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The neuropathic potential of anti-GM1
autoantibodies is regulated by the local
glycolipid environment in mice
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Anti-GM1 ganglioside autoantibodies are used as diagnostic markers for motor axonal peripheral neuropa-
thies and are believed to be the primary mediators of such diseases. However, their ability to bind and exert
pathogenic effects at neuronal membranes is highly inconsistent. Using human and mouse monoclonal anti-
GM1 antibodies to probe the GM1-rich motor nerve terminal membrane in mice, we here show that the anti-
genic oligosaccharide of GM1 in the live plasma membrane is cryptic, hidden on surface domains that become
buried for a proportion of anti-GM1 antibodies due to a masking effect of neighboring gangliosides. The
cryptic GM1 binding domain was exposed by sialidase treatment that liberated sialic acid from masking gan-
gliosides including GD1a or by disruption of the live membrane by freezing or fixation. This cryptic behav-
ior was also recapitulated in solid-phase immunoassays. These data show that certain anti-GM1 antibodies
exert potent complement activation-mediated neuropathogenic effects, including morphological damage at
living terminal motor axons, leading to a block of synaptic transmission. This occurred only when GM1 was
topologically available for antibody binding, but not when GM1 was cryptic. This revised understanding of
the complexities in ganglioside membrane topology provides a mechanistic account for wide variations in the

neuropathic potential of anti-GM1 antibodies.

Introduction

The sialic acid-containing glycosphingolipids known as gan-
gliosides are concentrated in plasma membrane microdomains,
where they modulate the topological organization and function
of membrane proteins (1, 2). Their oligosaccharide head groups
protrude from the lipid bilayer into the extracellular environment
to act as (co)receptors for a diverse range of glycan-binding pro-
teins, including autoantibodies, sialic acid-binding Ig-like lectins
(siglecs), microbial toxins, and viral components (3-8).

In a subset of autoimmune peripheral nerve diseases, including
Guillain-Barré syndrome (GBS) and multifocal motor neuropathy,
autoantibody-ganglioside interactions are believed to be a critical
pathogenic factor (9, 10). Serum anti-GM1, -GD1b, -GQ1b, and
-GD1a ganglioside antibodies are associated with nerve injury in
both human clinical studies and animal models (11-14), with anti-
GM1 antibodies being highly associated with motor neuropathy
variants (9). With respect to the antibody induction phase of the
illness, it is clearly established that anti-GM1 antibodies can arise
through molecular mimicry with structurally homologous Cam-

Conflict of interest: The authors have declared that no conflict of interest exists.
Nonstandard abbreviations used: aBTx, a-bungarotoxin; CTB, cholera toxin B
subunit; GBS, Guillain-Barré syndrome; Gal($1-3)GalNAc, galactose-f} 1-3 N-acetyl-
galactosamine; GalNACT, N-acetylgalactosamine transferase; GD3s, GD3 synthase;
GPI, glycosylphosphatidylinositol; LOS, lipooligosaccharide; MAC, membrane attack
complex; MEPP, miniature endplate potential; NHS, normal human serum; NMJ,
neuromuscular junction; PI-PLC, phosphatidylinositol-specific PLC.

Citation for this article: J. Clin. Invest. 119:595-610 (2009). doi:10.1172/JCI37338.

The Journal of Clinical Investigation

http://www.jci.org

pylobacter jejuni lipooligosaccharides (LOS) (15-18). In contrast,
examination of the effector pathways through which anti-GM1
antibodies selectively bind to and induce injury in motor nerve
membranes, while avoiding damage to other neural and non-neu-
ral plasma membranes containing abundant GM1, is confounded
by inconsistent and often counterintuitive data (9, 19-22). In
particular, the sensitivity or resistance of the membrane toward
undergoing anti-GM1 antibody-mediated injury cannot be fully
explained by the presence and density of plasma membrane GM1.

One reason for the uncertainties surrounding anti-GM1 effec-
tor pathways may be that protein-ganglioside interactions are
typically identified by in vitro solid-phase binding studies using
immobilized gangliosides or structurally related natural and
synthetic glycans. The translation of this in vitro binding data
to physiologically and pathophysiologically relevant protein-gly-
can binding behavior in intact membranes in vivo is where the
complexities and inconsistencies arise. For example, an antibody
that binds a specific glycan by immunoassay may apparently be
unable to bind the same ganglioside when present in an intact
membrane (23). Furthermore, different anti-GM1 antibodies can
have very different binding patterns in the CNS (24, 25). In addi-
tion to differences in antibody affinities, one explanation for such
discrepancies might be that, within the complex environment of
glycolipid-enriched microdomains, the interacting oligosaccha-
ride headgroup is masked from the protein binding partner by
surrounding molecules. Furthermore, fixation procedures might
influence the antibody-binding characteristics of gangliosides
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Table 1
Mouse and human mAb ganglioside binding characteristics

mAb Isotype Immunogen Half-maximal binding? Affinity

GM1 GA1 GD1b GD1a K Ligand
Mouse
DG1 lgG2b  HS19 LOSC (GM1+, GT1a*) 2.0x 103 - - - 1.8x 106 GM1
DG2 IgG3 GM1 liposome 2.5x 103 6.7x102  2.0x102 - 3.5x107 GA1
MOG1 IgG3 GD1b liposome - - 5.0x 103 1.0x 108 GD1b
MOG35 1gG2b  0:19 LOSt(GM1+, GD1a*) - - - 1.0x 104 9.5x 107 GD1a
HumanP
SMA1 IgM Unknown 6.5 x 103 50 - - Unknown
DO1 IgM Unknown 55x103 43x10%8  57x108 - Unknown

AHalf-maximal binding values represent the reciprocal of the antibody concentration (in mg/ml) giving half maximal binding as determined by ELISA.
BBiaCore analysis of antibody Fab fragments was used to determine the binding affinity (Kp) of the antibodies to the shown ligands (29). °cHS19 and 0:19
are the C. jejuni strains from which the LOS species were isolated and used to immunize GaINAcT-- mice (15). PCloned from human patients with acute

and chronic motor neuropathy (38).

(23). However, the detailed mechanisms underlying these deter-
minants of antibody-ganglioside binding are unknown.

