosis. In the present study, we examined
the effects of serum from these patients with axonal
type GBS on neurites from cultured rat dorsal root
ganglia (DRG). Using the same system, we also
examined the effects of purified IgG anti-GalNAc-GD1a
antibodies from one of the patients and recombinant
TNF-a.. The effects of these agents on monolayer cultures
of DRG neurons and Schwann cells were subsequently
investigated to determine the pathogenetic significance
of anti-GalNAc-GD1a antibodies in axonal type GBS.

GBS involves motor weakness, although whether
the DRG culture system can serve as a GBS model is
not clear. We used it because GalNAc-GD1a can be
detected in cultured DRG and roots by immunoblot-
ting. Sensory nerve action potential was found to be
decreased in some patients with IgG anti-GalNAc-
GD1a antibodies who were asymptomatic, but whose
posterior roots had histochemical immunoreactivity
against GalNAc-GD1a, indicative of sensory root invol-
vement (Kaida et al., 2003).

Materials and Methods

Samples

Serum was collected from the five patients with
high 1gG anti-GalNAc-GD1a and TNF-a titers 10-14
days after the onset of neurological signs, and just
before the start of treatment, and from one of them
{patient 4) 3 weeks after the onset of illness which had
not yet been treated. Two of these patients (patients
2 and 5) also had IgG anti-asialo GM1 (Table 1). Control
serum was obtained from three healthy individuals
{(human serum, HS) and from patient 1 following recov-
ery, 6 months after the onset of illness (Pt.1-6m), at
which time there were almost no IgG anti-GalNAc-
GD1a antibodies and the TNF-a titer was very low.
Serum from GBS patients with other types of anti-
ganglioside antibodies and high TNF-u titers (patients
6 and 7) was also collected. The clinical characteristics
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of these patients are summarized in Table 1. Serum
was stored at —80°C, and half of each sample was
inactivated at 56°C for 30 min before use. Because
noninactivated HS had a supportive effect on cultures,
inactivated HS (inact-HS) was used as control serum.
We also examined the effects of purified anti-GalNAc-
GD1a antibodies and recombinant human TNF-a (stock
solution: 10 ug/mL; Genzyme) in the presence of inact-
HS. 1gG anti-GalNAc-GD1a antibodies were isolated
from the serum of patient 1 by adsorption to GalNAc-
GD1a (Calbiochem-Novabiochem) bound to octyl
Sepharose CL-4B (Pharmacia). Adsorbed anti-GalNAc-
GD1a antibodies were eluted with 3 M NaSCN and
dialyzed against 0.01 M phosphate-buffered saline
(pH 7.2). Serum that had passed through the octyl
Sepharose column (adsorbed serum with GalNAc-
GD1a) and inact-HS served as control sera for IgG-
purified anti-GalNAc-GD1a antibodies and TNF-a.

Additionally, we examined the effects of rabbit
serum with a high titer of IgG anti-GalNAc-GD1a
antibodies (Kaida et al., 2003).

Anti-ganglioside antibody and TNF-ot titers

Anti-ganglioside titers were determined by an
enzyme-linked immunosorbent assay (ELISA) at the
Department of Neurology, University of Tokyo, as
described previously (Kusunoki et al., 1992). TNF-a titers
were determined by ELISA, using a kit {Immunotech),
according to the manufacturer’s instructions.

Dorsal root ganglion dissection and culture

DRG were excised from 7-day-old Wistar rats
under ethyl ether anesthesia, and cultures derived
from them were incubated at 37°C in an atmosphere
of 5% CO, and 95% air. Modified whole DRG cultures
were established, as described elsewhere (Peterson
and Murray, 1965; Wood, 1976). Neuron and Schwann
cell monolayer cultures were established as described
by Fukuda et al. (1997). Morphological observations
were  made using phase-contrast microscopy.
Collagen-embedded DRG and neurites fixed with peri-
odate-lysine-paraformaldehyde (McLean and Nakane,
1974) were stained by standard immunochistochemical
procedures. The primary antibodies were a rabhit anti-
neurofilament polyclonal antibody for the visualization of
axons and mouse ant-myelin basic protein and anti-S100
protein  monoclonal antibodies (1 : 300, Chemicon
International)  for the visualization of  myelin.
Fluorescence isothiocyanate-labeled  anti-rabbit  1gG
{1300, Jackson IRL) and Cy3 anti-mouse IgG (1 : 300,
Jackson IRL) were used as secondary antibodies.

