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Overexpression of GD1a Ganglioside Sensitizes Motor Nerve
Terminals to Anti-GD1a Antibody-Mediated Injuryina
Model of Acute Motor Axonal Neuropathy
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Anti-GD1a ganglioside antibodies (Abs) are the serological hallmark of the acute motor axonal form of the post-infectious paralysis,
Guillain-Barré syndrome. Development of a disease model in mice has been impeded by the weak immunogenicity of gangliosides and the
apparent resistance of GD1la-containing neural membranes to anti-GD1a antibody-mediated injury. Here we used mice with altered
ganglioside biosynthesis to generate such a model at motor nerve terminals. First, we bypassed immunological tolerance by immunizing
GD1la-deficient, [3-1,4-N-acetylgalactosaminyl transferase knock-out mice with GD1a ganglioside-mimicking antigens from Campy-
lobacter jejuni and generated high-titer anti-GD1a antisera and complement fixing monoclonal Abs (mAbs). Next, we exposed ex vivo
nerve-muscle preparations from GD1a-overexpressing, GD3 synthase knock-out mice to the anti-GD1a mAbs in the presence of a source
of complement and investigated morphological and electrophysiological damage. Dense antibody and complement deposits were ob-
served only over presynaptic motor axons, accompanied by severe ultrastructural damage and electrophysiological blockade of motor
nerve terminal function. Perisynaptic Schwann cells and postsynaptic membranes were unaffected. In contrast, normal mice were not
only unresponsive to immunization with GD1a but also resistant to neural injury during anti-GD1a Ab exposure, demonstrating the
central role of membrane antigen density in modulating both immune tolerance to GD1a and axonal susceptibility to anti-GD1la Ab-
mediated injury. Identical paralyzing effects were observed when testing mouse and human anti-GD1a-positive sera. These data indicate
that anti-GD1a Abs arise via molecular mimicry and are likely to be clinically relevant in injuring peripheral nerve axonal membranes
containing sufficiently high levels of GD1a.
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vier (Griffin etal., 1996), ventral roots and distal nerves (Feasby et
al., 1986), and motor nerve terminals (Ho et al., 1997; Kuwabara

Introduction
Guillain-Barré syndrome (GBS) is a post-infectious autoimmune

polyneuropathy and the most common cause of acute neuro-
muscular paralysis worldwide (Hughes and Rees, 1997; Hughes
et al,, 1999). The acute motor axonal neuropathy (AMAN) vari-
ant, in which only motor axons are affected, is characterized by
the presence of serum anti-GD1a ganglioside antibodies (Abs)
(Lugaresi etal., 1997; Ho et al., 1999; Ogawara et al., 2000; Ilyas et
al., 2001). Clinical and pathological evidence indicates multiple
locations as potential sites of injury, including the nodes of Ran-
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et al., 2003). The selective injury to motor axons at these sites is
presumed to be attributable to Ab binding to axonal membranes
relatively enriched in GD1a, although this has never been dem-
onstrated (Ogawa-Goto et al., 1992; De Angelis et al., 2001; Gong
et al., 2002).

Anti-GDla Abs arise in AMAN cases after gastroenteritis
caused by Campylobacter jejuni strains that contain GDla-like
antigens on their surface lipo-oligosaccharide (LOS) (Aspinall et
al., 1994, 1995). This suggests that molecular mimicry is a mech-
anism for anti-GD1a Ab induction (Sheikh et al., 1998; Willison
and Yuki, 2002).

Gangliosides are sialylated glycosphingolipids involved in de-
velopment, function, and maintenance of the nervous system
(Hansson et al., 1977; Ledeen, 1978; Simons and Ikonen, 1997;
Vyas et al., 2002). They are widely distributed and particularly
enriched at the neuromuscular junctions (NMJs), along with a
diverse range of glycosylated proteins (Martin, 2003). In addition
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to binding autoantibodies, NM] gangliosides act aberrantly as
target molecules for clostridial neurotoxins (Schiavo et al., 2000;
Bullens et al., 2002).

Antibody binding to target membranes results in complement
activation with membrane attack complex (MAC) pore forma-
tion (Koski et al., 1987; Acosta et al., 1996). Our studies on anti-
disialosyl ganglioside Ab binding to presynaptic NMJ ganglio-
sides indicate that uncontrolled calcium influx through MAC
pores triggers massive neurotransmitter release with electrophys-
iological failure and calpain-mediated disintegration of the pre-
synaptic axon (Plomp et al., 1999; Bullens et al., 2000; O’Hanlon
et al., 2001, 2003; Halstead et al., 2004).