In the current study, we addressed these issues by investigating
a group of mouse and human anti-GM1 mAbs for their potential
neuropathogenic effects at mouse motor nerve terminals and by
studying in detail the underlying topological requirements for their
binding to GM1 in neuronal membrane. Previously we showed that
anti-GQ1b and anti-GD1a antibodies bind to the presynaptic motor
nerve ending and activate complement, leading to membrane attack
complex (MAC, C5b-9) formation, which causes intense neurotrans-
mitter release and ultrastructural destruction, thereby blocking syn-
aptic transmission at the neuromuscular junction (NMJ) (11, 14,
26, 27). We here show that mouse and human anti-GM1 mAbs also
bring about these destructive neuropathic effects but that antigenic
GML1 in the living neuronal membrane is cryptic for a proportion of
the mAbs, thereby rendering them harmless, due to a masking effect
of neighboring gangliosides including GD1a. These findings indi-
cate that anti-GM1 antibodies are pathogenically relevant in motor
neuropathy and that masking and unmasking of GM1, such as may
occur in membranes undergoing dynamic changes associated with
normal axonal maintenance or during axonal regeneration, might
have a profound influence on antibody pathogenicity (28).

Results

Anti-GM1 binding characteristics of mouse and human mAbs. The origin
and properties of the anti-GM1 mouse mAbs DG1, DG2, anti-
GD1b mAb MOG1, and anti-GD1a mAb MOG35 and human
anti-GM1 mAbs SM1 and DO1 (derived from patients with motor
neuropathy) are shown in Table 1. As revealed by ELISA, DG1 and
DG2 react with GM1 with very similar half-maximal binding val-
ues (0.5 and 0.4 ug/ml respectively), as previously reported (29).
Screening by ELISA against a panel of gangliosides (GM1, GM2,
GM3, GD1a, GD1b, GT1a, GT1b, GQ1b, GD2, GD3, GA1) dem-
onstrated that DG1 only binds GM1, suggesting a binding epitope
unique to GM1 that includes the internal sialic acid, whereas DG2
binds GM1, GA1, and more weakly to GD1b, suggesting that the
epitope principally comprises the nonreducing galactose-f 1-3
N-acetylgalactosamine [Gal(f1-3)GalNAc] moiety common to the
3 glycolipids. Supplemental Figure 1 (supplemental material avail-
able online with this article; doi:10.1172/JCI37338DS1) shows
details of relevant gangliosides and epitopes. Antibody sequencing
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has previously determined the variable region gene usage of DG1
and DG2 and established that they contain different immuno-
globulin heavy and light chain gene rearrangements and thus have
distinct clonal origins (29). Human mAb SM1 binds principally to
GM1, and mAb DO1 binds to the Gal($1-3)GalNAc moiety com-
mon to GM1, GA1, and GD1b.

Both DG1 and DG2 bind to motor nerve terminals in frozen nerve-mus-
cle tissue. Prior to evaluating the ability of DG1 and DG2 to medi-
ate any pathogenic effects on nerve, we first assessed the binding
potency of DG1 and DG2 to NMJs in immunohistological analy-
ses of unfixed frozen muscle-nerve preparation of diaphragm from
WT, GD3 synthase-deficient (GD3s7"), and N-acetylgalactosamine
transferase-deficient (GaINAcT/~) mice. The ganglioside composi-
tion of the glycosyltransferase-deficient mice is shown in Supple-
mental Figure 1. These mice are used because they are powerful
tools for analyzing the relevance of specific ganglioside targets,
with GM1 being absent in GaINAcT/~ mice and overrepresent-
ed, along with GD1a and other a-series gangliosides, in GD3s7~
mice, as previously reported (30). Frozen muscle sections were
immunostained with DG1 or DG2 or, as positive control, with
cholera toxin B subunit (CTB), a highly specific GM1 ligand (31).
Fluorescence intensity and coverage of the NM]J area (defined by
the area stained with fluorescent a-bungarotoxin [aBTx], label-
ing acetylcholine receptors at the NM]J) was quantitated. Under
these conditions, all 3 ligands bound over nerve terminals in WT
and GD3s7/~ tissue (Figure 1). The intensity of DG1 and DG2
immunostaining at NMJs was similar in GD3s7~ tissue (~100 AU),
but the level was somewhat lower for DG1 than DG2 in WT tissue.
As expected, in view of the GM1 deficiency, no DG1, DG2, or CTB
staining was observed at NMJs of GaINAcT”~ mice.

DG2 and DG1 have different capacities to bind to live mouse motor nerve
terminals and to exert complement-mediated neuropathogenic effects. We
next examined motor nerve terminal binding and possible patho-
physiological effects of DG1 and DG2 at living NMJs in dissected
triangularis sternae and diaphragm nerve-muscle preparations
maintained as live preparations in oxygenated Ringer’s medium. In
positive control experiments conducted to demonstrate the pres-
ence and level of GM1 at nerve terminals, CTB bound strongly to
both GD3s7~ (Figure 2A, left panel) and WT (data not shown) nerve
terminals, with strong staining of the presynaptic axon of the NM]J.
Since GM1 is widely distributed throughout the body, albeit at low
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Figure 1

Topical immunostaining of frozen diaphragm sections from WT, GD3s-, and GalNAcT-- mice. Fluorescence was quantified as either the
area of the NMJ (stained with aBTx-TRITC) that is covered by anti-GM1 ligand (i.e., FITC fluorescence) or as the intensity of the FITC signal
overlying the NMJ. All ligands bound most abundantly at the GD3s7- NMJ compared with the WT NMJ. *P < 0.05, WT versus GD3s~-. All
images were acquired at x40 magpnification. Scale bars: 60 um. (A and B) CTB fluorescence is strong at the WT and GD3s~- but absent
at the GaINAcT-- NMJs. (C) Examples of CTB binding at NMJs of each strain, taken under constant microscope settings to represent the
quantifications shown in A and B. (D and E) Anti-GM1 mAb DG1 stains both the WT and GD3s~- and is absent in the Ga/INAcT-- NMJs. (F)
DG1 topical staining. (G and H) DG2 binding profile is evident at WT and GD3s~- but absent at the GaINAcT-- NMJs. (I) DG2 binding at
the WT, GD3s™-, and GalNAcT-- NMJs.
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Figure 2