To examine the effects of GBS serum, samples
were added to the medium at a concentration of 10%
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Table 1. Clinical characteristics of Guillain-Barré syndrome patients.

Age Campylobacter Clinical
Patient (years) Sex Jejuni Antibody IgG findings Electrophysiological study
1 25 Female Stool (+) Anti-GalNAc-GD1a  Motor weakness MCV: 42-60 m/s, CMAP:; 0.04-0.08 mV,
dispersion (+),
SCV: 51-59 m/s, SNAP: 9-25 pv
2 29 Male Serum (+) Anti-GalNAc-GD1a, Motor weakness, MCV: 40-57 m/s, CMAP; 0.15-1 mV,
anti-asialo GM1 dysesthesia dispersion (+),
SCV: 45-61 m/s, SNAP: 0.02-1 pv
3 9 Female Serum (+) Anti-GalNAc-GD1a  Motor weakness MCV: 34-38 m/s, CMAP: 0.03-0.06 mV,
dispersion (+),
SCV: 57-66 m/s, SNAP: 28-31 wv
4 18 Male Stool (+) Anti-GalNAc-GD1a  Motor weakness MCV: 55-63 m/s, CMAP: 2.3-2.6 mV,
dispersion (=),
SCV: 54-67 m/s, SNAP: 15-16 pV
5 50 Female Serum (+) Anti-GalNAc-GD1a, Motor weakness, MCV: 41-48 m/s, CMAP: 0.2-1.2 mV,
anti-asialo GM1 cranial nerveVIl, X1, X dispersion (+),
SCV:notdone
6 35 Male Stool (+) Anti-GM1, Motor weakness, MCV: 44-57 m/s, CMAP: 0.29-2.4 mV,
anti-GD1b sensory disturbance  dispersion (+),
SCV:54-63 m/s, SNAP: 1419 pV-
7 17 Female Not done Anti-GM?1, Motor weakness, MCV: 40-41 m/s, CMAP: 0.5-0.8 mV,
anti-GD1b sensory disturbance  dispersion (4),

SCV: not done

SNAP, sensory nerve action potential. Complement-fixation tests for anti-C. jejuni antibody and stool cultures for C. jejuni were performed at the
Department of Microbiology of the MetropolitanTokyo Research Laboratory of Public Health.

(v/v), replacing fetal bovine serum (FBS). Seven or 14 days
later, the DRG or monolayer cultures were examined. For
studies with whole DRG embedded in collagen, four to
six DRG were cultured with each serum sample, each
experiment being performed in triplicate. For studies with
monolayer cultures, investigations were performed in tri-
plicate. Each experiment was performed in triplicate.

Effect of GBS serum on sufficiently extended
neurites, preserved neurons, and proliferated
Schwann cells in monolayer culture

We investigated the effects of GBS serum sam-
ples on neurites extending from DRG embedded in
collagen (Nitta Gelatin), cultured every 2 days for 14
days in medium 1 or 2, as well as on preserved neu-
rons and well-proliferated Schwann cells in monolayer

Table 2. Composition of each medium.

cultures. DRG monolayers digested with 0.15% collage-
nase (Wako Pure Chemicals) were cultured in medium
3 for 7 days, and then for a further 7 days in medium 2,
in which Schwann cells proliferated. We also examined
the effect of each GBS serum on neurons after 4 days
of treatment with 0.1% x 107° M cytosine-1-p-p-arabi-
nofuranoside (Wako Pure Chemicals) in medium 3,
under which conditions neurons were well preserved
despite the absence of Schwann cells. The composition
of each medium is given in Table 2.