Evidence that anti-GD1a antibodies play a pathogenic role in
AMAN is limited (Zhanget al., 2004). The difficulty in generating
a mouse model of AMAN is likely attributable to a combination
of the poor immunogenicity of gangliosides and the low level
of GDla in mouse motor axons accessible to circulating Abs.
Overcoming immunological tolerance has been made possible by
using ganglioside-deficient, glycosyl transferase knock-out mice
(Lunn et al., 2000; Bowes et al., 2002). However, because these
mice no longer contain any target antigen, they are resistant to
development of autoimmune disease when immunized with
gangliosides, despite having high levels of circulating antibody.
Here we overcame these factors in a two-stage immunization
protocol. First, we cloned anti-GD1la monoclonal Abs (mAbs)
from GD1a-deficient (i.e., immunologically nontolerant) 3-1,4-
N-acetylgalactosaminyl transferase knock-out (GaINAcT /™)
mice immunized with GD1a-containing C. jejuni LOS. Second,
we applied these anti-GD1la mAbs with added complement to
distal motor nerve preparations from «a-2,8-sialyl transferase II
knock-out (GD3s™’~) mice that express abnormally high levels of
GDla (see Fig. 1) (Kawai et al., 2001; Okada et al., 2002) and
looked for pathophysiological effects.

Materials and Methods

Mice

Male GD3s ™/~ (overexpressing the “a-series” gangliosides) (Okada et al.,
2002), GaINAcT /= (expressing only GM3, GD3, and GT3) (Takamiya
etal., 1996), and wild-type (WT) mice were used at 6—8 weeks of age. A
simplified scheme of ganglioside biosynthesis with the O-series omitted
for clarity is shown in Figure 1. Ganglioside nomenclature is according to
IUPAC-IUB Joint Commission on Biochemical Nomenclature (1998)
and Svennerholm (1994). All mice were on a C57BL/6-CBA background.
Control observations indicate that anti-ganglioside antibodies have the
same effects in C57BL/6 mice as in a mixed C57BL/6-CBA background
(S. K. Halstead, P. D. Humphreys, and J. A. Goodfellow, unpublished
data). All animal experiments were performed according to United King-
dom and Dutch laws and Glasgow and Leiden University guidelines
(Glasgow University, government license number PPL60/3096; Leiden
University, government license number DEC 01055).

Anti-GDI1a-LOS mAbs

mAbs were cloned from GaINAcT ™/~ mice immunized with C. jejuni
HS:19 or HS:4 strains expressing LOS structures identical to GD1a (As-
pinall et al., 1994; Bowes et al., 2002). HS:3 was used as an irrelevant C.
jejuni isolate devoid of ganglioside-like structures (Aspinall et al., 1995).
Fusions were screened against GD1a by ELISA using previously reported
protocols (Goodyear et al., 1999). mAbs were characterized for isotype,
subclass, and ganglioside-binding profiles (GM1, GM2, GM3, GDla,
GD1b, GD3, GT1b, and GQI1b) using standard ELISA and thin-layer
chromatography-based techniques (Goodyear et al., 1999). mAbs were
purified from tissue culture supernatants using HiTrap Protein A/G af-
finity columns (Amersham Biosciences, Bucks, UK), concentrated to 2
mg/ml, and stored at —70°C. Relative levels of mAb reactivity to a panel
of gangliosides were determined from ELISA titration curves over anti-
body concentrations of 10 ~' to 10 ~® mg/ml and were expressed as the
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Figure1.  Abbreviated ganglioside biosynthetic pathway. In the GalNAcT /™ mice, disrup-
tion of the 3-1,4-N-acetylgalactosaminyl transferase gene (Unigene name, Galgt1) results in
the absence of all of the complex gangliosides beyond GM3 and GD3 (Takamiya et al., 1996). In
the GD3s ™/~ mice, disruption of the c-2,8-sialyl transferase Il gene (Unigene name, Siat8a)
results in the absence of b-series gangliosides and a compensatory overexpression of a-series
gangliosides, including GD1a (Kawai et al., 2001; Okada et al., 2002). WT mice express varying
levels of all gangliosides shown. Nomenclature is according to the [UPAC-IUB Joint Commission
on Biochemical Nomenclature (1998) and Svennerholm (1994). CER, Ceramide; O, galactose;
[, N-acetylgalactosamine; @, glucose; 4, N-acetylneuraminic acid/sialic acid. Carbon— car-
bon linkages are also shown.

reciprocal of the antibody concentration that gave half-maximal binding
(Paterson et al., 1995). The anti-GD1a mAbs cloned from mice immu-
nized with GD1a conjugated to keyhole limpet hemocyanin (GD1a-KLH
conjugate) have been reported previously (Lunn et al., 2000; Schnaar et
al., 2002).

Antibodies, complement, and immunochemicals

Mouse anti-GD1a antisera were obtained from GaINAcT /™ mice im-
munized with GD1a-KLH emulsified in complete Freund’s adjuvant.
GD1a-KLH conjugate was prepared by ozonolysis of GD1a and reductive
amination using sodium cyanoborohydride (Helling et al., 1994). Preim-
mune and hyperimmune sera were tested for anti-GD1a antibody titers
by ELISA. Six human anti-GD1a-positive sera (titers from 1:11,000 to
1:23,000) were obtained from acute-phase AMAN patients (subject to
local ethical committee approval and guidelines). Mouse and human
anti-GDla sera were depleted of complement by heat inactivation at
56°C for 30 min and diluted 1:2 in Ringer’s solution before experiments.
Normal human serum (NHS) as a source of heterologous complement
was taken from a single healthy donor and stored in multiple aliquots at
—70°C to maintain inter-experimental consistency.