Pathophysiological effects of anti-GM1 antibodies in living nerve-
muscle preparations ex vivo. (A) Reconstructed confocal images of
triangularis sterni NMJs from GD3s~- mice, following ex vivo incuba-
tionin CTB, DG2, and DG1. For CTB and DG2, axonal staining is pres-
ent along with staining of the parajunctional fibroblast. DG1 binding is
undetectable. (B) Electrophysiology in ex vivo hemidiaphragm of WT
and GD3s~- mice. mAbs were applied, followed by a source of com-
plement, and under such conditions only DG2 caused an increase in
MEPP frequency of each strain. Con, control. (C) DG1 effect in ex vivo
hemidiaphragm (WT and GD3s~-). Following ex vivo muscle nerve
incubations in mAb (or Ringer’ s medium alone [R] as control), tissue
was shap-frozen and sectioned for quantitative analysis. Graphs show
1gG, C3c, and MAC deposition (quantified as the signal intensity over
the NMJ). Neurofilament (NF) loss is quantified as area coverage over
the NMJ. DG1 binding is undetectable in the WT NMJ and only weakly
present in the GD3s”~ NMJ under maximal detection settings. MAC
and C3c deposition do not translate into neurofilament loss. (D) The
experiment was performed as described for C, but with the mAb DG2.
DG2 is detectable in WT and GD3s”- NMJs and activates comple-
ment to cause a neurofilament loss compared with Ringer's medium
alone—incubated control tissue. For both C and D, note that the y axes
have been adjusted for clarity. *P < 0.05 compared with the Ringer’s
control. Scale bars: 20 um.

levels, staining was also seen elsewhere, including connective tis-
sue and blood vessels; thus, CTB staining over other GM1-bearing
structures is also seen in the upper region of Figure 2A (left panel).
DG2 (Figure 2A, middle panel) showed a staining pattern similar to
that of CTB, with particularly pronounced staining in this image
of the parajunctional fibroblast, an extralaminar cell that caps the
NM]J and also bears the GM1 ligand (32). GaINAcT~~ nerve termi-
nals and other structures were not stained under these conditions,
as expected (data not shown). DG2 strongly bound to GD3s7~ NMJs
(=150 AU) and to a lesser extent (20-50 AU) to WT NM]Js (Figure
2D). Unexpectedly, and in marked contrast to DG2 and to the situ-
ation observed in frozen sections as described above, DG1 binding
was undetectable at all living WT NMJs, and DG1 bound only very
weakly at GM1-rich GD3s7/~ NM]Js (undetectable at >50% of NM]Js
and only at <10 AU at the most strongly positive NM]Js; Figure 2,
A and C). As expected, neither of the 2 mAbs bound at GaINAcT~
NM]Js (Supplemental Figure 2A). Thus, whereas both DG1 and DG2
are able to bind well to GM1 at NMJs in frozen muscle-nerve prepa-
ration sections, only DG2 is capable of binding GM1 at live NM]Js
in physiological preparations, indicating that the topographical
conformation of GM1 and/or adjacent molecules in the neuronal
membrane is substantially different under these 2 conditions.

In order to study the ability of bound anti-GM1 antibody at
live NMJs to activate complement and induce neuropathological
effects, we exposed DG1- and DG2-pretreated live nerve-muscle
diaphragm to normal human serum (NHS; as a complement
source) and electrophysiologically monitored the occurrence of
miniature endplate potentials (MEPPs, the spontaneous uniquan-
tal acetylcholine release at NMJs) with intracellular microelectrode
measurement. In the presence of human serum, DG2-pretreated
NM]Js showed a dramatic rise in MEPP frequency in WT and GD3s7/~
preparations (Figure 2B and Supplemental Figure 2B), which
caused asynchronous twitching of muscle fibers, which eventu-
ally subsided and was followed by complete synaptic “silence.”
This resulted in paralysis by block of transmission at the NM]J as
judged from the inability of the diaphragm muscle to contract
following phrenic nerve stimulation. As expected, in view of the
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finding that DG1 lacks binding activity to live WT NMJs, no such
NHS-induced electrophysiological effects were observed in DG1-
pretreated preparations (Figure 2B and Supplemental Figure 2C).

We screened for immunohistological evidence of antibody-
mediated complement activation by assessing C3c and MAC
deposition at NMJs (Figure 2, C and D, and Supplemental Fig-
ure 2). Both components were clearly deposited at GD3s7~ and
WT nerve terminals in conjunction with DG2 binding, although
with less intensity in WT. At DG1-pretreated nerve terminals
from GD3s7/~ mice in which very low levels of DG1 antibody were
deposited, only very low levels of C3c (median, <5 AU) and MAC
(median, <5 AU) were present. WT NMJs pretreated with DG1
showed no antibody binding and lacked any complement deposi-
tion. We next examined the structural integrity of the motor nerve
terminal after MAC formation at the presynaptic membrane by
quantifying neurofilament staining. DG2-pretreated NM]Js from
WT and GD3s7/~ mice that showed MAC deposition also dis-
played neurofilament loss (Figure 2D), whereas the very low level
of DG1-dependent complement activation at GD3s7~ NMJs was
insufficient to induce such loss (Figure 2C).

Taken together, these results in living nerve-muscle prepara-
tions show that of the 2 anti-GM1 mAbs DG1 and DG2, only DG2
binds to motor nerve terminals and induces complement-medi-
ated neuropathophysiological and structural effects at motor
nerve terminals. Apparently, DG1 is inhibited from binding GM1,
despite its abundance, by unknown factors in the local environ-
ment of the living neuronal membrane. The observed neuropathic
effects of DG2 are identical to the complement-mediated effects
we have seen previously for anti-GQ1b and anti-GD1a antibodies
at NMJs (11, 14, 33, 34).