Effect of GBS serum on neurite extension,
Schwann-cell proliferation, and nerve
preservation: regeneration model

Each GBS serum\sample was added to the culture
medium from the initiation of culture, and its effects on

Medium 1 78% modified Eagle’s medium (MEM; Gibco BRL), 10% fetal bovine serum (FBS; Gibco BRL), 2% chick embryo
extract {CEE; Gibco BRL), 10% 0.15 M KCI (Wako Pure Chemicals), 5 g/L glucose (Wako Pure Chemicals), 1% 7S-
nerve growth factor (NGF; Chemicon International), 10~ M cytosine-1-B-p-arabinofuranoside (Wako Pure Chemicals),
10~% M 5-fluoro-5-deoxyuridine (Gibco BRL), 107> M uridine (Sigma); MEM contained 78% Eagle’s minimum essential
medium (Gibco BRL) supplemented with 2.2 g/L of NaHCO3 (Wako Pure Chemicals), 5 g/L glucose, and 250,000 1U of
penicillin (ICN Biomedicals)

65% MEM, 25% FBS, 10% CEE, and 0.1% NGF

Dulbecco’'s modification of Eagle’s medium (50%) and Ham's medium (50%) (Gibco BRL), 15 mM sodium HEPES
and L-glutamine (0.365 g/L; Sigma), supplemented with transferrin (100 mg/L; Sigma), putrescine (16 mg/L;
Sigma), insulin (5 mg/L; ICN Biomedicals), progesterone (6.5 g/L; Sigma), sodium selenite (30 nM; Sigma),
penicillin (0.2 mg/L), streptomycin (200 [U/L; ICN Biomedicals), sodium bicarbonate (1.0 g/L). and 75-NGF (0.1%
v/vofa10 ng/mL solution; Chemicon)

Medium 2
Medium 3
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DRG neurite elongation and dissociated neurons and
Schwann cells investigated. After 1-2 weeks of culture
of whole DRG, the 20 longest neurites extending from
each were measured. Neurite extension was defined
in terms of multiples of the short diameter of the
parent ganglion. The effects of GBS serum samples
on numbers of neurons and Schwann-cell proliferation
in dissociated DRG monolayers were examined. The
numbers of neurons in five fields per dish were
counted at x100 magnification. Comparisons were
made by the Kruskal-Wallis test. Statistical signifi-
cance was at p < 0.05.

GalNAc-GD1ain rat DRG and roots

The lipid fraction from rat ‘DRG and roots’ was sub-
jected to thin-layer chromatography (TLC; Macherey-
Nagel}, the plates being developed with chloroform/
methanol/0.2% CaCl, (50 : 45 : 10 v/v). Plates were
immunostained with rabbit anti-GalNAc-GD1a antibodies
(Kaida et al, 2003) followed by anti-rabbit IgG.
Immunoreactive bands were visualized with diamino-
benzidine. TLC and immunostaining were done, as
described previously (Kusunoki et al., 1992).

Results

Samples

Anti-ganglioside antibody and TNF-o titers are
summarized in Table 3.

Effects of GBS serum samples on extended
neurites and on preserved neurons and
proliferated Schwann cells in monolayer culture

GBS serum containing 1gG  anti-GalNAc-GD1a
antibodies added to sufficiently elongated neurites
damaged both myelin sheaths and Schwann cells,
producing debris which was distributed along the
axons (Fig. 1B-D} and small vacuoles (Fig. 1C). The
most extensive damage was induced by serum from
patients 1 and 3 (Fig. 1B), lesser damage being induced
by serum from patient 2 (Fig. 1C), while serum from
patient 4 induced only slight changes (Fig. 1D).
Immunohistochemical analysis, however, showed that
the axons had remained intact and that the debris origi-
nated from Schwann cells or myelin sheaths {(middle and
lower panel of Fig. 1B,C). Purified IgG anti-GalNAc-GD1a
antibodies and TNF-o with inact-HS caused some
damage to neurite myelin, producing debris along the
axons  (Fig. 1G,H).  Immunohistochemical analysis
showed intact axons and slightly damaged myelin
(middle and lower panels of Fig. 1G,H).