The following primary and secondary antibodies were used: rabbit
anti-neurofilament (NF) antibody 1211 (Affinity BioReagents, Exeter,
UK); mouse IgG1 anti-NF antibody 1217 (Cambridge Bioscience, Cam-
bridge, UK); FITC goat anti-mouse IgG and CY5 or FITC goat anti-
rabbitIgG, and CY5 goat anti-mouse IgG1 (Southern Biotech Associates,
Birmingham, AL); FITC-goat anti-human C3c, mouse IgG2a anti-
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Figure 2.  Effects of anti-GD1a-LOS antibodies. Immunohistological analysis of anti-GD1a-

LOS antibody binding, complement fixation, and destruction of NF is shown. 4, Topical applica-
tion to diaphragm. “% nAChR area” represents the area of the NMJ stained with TxR-BTx that is
covered with fluorescent anti-IgG or anti-C3c signal. These values were calculated as described
in Materials and Methods and expressed as the median (horizontal line), interquartile range
(large box), and 1.5X the interquartile range (vertical line) of pooled data. IgG (white) or (3¢
(hatched) levels at NMJs in sections of WT, GD3s 7~ and GalNAcT '~ diaphragm are shown.
Highest levels of lgG and (3¢ are seen in the GD3s~”~ mouse. B, Ex vivo GD3s~/~ hemi-
diaphragm preparations. IgG (white), C3c (hatched), and NF (black) levels at NMJs were calcu-
lated and expressed asin A. Ringer’s solution or anti-GD1a-LOS antibody (100 tug/mlin Ringer’s
solution) was applied, followed by a source of complement. Anti-GD1a-LOS mAbs bind to the
NMJ, fix complement, and cause an NF loss in the GD3s /™ mouse. ***p << 0.001 compared
with Ringer’s control solution. Median values of individual anti-GD1a-LOS mAbs are plotted as
follows: 1, M0G-32; 2, MOG-34; 3, MOG-35; 4, TBG-1; 5, TBG-2; 6, TBG-3.

human MAC, and rabbit anti-cow S100 (Dako, Glostrup, Denmark); and
FITC goat anti-mouse IgG2a (Bethyl Laboratories, Montgomery, TX).

Immunochemicals and other reagents were as follows: Texas-Red-
labeled a-bungarotoxin (TxR-BTx) and Alexa Fluor BTx (Molecular
Probes, Eugene, OR; citifluor antifade medium (Citifluor, Canterbury,
UK); ethidium homodimer 1 (EthD) (Molecular Probes); and goat se-
rum, Triton X-100, and L-lysine (Sigma-Aldrich, Dorset, UK).

Nerve muscle preparations

Male GaINAcT/~, GD3s~/~, and WT mice (6—8 weeks old) were killed
by CO, inhalation. Diaphragm or triangularis sterni muscles were dis-
sected out onto a Sylgard-lined base of a dish containing pregassed Ring-
er’s solution (O’Hanlon et al., 2001) at room temperature (RT) (20—
22°C). All nerve muscle preparations were exposed to anti-GD1a mAbs/
sera (or Ringer’s control solution) for 2.5 h at 32°C and then 30 min at
4°C (to accentuate antibody binding) and 10 min at RT unless otherwise
stated. Diaphragm was rinsed and then exposed to 40% NHS (or Ringer’s
control solution) for 1 hat RT. For immunohistology or electron micros-
copy, a 1 cm square section of tissue was snap frozen on dry ice or fixed in
2.5% paraformaldehyde/2.5% glutaraldehyde, respectively. For analysis
of perisynaptic Schwann cell (pSC) integrity, a 1 cm square section was
further incubated in EthD for 1 h at RT and then fixed in 0.1% parafor-
maldehyde, as described previously (Halstead et al., 2004).

Immunohistology
Topical binding studies of anti-GDla antibodies on diaphragm sections.
Diaphragm cryostat sections (8 um) from GaINAcT~'~, GD3s/~, and
WT mice were placed onto 3-aminopropyltrithoxysilane (APES)-coated
slides. Sections were then treated with anti-GD1a mAbs (50 ug/ml in
PBS) for 2 h at 4°C with or without 4% NHS for an additional 1 h at RT.
Anti-GD1a antibodies or human C3c were detected with FITC goat anti-
mouse IgG (1:300) or FITC goat anti-human C3c (1:200;1 h, 4°C). TxR-
BTx (1:1000) was included in the secondary antibody solution.
Diaphragm nerve muscle preparations. Eight and 15 um cryostat sec-
tions of snap-frozen diaphragm tissues previously exposed ex vivo to
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anti-GD1a antibodies/sera and complement (as described above) were
placed onto APES-coated slides. Anti-GD1a IgG or human C3c were
detected with the FITC goat anti-mouse IgG (1 h, 4°C) or the FITC goat
anti-human C3c (1 h, 4°C). TxR-BTx was included in the secondary
antibody solution. For detection of NF, sections were first treated with
TxR-BTx, fixed in ethanol (20 min, —20°C), and then exposed to rabbit
anti-NF 1211 antibody (1:200 in 1% goat serum and 0.1% Triton X-100,
overnight, 4°C), followed by FITC goat anti-rabbit IgG (1 h, 4°C). Tissue
prepared for analysis of pSC integrity with EthD was sectioned at 20 um
and treated with Alexa Fluor BTx (1:1000; 1 h, RT).