The nerve terminal ligand for DG1 and DG2 and the immunopatho-
logical target for DG2 in live membranes is GM1. The absence of nerve
terminal staining in GaINAcT~/~ tissue with CTB, DG1, or DG2
(Figure 1) demonstrates that any potential ganglioside cross-reac-
tivity of these GM1 ligands should only occur with the complex
ganglioside series that are missing in Ga/[NAc¢T/~ mice (Supple-
mental Figure 1). However, in order to assess for certain wheth-
er DG1 and DG2 might be binding to any of these ganglioside
antigens other than GM1 at the nerve terminal in either frozen or
live tissue, we conducted blocking experiments using the GM1-
specific, high-affinity ligand CTB (Supplemental Figure 3A). In
frozen tissue experiments, CTB pretreatment completely inhib-
ited binding of DG1 and DG2 to GD3s7/~ NMJs. Furthermore,
CTB also inhibited DG2 binding in WT NM]Js, excluding possible
cross-reactivity with Gal(B1-3)GalNAc-bearing epitopes. We next
demonstrated that DG2 (which binds GM1, GA1, and GD1b in
ELISA) does not bind GD1b in the living neuronal membrane. We
first showed the presence of GD1b at NMJs by incubating tissues
with an anti-GD1b monospecific antibody, MOG1 (35), observing
intense immunohistochemical staining at motor nerve terminals
of WT mice (but neither GaINAcT/~ nor GD3s/~ mice, which both
lack GD1b). MOG1 also induced associated complement deposi-
tion and structural injury, as determined by neurofilament loss
(Supplemental Figure 3B). We then showed that MOG1 binding
was unaffected by CTB blockade (Supplemental Figure 3C). These
data therefore exclude the possibility that DG2 is binding GD1b in
the living tissue. They thus demonstrate that the Gal(B1-3)GalNAc
epitope on GD1b is cryptically orientated for DG2 binding in
vivo, whereas the MOG1-reactive GD1b epitope is available for
MOG1 binding in vivo. Since GA1 (asialo-GM1) is absent from
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Figure 3

Reactivity of anti-GM1 mAbs DG1 and DG2 to ganglioside complexes containing GM1 in solid phase. The ganglioside complex at each loca-
tion is established by combining the row and column labels. Thus, coordinates 1,4 and 4,1 represent GM1:GD1a complex. Wells labeled X are
negative controls (methanol only). (A) ELISA. DG1 (left) and DG2 (right) both bind GM1 alone, with no difference in average OD. The binding
of both antibodies to complexes of GM1 and GM2 or GD1a is reduced as compared with GM1 alone. No difference was observed with other
combinations investigated (GM1:GM3, GM1:GD1b, and GM1:GD3). DG1 binding to complexes GM1:GM2 and GM1:GD1a was less than that
of DG2. Mean results + SEM from 3 experiments are shown. (B) PVDF glycoarrays. DG1 was the primary antibody on the left membrane, DG2
on the right. Mean results + SEM for 3 experiments are shown. No significant difference in GM1 binding was observed for the 2 antibodies. DG1
binding to GM1 complexes was significantly reduced compared with GM1 alone (P < 0.05, significance level for these comparisons not indicated
in graph). DG2 binding GM1 complexes was marginally different compared with GM1 alone but significant for GM1:GM2 and GM1:GD1a. The
inhibitory effect of complexes on antibody binding is greater for DG1 than for DG2. The average absolute reduction in signal intensity for GM1:
GD1a complex, compared with GM1 alone, is 75.1% for DG1 and 18.2% for DG2 (P < 0.05). Error bars indicate SEM. 1, GM1; 2, GM2; 3, GMS3;

4,GD1a; 5, GD1b; 6, GD3. *P < 0.05, **P < 0.01.

the mammalian nervous system (36), this potential cross-reactive
antigen is not relevant in this context, and potential binding to
Gal(p1-3)GalNAc-bearing glycoproteins is excluded by the absence
of staining in GaINAcT~~ mice. Furthermore, and consistent with
the complete blocking seen in frozen tissue sections, CTB prein-
cubation of ex vivo muscle tissue from WT mice inhibits the com-
plement-mediated actions of DG2, evidenced by abolition of C3c
and MAC depositions over the NMJ (Supplemental Figure 3D).
Collectively, these data indicate that DG2 is only binding GM1
in nerve terminal membranes in vivo. It should also be noted that
the binding of DG2 to GD1b in ELISA is very weak (half-maximal
binding, 2 x 10% see Table 1), further indicating that it is unlikely
to bind avidly to GD1b in membranes.

Inhibitory interactions between GM1 and adjacent gangliosides form
under solid-phase conditions. We speculated that the inability of
DG1 to bind GM1 in the living plasma membrane was due to
a masking effect arising from cis interactions with adjacent
gangliosides and that these were disrupted following the death
of tissue and subsequent processing to frozen sections. Since
GD3s7/~ mice are only able to synthesize a-series gangliosides,
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the most abundantly expressed species being GM1 and GD1a,
we concluded that the masking effect in this mouse strain was
most likely due to a GM1/GD1a cis interaction, notwithstand-
ing the possibility that other gangliosides (e.g., GM2, GM3)
could mediate similar blocking function in membranes with
other ganglioside compositions. To investigate the potential
inhibitory interaction between GM1 and GD1a for DG1 bind-
ing, we first attempted to recapitulate the in vivo interaction in
solid-phase binding assays using ELISA and then using newly
developed PVDF membrane formats (Figure 3). In ELISA, con-
ducted with GM1:GD1la-coated at a 1:1 ratio by weight, DG1
was significantly inhibited and DG2 partially inhibited from
binding GM1 in the presence of GD1a (Figure 3A). The mAbs
were used at their GM1 half-maximal binding concentrations
of 0.5 ug/ml and 0.4 ug/ml, respectively. Furthermore, DG1 was
significantly more impaired than DG2 from binding the GM1:
GD1a complex. This inhibitory effect was not unique to GD1a,
also occurring to a significant extent with GM1:GM2 and to a
lesser extent (not significant) with GM1:GD1b. In marked con-
trast, complexes of GM1:GM3 and GM1:GD3 did not produce
Volume 119
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any inhibitory effects on DG1 or DG2 binding, which excludes
the possibility that nonspecific displacement of GM1 by a sec-
ond, nonreactive ganglioside accounts for the lower signal seen
for the inhibitory GM1:ganglioside complexes.

When isolated GM 1 was displayed on PVDF membranes as dot
blots, there was no significant difference in the binding of DG1
and DG2 (Figure 3B). When GM1 was complexed with a range of
other gangliosides, DG1 was almost completely inhibited from
binding GM1. In contrast, DG2 binding to GM1 was minimally
affected, although the difference in binding did reach significance
for GM1:GM2 and GM1:GD1a complexes (Figure 3B). Through-
out these PVDF studies, the reduction in complex binding for DG1
was substantially and significantly greater than that for DG2.

Under the PVDF array and ELISA assay conditions used in this
study, DG2 is not demonstrated to bind to GD1b because of the very
low half-maximal binding value for the DG2/GD1b interaction.