The addition of noninactivated GBS serum to well-
proliferated Schwann cells (Fig. 2, upper panel) and

Journal of the Peripheral Nervous System 10:190-201 (2005)

preserved neurons (Fig. 2, middle panel) in monolayer
culture induced many small vacucles in the Schwann
cells (Fig. 2B,C), or caused rounding, indicative of slight
cell detachment from the coated cover slips (data not
shown, patients 4 and 5) and resulted in neuronal necrosis
as evidenced by ballooning vacuoles (Fig. 2F,G}. Purified
lgG anti-GalNAc-GD1a antibodies elicited vacuoles
in Schwann cell monolayers and in some preserved
neurons (Fig. 2Gb). TNF-o had no effect on neurons, even
after 14 days (Fig. 2Tb), but did cause Schwann-cell round-
ing after 7 days (Fig. 2Ta). No Schwann cells remained
10-14 days after the addition of TNF-o, (Fig. 2Th).

GBS serum with IgG anti-GM1 and anti-GD1b anti-
bodies, and a high titer of TNF-a (patients 6 and 7), also
damaged the myelin sheath in some regions of suffi-
ciently elongated neurites, but immunohistochemical
analysis did not show any myelin damage or vacuola-
tion (Fig. 1E). Many small vacuoles were induced in
well-proliferated Schwann cells (Fig. 2D), but there
were no morphological changes in preserved neurons
(Fig. 2H). Rabbit serum with a high titer of lgG anti-
GalNAc-GD1a antibodies induced only minor or no damage
in extended neurites, mature neurons, and Schwann
cells. HS, serum from patient 1 following passage over
Sepharose-bound GalNAc-GD1a (adsorbed serum), and
serum from the same patient after recovery (Pt.1-6m)
induced no damage to myelin sheaths, Schwann cells, or
preserved neurons (Figs. 1A,F and 2A,E).

Regeneration model

Noninactivated GBS serum containing IgG anti-
GalNAc-GD1a antibodies (patients 1-4), purified lgG
ant-GalNAc-GD1a antibodies, and TNF-o inhibited
neurite extension from DRG (Kruskal-Wallis test and,
post-hoc, Scheffé’s method; patient sera, p < 0.0001;
purified IgG anti-GalNAc-GD1a antibodies and TNF-q,
p < 0.001), in comparison with inact-HS and serum
from patient 1 after recovery (Pt.1-6m) in the former
(Fig. 3A) and serum from patient 1 after passage over
Sepharose-bound GalNAc-GD1a in the latter (Fig. 3B).

As judged morphologically and immunohisto-
chemically, neurite extension, myelin formation, and
Schwann cell proliferation were inhibited by non-
inactivated GBS serum (patients 1-4), purified IgG
anti-GalNAc-GD1a antibodies, and TNF- (Fig. 4B, 1B,
E. rE, F, rF). Schwann cells exhibited small vacuoles in
the presence of serum from patients 1-3 (Fig. 4B).
Myelin formation was mostly inhibited by TNF-
(Fig. 4rF). Axons were split into segments by serum
containing 1gG anti-GalNAc-GD1a antibodies (patients
1-3) (Fig. 4fB), but not by purified 1gG ant-GalNAc-
GD1a antibodies or TNF-a (Fig. 4fE, fF), although they
were very thin and their density was decreased
(Fig. 4fE, fF).
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Figure 1. Effects of noninactivated patient serum (B-E) and purified immunoglobulin G (IgG) anti-GalNAc-GD1a antibodies or
tumor necrosis factor-alpha (TNF-a) (G, H) on elongated and myelinated dorsal root ganglia (DRG) neurites. Serum samples
were added to culture medium 10-14 days after the initiation of culture, and phase-contrast (upper panel) and fluorescence
microscopy were performed after a further 7 days. Middle panel: rabbit anti-neurofilament antibody followed by fluorescence
isothiocyanate anti-rabbit 1gG. Lower panel: mouse anti-myelin basic protein (MBP) and mouse anti-5100 protein monoclonal
antibody followed by Cy3 anti-mouse |gG. Serum from patients 1 (B), 2 (C), and 4 (D) induced myelin damage, but not axonal
damage. Debris is distributed along axons and nonspecific myelin immunoreactivity is apparent in (B). Serum from patient 4 (D)
caused less damage. Serum from patient 2 {C) induced morphological changes in Schwann cells but not in the myelin sheath.
Serum from patient 8, containing IgG anti-GD1b and anti-GM1 antibodies, and a high TNF- titer (E) damaged myelin in some
regions, but immunohistochemical analysis showed that debris was not distributed along the axons. Purified IgG anti-GalNAc-
GD1a antibodies {G) and TNF-a (H) in the presence of inact-HS caused damage to Schwann cells and the myelin of elongated
neurites, the more severe damage to myelin being induced by TNF-a. (A) Noninactivated human control serum. {F) Serum from
patient 1 after passage over Sepharose-bound GalNAc-GD1a. Bar = 50 um.