Triangularis sterni nerve muscle preparations. For whole-mount illus-
trations of anti-GD1la antibody binding, live ex vivo triangularis sterni
preparations were incubated with anti-GDla mAb MOG-35 as above,
fixed in 4% paraformaldehyde (20 min, RT), and rinsed in PBS, then 0.1
M glycine, and then PBS (10 min each, 4°C). Tissue was incubated over-
night at 4°C in mouse anti-NF 1217 (IgG1) or rabbit anti-cow S100 (both
at 1:200; in 1% goat serum, 0.4 M lysine, and 0.5% Triton X-100). Primary
antibodies were detected with FITC anti-mouse IgG2b and either CY5
anti-mouse IgG1 or CY5 anti-rabbit IgG (all 1:300), and nicotinic acetyl-
choline receptors (nAChRs) were detected with TxR-BTx (1:1000; 3.5 h,
4°C).

Electrophysiological studies

Electrophysiological recordings were made from left and right hemi-
diaphragms as described previously (Plomp et al., 1999). Briefly, intra-
cellular recordings of miniature endplate postsynaptic potentials
(MEPPs) were made using standard recording equipment. Randomly
within the preparation, muscle fibers were impaled near the NMJ with a
10-20 M(Q) glass microelectrode filled with 3 M KCl. MEPP frequency was
measured as follows: (1) before addition of anti-GD1a antibody/serum;
(2) after their addition (100 ug/ml for MOG-35 anti-GD1a mAb; 1:2 in
Ringer’s solution for complement-inactivated AMAN serum) for 3 h at
33°C (and 30 min at 4°C in case of AMAN serum); and (3) during
subsequent 1 h period of 40% NHS (at 20-22°C). If high MEPP fre-
quency occurred that led to spontaneous fiber twitches (Plomp et al.,
1999), p-conotoxin-GIIIB (1.5 um; Scientific Marketing, Barnet, UK)
was added to block muscle Na™ channels, as well as contractions. In
some diaphragm preparations, EPPs were measured under these condi-
tions. Tissue was then washed in Ringer’s medium and snap frozen for
immunohistology. Signals were digitized and stored for later, off-line
analysis. Ten to 25 NMJs were sampled from each experimental condi-
tion, and each experimental condition was repeated three times.

Imaging and image analysis

All fluorescence images were acquired using a Bio-Rad (Hemel Hemp-
stead, UK) MRC1024 or Zeiss (Oberkochen, Germany) Pascal confocal
microscope. Complete NMJs in whole-mount triangularis sterni or 30
pum diaphragm sections were reconstructed using Voxx three-
dimensional voxel-based rendering software (Clendenon et al., 2002).
Electron micrographs of NMJs were prepared, viewed, and photo-
graphed as described previously (O’Hanlon et al., 2001).

For quantitative analysis, the area of the nAChR signal covered by IgG,
C3c, or NF is expressed as percentage of nAChR area. Nonparametric
data pooled from three to five experimental preparations are presented as
the median (horizontal line), 95% confidence intervals (small box), in-
terquartile range (large box), and 1.5X interquartile range (vertical
lines). Individual data points lying outside 1.5X interquartile range are
not shown in the figures for clarity but were included in all calculations
and statistical analysis. Median values of individual mAbs or antisera are
indicated in the figures by numbered circles. For topical staining, 436—
503 endplates were examined per experimental condition and, for ex vivo
preparations, 529-953 endplates. Mann—Whitney mean rank test was
used to compare possible statistical differences between groups. *0.05 >
p > 0.005; **0.005 > p > 0.001; ***p < 0.001.

Results

Ganglioside and LOS binding patterns of anti-GD1a mAbs
Six IgG monoclonal anti-GD1a antibodies raised in GaINAcT '~
mice immunized with C. jejuni LOS were cloned for this study.
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Exvivoinjury by MOG-35 is GD1a dependent. A, The anti-GD1a-monospecific IgG MOG-35 was able to bind to ex vivo NMJs, fix complement, and cause a loss of NF in a GDTa-dependent