Inbibitory interactions between GM1 and GD1a are not present in
C. jejuni LOS. To investigate whether this inhibitory interaction
between GM1 and GD1a was a ganglioside-specific phenomenon
or might also occur in other situations when GM1 and GD1a oli-
gosaccharides were juxtaposed, we exploited the neuropathy-asso-
ciated Campylobacter species that bear GM1 and GD1a mimics on
their LOS (it should be noted that DG1 was cloned following
immunization with LOS). A Penner O:19 C. jejuni isolate bearing
both GM1 and GD1a mimics (50:50 ratio) in the core oligosac-
charide was assessed for binding to DG1 (anti-GM1) and MOG35
(anti-GD1a) mAbs and CTB by FACS, in comparison with a non-
ganglioside-mimicking O:3 C. jejuni strain. DG1 was able to bind
well to both live and killed (by UV light or paraformaldehyde)
0:19 isolate, indicating that an inhibitory complex between
the GM1- and GD1la-mimicking moieties of LOS is not present
(Supplemental Figure 4). MOG35 and CTB also bound well to
the O:19 isolate, confirming the presence of both the GM1 and
GD1a mimics, and no ligands bound the control O:3 isolate (data
shown for CTB only).

Access of DG1 to GM1 in the living membrane is prevented by a mask-
ing effect of GD1a. Based on the above data, we considered that the
inability of DG1 to bind GM1 on the living neuronal membrane
was due to closely adjacent gangliosides, including GD1a, which
might cis-interact with GM1 to create a masking effect. Using live
nerve-muscle tissue preparations from GD3s7/~ mice (which highly
overexpress GM1 and GD1a), we cleaved the terminal sialic acid
from GD1a with neuraminidase treatment, thereby converting
GD1a to GM1, and subsequently assessed the live tissue for DG1
binding (Figure 4). This pretreatment massively promoted DG1
binding at the NMJ (Figure 4, A and B), which subsequently acti-
vated complement, as shown by C3c and MAC deposition (Figure
4B). It thereby induced the pathophysiological cascade (Figure 4C),
characterized by increased MEPP frequency, muscle fiber twitch-
ing, and paralysis, described above for DG2. This unmasking effect
for DG1 was also evident in neuraminidase-treated tissue from WT
C57BL/6 and BALB/c mice (Supplemental Figure SA).

In control experiments, we verified that neuraminidase treat-
ment was able to digest most of the GD1a present at motor nerve
terminals, as indicated by a substantial reduction in the binding of
the anti-GD1a mAb MOG35 after treatment, in comparison with
strong binding before treatment (Supplemental Figure 5B). DG1
binding following neuraminidase treatment was also completely
blocked by preincubation with CTB, indicating that binding of
DG1 was GM1 specific (Supplemental Figure SC). Since neur-
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aminidase treatment creates de novo GM1 from GDl1a, it is very
likely that this de novo GM1 would also be capable of acting as
a ligand for DG1. Such binding confounds (without contradict-
ing) the conclusion that masked “native” GM1 is released from its
cis inhibition with GD1a by neuraminidase treatment to become
available for DG1 binding. In order to investigate the extent to
which the DG1 binding was directed to de novo GM1 generated
from GD1a (rather than the preexisting, native GM1), we first
blocked native GM1 in the tissue preparation with CTB and then
treated the tissue with neuraminidase, followed by probing with
DG1 (Supplemental Figure 5D). Under these conditions, DG1
binding to CTB-pretreated tissue was greatly reduced compared
with binding to CTB-untreated tissue, indicating that a propor-
tion of DG1 binding was to native GM1, unmasked from GD1la
by neuraminidase treatment. After neuraminidase incubation,
DG2 bound equally to both CTB-pretreated and -untreated tissue,
indicating that abundant de novo GM1 produced from GD1a was
available for DG2 binding. The relatively weak binding of DG1, in
comparison with DG2 (Supplemental Figure 5D), to de novo GM1
(i.e., CTB-blocked, neuraminidase-treated tissue; Supplemental
Figure 5D) suggests that not all the de novo GM1 is available for
DGI1 binding. One explanation for this would be that de novo
GM1 might itself form inhibitory cis interactions with remaining
a-series gangliosides (e.g., GM2, GM3) in the plasma membrane
of GD3s7~ mice, although this was not addressed experimentally
beyond the solid-phase PVDF membrane data shown in Figure 3.

GM1 and GD1a colocalize to form an inbibitory environment for DG1
antibody binding in living PC12 cells and in lipid rafts. To investigate
the molecular environment that might account for the masking
effects of GD1a, we used rat neuroendocrine PC12 cells, which, in
their undifferentiated state, express gangliosides including GM1
and GD1a (37). DG1 was entirely unable to bind GM1 in living
PC12 cells, in contrast to strong binding with CTB, DG2, and the
anti-GD1a mAb MOG35 (Figure 5), as predicted from the live
nerve terminal findings. Neuraminidase treatment resulted in
intense DG1 binding to PC12 cells, with complete concomitant
loss of MOG35 binding (Figure 5B) under conditions in which
cell viability was maintained, as monitored by ethidium homodi-
mer-1 staining (data not shown). In colocalization studies of
GM1 and GDl1a, performed by comparing the binding of the
mAbs DG2 and MOG35, the pixel-by-pixel correlation coefficient
was 0.96, indicating very close proximity at the light microscopy
level (Figure 5C). These findings in PC12 cells indicate a PC12
membrane interaction between GM1 and GD1a similar to that
occurring in the mouse motor nerve terminal membrane and
thereby suggest that this cis-inhibitory behavior may be common
in other plasma membranes.