Initially, in monolayer co-cultures, neurons thrived
then deteriorated, whereas Schwann cells increased in

Schwann cells proliferated in the presence of con-
trol serum (inact-HS and serum from patient 1 after

the presence of NGF and FBS. In this system, non-
inactivated GBS serum containing anti-GalNAc-GD1a
antibodies caused statistically significant decreases in
numbers of neurons after 3 and 6 days, as compared
with inact-HS (Kruskal-Wallis test and, post-hoc,
Scheffé's test, p < 0.0001) (Fig. 3C). Noninactivated
serum from patients 1-3 facilitated cell detachment
from laminin-coated cover slips. Purified 1gG anti-
GalNAc-GD1a antibodies and TNF-a induced greater
decreases in neuronal numbers than control serum
but not significantly (data not shown).

recovery), forming a whorl-like arrangement, whereas
GBS serum containing 1gG anti-GalNAc-GD1a antibo-
dies {patients 1-5) inhibited Schwann-cell proliferation.
Neurons and Schwann cells developed vacuoles, or
Schwann cells became rounded, indicative of moder-
ate detachment (Fig. 5B,C). Proliferation was moder-
ate in the presence of serum from patients 4 and 5, but
detachment was increased (Fig. 6D). On day 14,
purified 1gG anti-GalNAc-GD1a antibodies (Fig. 5G)
inhibited Schwann cell proliferation and induced
morphological changes in both neurons and Schwann
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Figure 2. Effects of noninactivated patient serum on well-proliferated Schwann cells {upper panel} and preserved neurons
{middle panel) when added to culture medium 10-14 days after the initiation of culture. Control: noninactivated serum from a
healthy individual (A, E). Serum from patient 1 (B, F), patient 2 (G}, and patient 3 {C) induced small vacuoles in Schwann cells and
neurons. Serum from patient 8, containing 1gG anti-GD1b and anti-GM1 antibodies and a high tumor necrosis factor-alpha (TNF-a)
titer induced small vacuoles in Schwann cells (D) but not in neurons (H). Lower panel: effects of purified anti-GalNAc-GD1a
antibodies and TNF-o. Purified IgG anti-GalNAc-GD1a antibodies had induced vacuoles in only a few neurons at day 7 (Ga), but by
day 14 had induced small vacuoles in all of the preserved neurons (Gb). TNF-a induced Schwann-cell rounding at day 7 (Ta). There
were no neuronal changes, even 14 days after the addition of TNF-o, while Schwann cells were absent (Th). Bar = 50 pm.

cells. The cells had small vacuoles similar to those
produced by serum from patients 1 and 3. Neurcns
were preserved in the presence of TNF-o, and large
vacuoles were apparent in only a few of them, but
Schwann cell proliferation was inhibited at day 14
(Fig. BH), and cells that had proliferated were rounded
at day 7 (data not shown).

Inactivated serum had lesser negative effects than
noninactivated serum from individual patients, and
serum from patients containing lower IgG anti-
GalNAc-GD1a antibody titers had a lesser inhibitory
effect on neurite outgrowth, myelin formation, and
Schwann cell proliferation.

Noninactivated serum from patients 6 and 7 con-
taining lgG anti-GM1 and anti-GD1b and TNF-o also
inhibited neurite outgrowth (Fig. 3A), myelin formation,
and Schwann cell proliferation, but did not cause
immunoreactive neurofilaments to split or elicit
vacuoles in Schwann cells (Fig. 4C, rC, fC). In mono-
layer co-cultures, these sera caused statistically signif-
icant decreases in numbers of neurons after 3 and 6

days as compared with inact-HS (Kruskal-Wallis and,
post-hoc, Scheffé's tests, p < 0.0001) (Fig. 3C) but did
not elicit small vacuoles in neurons (Fig. 5E); they also
inhibited Schwann cell proliferation, but there was no
detachment or vacuolation.