manner. IgG, (3¢, and NF levels are expressed as in Figure 2 B. White, black, and hatched rectangles show 1gG, (3¢, and NF levels, respectively, for each genotype calculated as described in Materials
and Methods. GD3s ™/~ nerve terminals are more susceptible to antibody binding, complement fixation, and NF loss than WT or GalNACT /™ nerve terminals. ***p << 0.001. GD3s™/~ was
compared with WT. WT was compared with GalNAcT ~/~. B, MG-35 causes a massive increase in MEPP frequency in the presence of complement at the ex vivo GD3s ~”~ NMJ. MEPP recordings
before (hatched bars) and after (black bars) MOG-35 addition demonstrate that the mAb alone has no effect on NMJ transmission. Subsequent addition of 40% NHS (white bar) causes a massive
increase in asynchronous spontaneous neurotransmitter release at GD3s "~ but not WT NMJs (sample traces shown). IgG, C3c, and NF levels of the preparations that were electrophysiologically
tested were equivalent to those shown in A. ***p << 0001 compared with WT. C, Example of neurotransmission failure at GD3s—~ NMJsinduced by MOG-35 and subsequent addition of 40% NHS.
The phrenic nerve of a GD3s ™~ diaphragm nerve—muscle preparation was stimulated once every 30 s over a 13 min monitoring period, in the presence of t-conotoxin-GlIB to prevent muscle
action potentials. EPPs were recorded at an NMJ in which MEPP frequency was very high (>100/s, visible at the baseline of traces). EPPs were normalized to —75 mV and superimposed. The EPP
decreased with time after complement addition and became blocked. This did not occur at WT or GalNAcT ~/~ nerve terminals and did not occur without the anti-GD1a mAb. D—H, Ultrastructure
of MOG-35- or Ringer’s solution-treated GD3s /"~ diaphragm preparations. D, £, Control GD3s /™ diaphragm preparations show normal NMJ morphology, including an abundance of synaptic
vesicles, electron-dense mitochondria, and healthy pSCs. £, G, H, MOG-35- and complement-treated G35~ diaphragm preparations show grossly abnormal morphological features, including a
generally swollen and electron-lucent appearance, depletion of synaptic vesicles, and electron-lucent mitochondria. pSCs retain a normal appearance. Scale bars, 0.25 m. Ax, Axon terminal.

MOG-32, MOG-34, and MOG-35 (all IgG2b) were raised against
HS:19 LOS. TBG-1 (IgG2b) and TBG-2 and TBG-3 (both IgG3)
were raised against HS:4 LOS. All antibodies reacted with the
immunizing LOS from the GBS-associated C. jejuni strain HS:19
or HS:4 but not to irrelevant LOS from the uncomplicated
enteritis-associated strain HS:3 (data not shown). With respect to
ganglioside reactivity, all mAbs bound to GDla with half-
maximal binding values in the 10° range, i.e., at a concentration
of ~1 ug/ml on the midpoint of the titration curve. All six mAbs
also bound weakly to GT1b by 1-2 log-fold lower magnitudes.
GT1Db shares the terminal NeuAc(a2-3)Gal-GalNAc trisaccha-
ride epitope with GD1a. Two mAbs also reacted very weakly with
GM1 (TBG-2 and MOG-34) and one with GD1b (MOG-32).
Other gangliosides screened (GM2, GM3, GD1b, GD3, and
GQ1b) were not bound.

Levels of neural GD1a determine the extent of binding of
anti-GD1a-LOS mAbs

We first tested the ability of anti-GD1a-LOS antibodies to bind
and fix complement during topical application at the NM]Js of
diaphragm sections from mice with different levels of expression
of GDla (i.e., GD3s ", high GD1a; WT, normal GD1a; GalN-
AcT™'",no GD1a). Topical application of anti-GD1a-LOS mAbs
and 4% NHS as a source of complement resulted in IgG and
complement (measured as the intermediate component, C3c)
deposition at NM]Js (Fig. 2A). The NM]Js from the GD3s™/~
mouse showed significantly higher levels of IgG and C3c deposi-
tion than WT mice, and the GaINAcT /" mouse that lacks any
GD1a (or GT1b) showed no detectable levels of IgG or C3c. The
GalNAcT~’~ mouse acts as an ideal negative control because it
allows each antibody to act as its own concentration and isotype-
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Figure 4.

showed essentially no 1gG ( (), (3¢ (F), or MAC(/) and high levels of NF (L). Scale bar, 20 um.

matched control and confirms that the specificity of effect is gan-
glioside dependent rather than being related to nonspecific inter-
actions or cross-reactive glycoconjugate effects. These data
indicate that the anti-GD1a-LOS antibodies bind to the NMJ in a
GDla concentration-dependent manner and suggest that the
GD3s™’~ mouse should be more vulnerable to anti-GDla
antibody-mediated injury than normal WT mice.

Anti-GD1a-LOS mAb and complement cause NM]J injury and

paralysis ex vivo in GD3s™’/~ mice

In view of its predicted increase in sensitivity to injury, the
GD3s /" mouse was then used to screen for pathological effects on
terminal axons of all six of the anti-GD1a antibodies raised by im-
munization with GD1a bearing LOS. Axonal injury was monitored
by loss of NF immunoreactivity, the main axonal cytoskeletal pro-