Since gangliosides are enriched in lipid rafts (2), we considered
that the raft microenvironment might favor interactions between
GM1 and GD1a that were inhibitory for DG1 binding. First we
disrupted rafts in live PC12 cells with the cholesterol-seques-
tering agent methyl-f-cyclodextrin to establish whether GM1
became available for DG1 binding. This was not observed; indeed,
a general attenuation of ligand binding was seen (Supplemental
Figure 6A). We next considered that raft-localized glycosylphos-
phatidylinositol-anchored (GPI-anchored) proteins might exerta
masking effect on GM1 for DG1 binding and investigated this by
cleaving them with phosphatidylinositol-specific PLC (PI-PLC).
PI-PLC treatment enhanced DG2 and MOG3S5 binding, suggest-
ing that GPI-anchored proteins can exert a general and nonspe-
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Figure 4

Effect of neuraminidase treatment on anti-GM1 antibody binding and
pathogenic activity. (A) Reconstructed confocal images of DG1 bind-
ing at ex vivo GD3s~- triangularis sterni NMJs. Left: DG1 binding in
living tissue is undetectable at the NMJ (stained with aBTx-TRITC).
Right: DG1 binding (FITC) following neuraminidase treatment of tis-
sue. DG1 binding overlies the NMJ and is colocalized with the axonal
neurofilament staining (Cy5), suggesting that DG1 is binding to the
presynaptic aspect (the axon terminal). (B) Ex vivo GD3s~- hemidia-
phragm preparations, as described in Figure 2. Neuraminidase (N’ase)
treatment of tissue prior to incubation with DG1 enabled DG1 to bind
the NMJ (as shown by IgG deposition), fix complement, and cause a
neurofilament loss. *P < 0.05 compared with control tissue incubated
in Ringer’s (minus neuraminidase) followed by DG1. (C) Electrophysi-
ology. DG1 and NHS as a source of complement caused a massive
increase in MEPP frequency in the ex vivo GD3s7- NMJ only when
applied to neuraminidase-pretreated tissue. Scale bars: 20 um. Error
bars represent SEM for experiments performed in triplicate.

cific masking effect on both GM1 and GD1a, but had no signifi-
cant effect on DG1 binding, which remained negligible or absent
(Supplemental Figure 6B). We also conducted the PI-PLC study
at live NMJs and observed the same trend as seen in PC12 cells
(Supplemental Figure 6C).

In order to support the hypothesis involving a molecular inter-
action between GM1 and GD1a, it would be necessary to show at
least that they colocalize in the same raft environment. To inves-
tigate this, we incubated PC12 cells with the anti-GD1a mAb
MOGS35 and an irrelevant isotype control, EG1 (which reacts with
GQ1b, GT1a, and GD3 but does not bind to PC12 cells; data not
shown), and examined GD1a affinity-purified raft fractions by
Western blot analysis for GM1 content (Figure 5D). This dem-
onstrated that at least a proportion of GM1 was present in the
GD1a-enriched raft compartment. In control studies, EG1 affini-
ty purification of raft fractions did not isolate any raft material (as
assessed by raft protein markers) or yield any GM1 or GD1a sig-
nal. The raft fraction containing GD1a and GM1 also contained
the raft marker flotillin, whereas SNAP2S was undetectable, indi-
cating that a heterogeneous population of rafts exist with respect
to protein and ganglioside composition in PC12 cells. This latter
point was not investigated further.

Human neuropathy-associated anti-GM1 mAbs also exert comple-
ment-mediated neuropathophysiological effects at the mouse motor nerve
terminal, provided GM1 is unmasked. In order to bring clinical rel-
evance to the findings observed with mouse mAbs, we screened
human anti-GM1 antibodies cloned from motor neuropathy
cases for similar behavior. Human anti-GM1 IgM antibodies
SM1 and DO1 (38) were examined for their binding and comple-
ment-mediated neuropathophysiological effects at the mouse
NMYJ, and we assessed a possible inhibitory effect of interac-
tion between GM1 and GD1a (Figure 6). Neither mAb bound to
GD3s7/~ motor nerve terminals, and consequently they did not
induce complement deposition (C3c and MAC) or neurofila-
ment loss, as assessed by immunohistochemistry, and did not
cause increased MEPP frequency, the electrophysiological hall-
mark of neuropathogenicity. However, following neuraminidase
pretreatment of the nerve-muscle preparations, deposits of IgM
were abundant. Consequently, the complement cascade was acti-
vated, as shown by C3 and MAC deposits, with resultant neuro-
filament loss and electrophysiological injury as manifested by an
increased MEPP frequency.
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Discussion

This study has 2 principal findings. First, we demonstrate that
under specific conditions, both human and mouse anti-GM1
antibodies have potent complement activation-mediated neu-
ropathogenic effects at mouse terminal motor axons, including
electrophysiological and morphological injury, leading to block
of synaptic transmission at the NMJ, thereby resulting in paralysis
of the nerve-muscle preparation. Second, we discovered that GM1
ganglioside in living neuronal membranes is masked from binding
certain classes of anti-GM1 autoantibody by an interaction with
GD1a (and presumably other gangliosides) that is able to shield
a critical domain of the oligosaccharide head group involved in
antibody binding. Consequently, this masking prevented the neu-
ropathophysiological effects of these anti-GM1 antibodies from
occurring. These findings have major implications for our under-
standing of the pathogenic potential of anti-ganglioside antibod-
ies in neuropathy, their use and relevance as autoimmune disease
diagnostics, and as ganglioside detection reagents. The epitope
masking effect of this interaction is not a feature concerning all
anti-GM1 antibodies but is dependent upon subtle features of
the antibody-antigen interaction that confer these characteristics
and needs to be assessed for each antibody on a case-by-case basis.
Importantly, our results demonstrate that the ability of mouse and
human anti-GM1 antibodies to bind isolated GM1 in solid-phase
assays or in frozen tissue sections cannot be used to predict their
pathogenic behavior in vivo. Our findings are likely to account for
the markedly discrepant effects of anti-GM1 antibodies observed
in many previously published models.

Anti-GM1 antibodies are mainly associated with the acute motor
axonal variants of GBS and chronic multifocal motor neuropa-
thies (9), and our immunohistochemical and electrophysiological
findings at motor nerve terminals may provide a neuropathophysi-
ological explanation for a component of the paralytic symptoms in
such patients. In support of this as a clinically relevant site, motor
nerve terminal degeneration has been shown at NMJs in a motor
point muscle biopsy of an acute motor axonal neuropathy variant
GBS patient with anti-GM1 antibodies, while sural nerve biopsy
was normal (39). The terminal portion of motor axons may be
relatively vulnerable for autoimmune attack because it is not pro-
tected by a blood-nerve barrier, in contrast to more proximal parts
of the axon. GM1 is also present at nodes of Ranvier throughout
the length of the nerve. Our results certainly do not exclude anti-
GM1 binding and complement-mediated neuropathogenic effects
at the more proximal parts of the axon, as has been observed in a
rabbit neuropathy model (40).