Rabbit serum containing lgG anti-GalNAc-GD1a
antibodies inhibited neurite extension, myelin forma-
tion, and Schwann cell proliferation after 2 weeks of
culture, in contrast to control rabbit serum (Kruskal-
Wallis test, post-hoc, Scheffé’s test, p < 0.0001) but
axons remained intact. Rabbit serum containing lgG
anti-GalNAc-GD71a antibodies inhibited Schwann cell
proliferation in dissociated monolayer cultures, and
facilitated detachment, but numbers of neurons were
decreased to no greater extent than with control rabbit
serum. No vacuoles were induced in neurons or
Schwann cells during 6 days of culture. Serum from
healthy human individuals (HS), serum from patient 1
after passage over Sepharose-bound GalNAc-GD1a
with inact-HS, and serum from patient 1 after recovery
did not induce any damage (Table 3).
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Figure 3. Regeneration model. Samples were added from the start of culture. Dorsal root ganglia (DRG) neurite outgrowth is
shown as multiples of the short diameter of DRG cultured for 2 weeks in medium containing individual serum samples (A, B). (A)
Noninactivated serum containing IgG anti-GalNAc-GD1a antibodies (patients 1-4) caused less neurite extension than expected in
comparison with inactivated serum from a healthy individual (inact-HS) or noninactivated serum from patient 1 after recovery
(Pt.1-6m) (Kruska-Wallis, post-hoc, Scheffé’s tests; p < 0.0001). Serum from patients with IgG ant-GM1 and anti-GD1b
{patients 6 and 7) also inhibited neurite outgrowth. (B) Purified IgG anti-GalNAc-GD1a antibodies with inact-HS and TNF-o with
inact-HS inhibited neurite outgrowth when compared with serum from patient 1 following passage over Sepharose-bound
GalNAc-GD1a (adsorbed S.) with inact-HS (Kruskal-Wallis test, post-hoc, Scheffé's test, p < 0.001). (C) Decreases in numbers
of monolayer-cultured neurons caused by additions of serum 2 days after the initiation of culture. Decreases were more marked
in the presence of serum from Guillain-Barré syndrome patients with 1gG anti-GalNAc-GD1a antibodies (patients 1, 2, and 3) or
anti-GM1 and anti-GD1b antibodies (patients 6 and 7) than in the presence of serum from a healthy individual (HS). Serum from
patients 1 and 2 was inactivated because noninactivated serum from these patients facilitated cell detachment from the laminin-
coated cover slips. Noninactivated serum from patient 1 after recovery (Pt.1-6m), and inactivated serum from patient 3 (inact-
patient 3) did not produce statistically significant decreases in numbers of neurons as compared with inactivated serum from a
healthy individual (inact-HS) {Kruskal-Wiallis test and, post-hoc, Scheffé's test, p < 0.0001).

GalNAc-GD1ainrat DRG and root
Co-cultures of DRG and nerve roots contained

because that type of GBS showed different clinical char-
acteristics from those with IgG ant--GalNAc-GD1a (Kaida

small amounts of GalNAc-GD1a, but DRG alone had
none {Fig. 6).

Discussion

On the basis of the clinical characteristics of the
axonal type GBS, we examined the effects of IgG anti-
GalNAc-GD1a antibodies and TNF-o. on DRG in vitro. The
serum that includes IgM anti-GalNAc-GD1a was not used

et al, 2000). The medium in which whole DRG and dis-
sociated monolayers were cultured contained NGF
because the DRG had been excised from 7-day-old rats
which were easy to treat.