GalNAcT-

Neurofilament loss is antibody, complement, and GD1a dependent. Reconstructed confocal images of MOG-35- and
complement-treated WT, GD3s ™, and GalNAcT ~/ diaphragm NMJs are shown. TxR-BTx staining is shown in red in all panels.
Green indicates the following: A—C, mouse IgG; D—f, human (3¢; G—/, human MAG; J—L, NF. Images were acquired and recon-
structed under identical settings for each genotype. WT NMJs showed low levels of IgG ( 4), (3¢ (D), and MAC ( G) and high levels
of NF (J). GD3s ™~ endplates showed high levels of IgG (B), (3¢ (£), and MAC (H) and low levels of NF (K). GaINACT ~/~ NMJs

Goodfellow et al.  Anti-GD1a Antibody-Mediated Injury

tein in nerve (O’Hanlon et al., 2001). Expo-
sure of GD3s~/~ NM]Js ex vivo to anti-GD1a
mAbs resulted in IgG binding, C3c deposi-
tion as expected from Figure 2A, and con-
comitant NF loss (Fig. 2 B). Thus, all six anti-
GDla mAbs examined induced axonal
injury.

To demonstrate the importance of the
level of GD1a in rendering the NMJ liable
to axonal injury, the effects of one mAb,
MOG-35, were examined in WT (normal
GD1a), GD3s~’~ (high GD1a), and GalN-
AcT™" (no GDla) diaphragm prepara-
tions. These data clearly show that GD1a
levels influences the magnitude of NF loss
as a measure of axonal injury and that this
correlates with the level of bound IgG and
subsequent C3c deposition (Fig. 3A); thus,
the higher levels of 1gG and C3c seen at
GD3s~/~ NMJs translate into a greater in-
jury (low NF signal) than that seen in WT
or GalINAcT™’~ mice. (Median values for
tissue treated with Ringer’s solution alone
were as follows: 1gG, <5%; C3c, <11%;
NF, >349% for all genotypes. Therefore, al-
though the anti-GDla mAb MOG-35
caused a statistically significant loss of NF
in the WT compared with GaINAcT /"~ it
was a very minor loss that may not be bio-
logically significant.)

Electrophysiological ~examination of
MOG-35 plus complement-treated WT,
GD3s /", and GalNAcT /~ diaphragm
preparations showed a massive increase in
MEPP frequency at the GD3s™’~ mouse
NMJs (Fig. 3B), eventually leading to block
of synaptic transmission as measured by
evoked EPPs (Fig. 3C). WT NMJs were un-
affected (Fig. 3B), as were GalNAcT ™/~
NM]Js (data not shown). Subsequent immu-
nohistological analysis of these electrophysi-
ological preparations demonstrated similar
IgG, C3c, and NF levels to those in Figure 3A
(data not shown).

Previously, we showed that Miller-
Fisher syndrome (MFS)-related anti-
disialosyl antibodies could bind to pSCs,
activate complement, and lead to pSC
death as monitored by an EthD uptake assay (Halstead et al.,
2004). For the anti-GD1a-LOS mAb MOG-35 up to a concentra-
tion of 500 ug/ml, there was no significant increase in the pro-
portion of NM]Js showing EthD-positive pSCs compared with
Ringer’s solution-treated preparations (data not shown). This
indicates that pSCs are not targeted by anti-GD1a Abs, even in
GD1la-enriched GD3s™/~ mice.

NM]J tissues were examined for ultrastructural evidence of
injury, in accordance with our previous studies (O’Hanlon et al.,
2001; Halstead et al., 2004).

Compared with controls (Fig. 3D,F), MOG-35- and
complement-treated preparations showed highly abnormal ax-
onal ultrastructure (vesicle depletion, mitochondrial swelling,
and electron lucency) at the NMJ (Fig. 3E, G,H ). pSCs appeared
morphologically normal (Fig. 3E).
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Localization of IgG and complement
products at MOG-35-exposed NM]Js
To determine the immunolocalization of
IgG and complement deposits within
nerve terminals, serial confocal images of
MOG-35-treated diaphragm NM]Js were
reconstructed. In the preparations from
GalNAcT '~ mice that lack GD1a, there
was no detectable 1gG, C3c, or MAC dep-
osition, and there were normal levels of NF
(Fig.4C,F,LL). In WT mice, low-level IgG,
C3c, and MAC deposits were observed
with near-normal NF signal (Fig.
4A,D,G,]). In the GD3s /'~ preparations,
levels of 1gG, C3c, and MAC were very
highly aligned with the gutters of the NMJ,
and little or no NF signal was present over
the NMJ and distal axon (Fig. 4 B, E, H,K).
To improve the resolution of MOG-35
localization at the NMJ, we used three-
dimensional reconstructions of whole-
mount triangularis sterni neuromuscular
preparations from GD3s ™/~ mice (Fig. 5).
These studies were conducted in the ab-
sence of complement, thereby avoiding
tissue injury and allowing NF staining to
delineate the axon. MOG-35 immunore-
activity appears exclusively localized to the
axolemma, enveloping neurofilament
bundles (Fig. 5, blue in A, D, I-K) that sit
on the bungarotoxin-labeled gutters be-
neath and distinct from the pSC (labeled
with the Schwann cell marker S100 in blue
in E, H, L-N). Parallel preparations
treated with Ringer’s solution instead of
MOG-35 and imaged and reconstructed
under the same settings showed no IgG
immunoreactivity (data not shown).