The complement-mediated pathogenic effects of anti-GM 1 mAbs
at the NMJ shown here are identical to those observed by us in ear-
lier (ex vivo and in vivo) mouse studies on mAbs against GQ1b gan-
glioside and on anti-GQ1b-positive patient sera (14, 27, 34). Fur-
thermore, anti-GD1a antibodies produce these effects, provided the
density of GD1a s high, as in neuronal membranes of GD3s7~ mice
(11). Thus, this neuropathophysiological effect at murine NMJs is
a common feature of certain classes of anti-GM1, -GD1b, -GQ1b,
and -GD1a antibodies. The heterogeneous distribution of clinical
effects observed in patients with these anti-ganglioside antibody
specificities does not correlate with the common paralytic effect
of these antibodies at mouse NMJs. It is thus likely that regional
differences in ganglioside expression, coexpression, and density in
different neural and glial membranes from different anatomical
regions in different species are critical determining factors.
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Figure 5

Localization of GM1 and GD1a to raft fractions in PC12
cells. (A) PC12 cell immunostaining (original magni-
fication, x40). DG1 binding to PC12 cells (shown in
phase contrast) is not detectable despite the presence
of GM1, as shown by CTB staining of cells. Scale
bars: 15 um. (B) Effect of neuraminidase on DG1 and
MOGS35 binding to PC12 cells. Double staining reveals
that control cells are positively stained with MOG35
(TRITC), with no binding of DG1 (FITC). Following
neuraminidase treatment, MOG35 staining is dimin-
ished, with a concomitant increase in DG1 binding.
Scale bars: 15 um (images acquired at x40 magnifica-
tion). (C) GM1 and GD1a pixel-by-pixel colocalization.
FITC and TRITC (anti-GM1 and anti-GD1a, respec-
tively) images (x63 magnification) from double-stained
PC12 cells, with colocalization appearing as yellow
overlap. Plane-by-plane colocalization (linear scatter
plot) shows strong colocalization. (D) Western blot of
raft immunoprecipitation based on MOG35 binding,
allowing isolation of GD1a-positive rafts by anti-mouse
IlgG—coated beads. In irrelevant antibody—incubated
cells, no rafts were isolated by anti-mouse IgG—coat-
ed beads. Bound sample was concentrated (x10) to
amplify any potentially weak signal. In MOG35-incu-
bated cells, a population of rafts was isolated by the
beads. Isolated fractions contained the raft-associated
protein flotillin, but not SNAP25, which was taken as
evidence that the raft extraction procedure did not lead
to coalescence of the heterogeneous raft population.
Bound fractions also contained both the light chain
(LC) and heavy chain (HC) of the anti-GD1a antibody,
and the isolated rafts were positive for both GM1 and
GD1a. SM, starting material; UB, unbound; B, bound;
Bc, bound concentrated.
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Figure 6

Binding and neuropathophysiological effects of human anti-GM1 mAbs SM1 and DO1. (A) Ex vivo hemidiaphragm preparations from GD3s~
mice, as described for Figure 2. SM1 only binds NMJs following neuraminidase treatment and then causes a complement-mediated neurofila-
ment loss. (B) The experiment was performed as described for A, but with DO1. (C) Absence of SM1 staining at GD3s~- triangularis sterni NMJs
(left), and presence of staining when the tissue was preincubated in neuraminidase (right). (D) Electrophysiological analysis of the effects of
SM1 and DO1 at GD3s- hemidiaphragm NMJs, as described in Figure 4 for mouse mAb DG1. Following neuraminidase treatment, both SM1
and DO1 bind at NMJs and cause a complement-dependent increase in MEPP frequency. Scale bars: 20 um. Error bars represent SEM for

experiments performed in triplicate.

The differences in binding and pathogenic properties of indi-
vidual anti-glycolipid antibodies may in part be attributable to
differences in their affinity or avidity, in addition to their precise
specificity. If the affinity of an antibody is high enough to compete
effectively for a critical oligosaccharide domain that may otherwise
be masked by complex formation with a cis-interacting glycolipid,
then the pathophysiological consequence of any complex forma-
tion might be annulled. Whether this range of affinities can be
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achieved for anti-glycolipid antibodies is unknown. However, in
the case of the widely used high-affinity GM1 ligand CTB, the
affinity for GM1 is reported as being in the 10-'° to 10-!2 M range
(41), which is 10* to 10%-fold higher than that of the mAb DG,
used in the current study. Structural studies have demonstrated
that CTB binds GM1 through a 2-fingered pinch interaction
involving the nonreducing terminal galactose epitope of GM1 and
the internal sialic acid, the latter being masked in our complex for-
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mation model (41). DG1 also requires the presence of this internal
sialic acid for binding to GM1. The implication is therefore that
the very high affinity of CTB for GM1 is sufficient to disrupt an
inhibitory complex that disguises the sialic acid from its binding
domain on the toxin. In contrast, the affinity of DG1 for GM1 is
substantially lower than that of CTB, which most likely accounts
for DG1’s inability to compete effectively for the cryptic sialic acid.
Thus, affinity may be a relevant factor in disrupting glycolipid-
glycolipid complex interactions to allow ligand binding in certain
situations. The affinities of DG2 and DG1 for GM1 and GA1 were
within 5-fold of each other, and the half-maximal binding values
for GM1 were very similar, yet they were completely polarized in
terms of their pathogenic potential. It is therefore improbable that
a simple explanation of affinity or avidity differences, regardless
of dependence upon any complex formation, is the critical factor
influencing binding in the current setting but more likely that the
pathogenic differences are due to differences in the fine specificity
of the 2 antibodies, specifically their dependence upon the inter-
nal sialic acid for binding. Other experimental evidence discussed
below also strongly supports this view.