Our results show that serum containing IgG antj-
GalNAc-GD1a antibodies is harmful to both axonal
regeneration and neuronal preservation; to neuronal
attachment to laminin-coated cover slips; and, possibly,
to the cell membrane as evidenced by the presence of
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Figure 4. Effects of serum from patients on neurite elongation and myelin formation. Patient serum, purified anti-GalNAc-GD1a
antibodies, or tumor necrosis factor-alpha (TNF-o) were added 2 days after the initiation of culture. After 14 days, cultures were
observed by phase-contrast and fluorescence microscopy. Noninactivated serum from patient 3 (B) inhibited myelin formation in
DRG. Vacuolated cells are apparent and debris is distributed along the axons (B) and myelin formation was inhibited (rB). Axonal
splitting is shown by fluorescence isothiocyanate-labeled anti-neurofilarnent antibodies (fB). Noninactivated serum from patient 6
containing 19G anti-GM1 and anti-GD1b antibodies also inhibited Schwann cell proliferation and myelin formation (C, rC), and slight
axonal splitting is visible (fC). 1gG anti-GalNAc-GD1a antibodies purified from serum from patient 1 (E) together with inact-HS inhibited
axonal elongation and damaged the myelin sheath {fE, rE). TNF-o. with inact-HS (F) caused elongation of thin axons but inhibited
myelin formation {fF, rF). In B, C, E, and F, nonspecific immunoreactive staining was increased. Control: inact-HS (A, fA, rA) and serum
from patient 1 after passage over Sepharose-bound GalNAc-GD1a together with inact-HS (D, 1D, D). Bar = 50 um.

small vacuoles. 1gG anti-GalNAc-GD1a antibodies may be  unable to determine, however, whether lgG anti-
the cause of damage to neurons and axons in axonaltype  GalNAc-GD1a antibodies induced tissue damage directly
GBS during the early and recovery phases. We were  or indirectly via inhibition of NGF effects.
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Figure 5. Effects of serum from patients, purified IgG anti-GalNAc-GD1a antibodies from patient 1, and tumor necrosis factor-
alpha (TNF-a) on monolayers of dissociated cultured neurons and Schwann cells. Serum was added 2 days after the initiation of
monolayer culture (regeneration model), and cultures were examined by phase-contrast microscopy after a further 7 days.
Effects of inactivated serum from a healthy individual (inact-HS, Control, A), serum from patients 1 (B), 3 (C), and 5 (D), inact-HS
with serum from patient 1 after passage over Sepharose-bound GalNAc-GD1a (Control, F), purified anti-GalNAc-GD1a anti-
bodies from serum of patient 1 with inact-HS (G), and TNF-a with inact-HS (H). Control serum (A, F) allowed Schwann-cell
proliferation and neuronal preservation. The morphology of neurons and Schwann cells changed in the presence of serum from
patients 1 and 3 (B and C), and the cells had small vacuoles. Serum from patient 5 (D) caused rounding of Schwann cells,
indicative of moderate detachment. Serum from patient 6 containing ant-GM1 and anti-GD1b antibodies (E} caused no
morphological changes in neurons or Schwann cells. After culture for 14 days with purified 1gG anti-GalNAc-GD1a with
inact-HS (G), most neurons and Schwann cells had small vacuoles similar to those produced by serum from patients 1 and
3. TNF-e with inact-HS inhibited Schwann cell proliferation and large vacuoles were present in some remaining neurons (H).
Bar = 50 um.

Given that patient serum continued to show mod-  the importance of TNF-o in the pathogenesis of GBS.

erate TNF-o titers, and that TNF-o activity may have
been decreased by inactivation, the contribution of
TNF-a to cell damage was also significant. TNF-a. may
have had a major role in the negative effects produced
in cultured myelin and Schwann cells because of the
importance of cytokines in the pathogenesis of GBS
{Zhu et al., 1998). TNF-o induces demyelination and is
toxic to oligodendrocytes in central nervous system
diseases (Selmaj et al., 1991), but its role in demyelina-
tion in the peripheral nervous system and in damaging
Schwann cells remains controversial (Mithen et al.,
1990, Chandross et al., 1996). Our findings confirm

The concept of there being an axonal type GBS derives
from electrophysiological studies, and the present
results independently suggest that in this form
damage to Schwann cells or the myelin sheath might
be induced in some regions of peripheral nerves.
Serum from GBS patients containing IgG anti-GM1
and anti-GD1b antibodies had the same effects on
DRG as were caused by serum from patients contain-
ing IgG anti-GalNAc-GD1a antibodies, particularly as
they related to myelin and Schwann cells. Serum
with IgG anti-GM1 and anti-GD1b antibodies, however,
did not cause neurofilament splitting, morphological