Anti-GD1a-positive human and mouse
sera bind to terminal motor axons in a
GD1la-dependent manner and can cause
an NF loss ex vivo

Anti-GD1a-KLH mAbs and anti-GDla-
KLH hyperimmune sera obtained by im-
munizing GaINAcT~’~ mice with GDla-
KLH conjugate had identical pathological
effects to anti-GD1a-LOS mAbs at WT,
GD3s™/~, and GalNAcT /'~ diaphragm
NMJs (supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial). This demonstrates that anti-GDla
antibodies arising through alternative
routes to preceding infection with an LOS-
bearing bacterial antigen are similarly
pathogenic.
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Localization of anti-GD1a-LOS mAb at the NMJ. Inmunofluorescent localization of MOG-35 at GD3s '~ triangularis

Figure5.
sterni NMJs s shown. Reconstructed confocal images of MOG-35-treated GD3s ™~ preparations showing the localization of GD1a
(MOG-35 staining), AChRs (TxR-BTx staining), neurofilament (anti-NF antibody staining), and perisynaptic Schwann cells (5100
staining). , MOG-35 (green) was localized over gutters of the BTx (red) signal (B shows BTx alone). D, NF (blue) shows a similar
localization over the BTx signal. A, A merged image of Cand D indicated that the MOG-35 signal “wrapped” most of the NF signal.
G, Another example of MOG-35 (green) localized over the BTx signal (red) (F shows BTx alone). H, The Schwann cell marker $100
(blue) labeled the pSC and terminal myelinating Schwann cell at this NMJ. £, A merged image of G and H indicated that the
majority of MOG-35 staining was “underneath” the $100 signal, whereas the abaxonal pSC membrane was almost unstained. /K,
Serial sections through A. L—N, Serial sections through E. Arrowheads in /K highlight MOG-35 staining that “wrapped” the NF
signal. Arrows in LN highlight MOG-35 staining that occurred essentially“underneath” the $100 staining. This is consistent with
a primarily axonal localization, an adaxonal pSC membrane localization of MOG-35, or both. Scale bars, 10 wm.

—/—

To establish the relevance for human neuropathy of the anti-
GD1a mAD data, we investigated the effects of acute-phase anti-
GD1a IgG-positive sera from AMAN patients (n = 6; anti-GD1a
titers from 1:11,000 to 1:23,000), alongside control sera from
multiple sclerosis cases (n = 3; negative for anti-GD1a antibod-
ies). One AMAN sera was also examined in an ex vivo electro-
physiological study. In the presence of a source of complement,

this latter serum caused a massive increase in MEPP frequency
and eventual transmission block in a large proportion of the
GD3s™/~ NMJs ex vivo, whereas the MEPP frequency increase
was very minor at WT NM]Js and no transmission block was
observed (Fig. 6 A). Immunohistological analysis of these prepa-
rations (Fig. 6 B) revealed that GD3s/~ NM]Js had elevated levels
of C3c and reduced NF immunoreactivity compared with WT.
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Human anti-GD1a-specific IgG cannot be
identified because it is masked by nonspe-
cific background staining attributable to
polyclonal IgG in both the serum and in
the NHS used as a source of complement.
This same serum sample and five others
were then tested, using immunohistologi-
cal methods, for pathogenic effects ex vivo
in the GD3s~/~ hemi-diaphragm prepara-
tion (Fig. 6C). Four of the six AMAN sera
caused a significant loss of NF but spared
the pSCs. These data show that human
anti-GDla AMAN serum displays the
same pathological potential as mouse anti-
GD1la mAbs and antiserum.

Discussion

We found that anti-GDla antibodies
cloned from mice immunized with GD1a-
like epitopes on C. jejuni LOS cause acute
destructive changes at mouse NMJs ex vivo
in a complement- and GDla-dependent
manner. Human anti-GDla antibody-
positive AMAN serum and mouse sera
containing polyclonal anti-GD1a antibod-
ies or GD1a mAbs raised from GD1a-KLH
immunization all are capable of inducing
these effects. Besides illustrating that anti-
GDla antibodies can be generated
through the molecular mimicry mecha-
nism, these data demonstrate the capacity
of anti-GDla antibodies to play a direct
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Figure 6. Effects of human AMAN serum. Addition of AMAN serum followed by a source of complement resulted in a massive

increase in asynchronous uniquantal ACh release (measured as MEPPs) at GD3s "~ diaphragm NMJs ex vivo. A, Electrophysio-
logical recordings of MEPPs before (hatched bars) and after (black bars) complement-inactivated AMAN serum addition demon-
strated that the serum alone had no effect. Subsequent addition of 40% NHS (white bar) caused a massive increase in MEPP
frequency (sample traces shown). **p << 0.005 compared with WT. B, Immunohistological investigation of NMJs from these
preparations revealed that GD3s ™ (white box) NMJs from AMAN serum-treated preparations had elevated levels of (3¢ and
reduced levels of NF compared with WT (hatched box) NMJs. The median value, the interquartile range, and 1.5 X the interquar-
tile range of (3cand NF data are expressed as described in Materials and Methods. ***p << 0.001 compared with WT. C, Six human
anti-GD1a-positive AMAN sera were tested for pathogenic effects using immunohistological methods in the GD3s ™~ mouse as
described in Materials and Methods. Parallel preparations treated with multiple sclerosis (MS) sera or Ringer’s solution served as
controls. Compared with both multiple sclerosis- (hatched box) or Ringer’s solution- (black box) treated preparations, the AMAN
sera (white box) led to elevated levels of (3¢ deposition and decreased levels of NF at the NMJ. The level of complement fixation
varied considerably between the AMAN samples, but four of the six caused a very large reduction in NF (median of 0 for samples
1,3,4, and 6), whereas the other two caused a minor loss in NF.

role in mediating distal motor axon-

specific pathology in a model of human

disease. This is also the first direct demonstration, to our knowl-
edge, that GD1a is present at motor nerve terminals.

Our data suggest that a defect at the NMJ may contribute to
the paralytic clinical features of AMAN, although recognizing
this does not preclude injury at other sites along the motor axon
(Hafer-Macko et al., 1996; De Angelis et al., 2001; Sheikh et al.,
2004). Nevertheless, the absence of a blood—nerve barrier at the
motor nerve terminal does render the site especially vulnerable to
injury through circulating factors, including autoantibodies and
toxins. Several studies have implicated neurotransmission failure
as a contributing factor in some GBS patients (Ho et al., 1997;
Spaans et al., 2003), including MFS patients (Uncini and Luga-
resi, 1999; Wirguin et al., 2002), and in AMAN patients in whom
reduced safety factor at the nerve terminal was implicated as an
important factor in conduction block (Kuwabara et al., 2003).
Although the exact role that NM]J injury may play in the clinical
syndromes remains undetermined, this model nevertheless pro-
vides an interesting system for studying the acute-phase patho-
genic effects of anti-GD1a antibodies and for studying the neu-
ronal and glial response to the degenerative and regenerative
phases of autoimmune distal axonal injury.

Remarkably, we found that NMJs from normal mice were
resistant to anti-GD1la-mediated injury. Thus, a key strategy was
the use of GD3s™/~ mice that express higher levels of GD1a than
WT mice to act as the tissue target for anti-GD1a Abs. Con-
versely, because GaINAcT ™/~ mice do not express GD1a, they are
ideal for raising anti-GD 1a antibodies because they do not exhibit
immunological tolerance (Lunn et al., 2000; Bowes et al., 2002).
However, they are not susceptible to developing anti-GDla-

mediated disease because they lack target antigen. We thus ma-
nipulated these two mouse strains in a “cross-immunization”
paradigm in which mice lacking GD1a (GaINAcT'~) were used
to induce a potent anti-GDla immune response, and mice ex-
pressing high levels of GD1a (GD3s™'") were used as vehicles to
provide an antigen-rich target for the pathophysiological effects
of that response. Had we used WT mice throughout this study, we
would have encountered both poor humoral immune responses
to GD1la and poor levels of tissue injury, thus failing to induce an
immunopathological phenotype. This underlines the power of
experimentally controlling the level of target antigen, a notion
that has been more extremely applied to other models of autoim-
mune disease precipitated by neoself antigen expression (Cornet
etal., 2001). This concept has clear clinical relevance, because, in
MEFS, the vulnerability of the extraocular nerves to anti-GQ1b
antibody-mediated injury is attributed to their higher levels of
GQ1b compared with motor nerves innervating the limb (Chiba
etal., 1997). The level of expression of GD1a in different regions
of the human peripheral nervous system, and the possibility that
individuals vary in their ganglioside composition, has not been
examined but could provide support for this hypothesis.
Anti-GD1a antibodies did not induce any deleterious effects
on pSCs, in contrast to previously studied MFS-associated anti-
GQ1b antibodies (Halstead et al., 2004 ). This underlines the ca-
pacity of anti-GD1a antibodies to mediate axon-specific pathol-
ogy. Electron microscopy and vital dye staining revealed normal
pSC integrity and ultrastructure. Moreover, the whole-mount
three-dimensional reconstructions of NMJs clearly showed selec-
tive axonal anti-GD1a antibody binding. This parallels the selec-
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tive axonal injury seen in AMAN patients, in which motor axons
are damaged whereas Schwann cells are spared (Hafer-Macko et
al., 1996; De Angelis et al., 2001).

Not all anti-GD1a antibody-positive AMAN patients show
evidence of preceding infection with an LOS-bearing bacterial
agent. Viral agents are hypothesized to lead to anti-ganglioside
response via presentation of host ganglioside during viral bud-
ding from infected cells (Evans and Webb, 1986; Ang et al., 2000).
The characteristics and pathological properties of our anti-GD1a
antibodies and antisera arising in response to GD1a-KLH immu-
nization were very similar to those seen in response to LOS im-
munization. This strongly supports the notion that mouse and
human anti-GD1a antibodies arising through different mecha-
nisms are similarly capable of inducing highly selective motor
axonal injury.
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