Our study underscores the complexities surrounding the topo-
graphical organization of glycolipids in living membranes and
how these relate to topography in other types of detection systems
such as are used in laboratory immunoassays. Considerable effort
is currently focused on achieving optimal platforms for assessing
protein-glycan interactions, and the issues surrounding complex
formation need to be considered in this context (42). The cryptic
behavior of glycolipid headgroups in the plasma membrane, as
assessed by accessibility to antibodies, is a long-recognized phe-
nomenon (43, 44), but its structural basis has, to our knowledge,
never been demonstrated experimentally. This behavior may in
part be dependent upon ganglioside organization in lipid rafts. In
this study, raft disruption with a cholesterol-sequestering agent
did not allow the DG1 antibody to bind GM1, indicating that the
interaction of GM1 and GD1a is not cholesterol dependent, as we
also observed by solid-phase immunoassay. Rather, it appears to
be an intrinsic property of the interacting ganglioside species, pos-
sibly localized in a glycosphingolipid signaling subdomain (45).
The ganglioside clustering property may be due to the glycosphin-
golipid hydroxyl groups acting as hydrogen bond donors, allow-
ing side-by-side interactions within a microdomain (46). However,
gangliosides require substantial surface area to host their oligosac-
charide chain and its associated hydration water, implying that
complex headgroups such as GM1 and GD1a will have large space
requirements in the membrane (47), the consequence of which is
unknown in terms of influencing their cis interaction.

Our observations in the GD3s7/~ mouse implicate GD1a as the gan-
glioside that masks GM1, because in this artificial context, these are
the 2 predominant gangliosides. Our data on WT mice and in solid-
phase assays also strongly suggest that other gangliosides (but not
necessarily all gangliosides) may be capable of mediating this mask-
ing effect. In the GD3s7~ mouse, the GM1 concentration is substan-
tially higher than in WT mouse, thereby adding support to the view
that the failure of DG1 to bind sialidase-naive WT or GD3s7/" tissue
cannot be simply ascribed to limited availability of GM1 ligand.

The heterogeneity of ganglioside and protein content in lipid
rafts means there will be a wide range of raft-associated molecules
that could potentially interact with GM1 or inhibit binding of
anti-GM1 antibodies through steric hindrance. Our observa-
tion that cleavage of GPI-anchored proteins resulted in increased
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DG2 and CBT binding suggests that these proteins have a gen-
eral masking effect for GM1, although this was not the particular
masking effect that prevented the binding of DG1, because that
remained at the same low level.

Anti-GM1 mAbs cloned from neuropathy patients were also
masked from binding GM1 and therefore unable to bind nerve tet-
minals in ex vivo nerve-muscle preparations in these studies. This
indicates that the observations with the mouse monoclonal anti-
GM1 antibody DG1 is likely to be clinically relevant in humans.
Further studies are needed to explore the diversity of anti-GM1
antibodies seen in different patient populations to determine the
extent of diversity in the context of ganglioside interaction-medi-
ated inhibition. In recent experiments, we have identified anti-
GM1-positive neuropathy patient sera that are capable of inducing
the neuropathophysiological effects at NMJs as observed here, but
only after neuraminidase treatment (J.J. Plomp et al., unpublished
observations). This further shows that clinically relevant anti-GM1
antisera exist that only bind to unmasked GM1. Such human anti-
bodies may only become clinically important in conditions where
the topological organization of gangliosides is destabilized, as for
instance during nerve regeneration, and the mechanisms by which
they may or may not induce immunopathology in normal nerve
are currently unknown. In regenerating nerve fibers (following
experimental transaction injury), it has been shown that growth
cones have enhanced activity of a membrane sialidase that acts to
reduce complex gangliosides into GM1 that may thereby render
GM1 available for complex attenuated antibody binding. Targeted
delivery of sialidase to experimental nerve lesions in the rat enhanc-
es axon outgrowth, and this may in part be a result of the increased
level of GM1 in the regenerating axon (28). In addition, the siali-
dase-mediated decrease of GD1a interrupts the neuronal adhesion
of myelin-associated glycoprotein, which normally inhibits regen-
eration (48), causing disinhibited axonal regeneration. Based on
our observations with neuraminidase, it is possible that unmask-
ing of cryptic GM1 could allow previously harmless DG1-like anti-
bodies to bind to GM1-rich growth cones and therefore become
pathogenic through their ability to impair regeneration. There is
experimental evidence, at least for anti-GD1a antibodies, that anti-
ganglioside antibodies may influence neuronal regeneration (49).
The existence of anti-GM1 antibodies like DG1 that specifically
bind regenerating neural tissue and cause complement-mediated
injury would have significant clinical consequences in that such a
phenomenon could be the start of recurrent cycles of axonal injury
and regeneration. Therefore, rapid and persistent clearance of such
antibodies should be an important therapeutic goal.

It is possible that GM1 masking occurs by interaction with
gangliosides other than GD1a, and indeed for completely differ-
ent ganglioside pairings. Indeed, in our control experiments, the
Gal(B1-3)GalNAc moiety of GD1b was apparently shielded from
binding DG2, whereas MOG1 — which presumably binds at least
in part the internal disialosyl structure of GD1b as it is GD1b
monospecific — was able to bind GD1b. Studies showing neu-
ropathic effects restricted to sensory ataxia due to monospecific
anti-GD1b antibodies in a rabbit model are consistent with this
finding (50), as are recent studies using human ataxic GBS sera
(51). We did not explore further the nature of this antibody-bind-
ing inhibitory interaction of GD1b with other gangliosides.

With regard to the induction of anti-GM 1 antibodies by C. jejuni
infection in GBS, our findings illuminate the protective role of
antibody in microbial defence, as balanced against the develop-
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ment of autoimmune injury. Thus, DG1 is able to bind the GM1
mimic in LOS on live C. jejuni that also bears a GD1a mimic in a
50:50 ratio, indicating that a masking interaction does not occur.
This shows that DG1-like antibodies could be bactericidal with-
out binding to neuronal GM1 and thus (at least initially) would
not exert an autoimmune neuropathic effect. Furthermore, DG1-
like-producing B cell clones do not recognize self-GM1 in living
membranes. Therefore, breaking tolerance to GM1 might not be
required in order to generate protective immunity against self-
mimicking microbial molecules.

We were able to reproduce a masking effect of GD1a and other
gangliosides on GM1 in immunoassays conducted either on poly-
styrene plates or PVDF membranes, recapitulating the discordant
findings observed in living membranes between DG1 and DG2.
Interestingly, the inhibitory complexes between GM1 and GD1a
form on both polystyrene and PVDF immobilization platforms,
and thus the molecular interactions between GM1 and other gan-
gliosides must spontaneously form when they are admixed, in
addition to being organized or disorganized in living or dead mem-
branes, respectively. Furthermore, these solid-phase immunoassays
demonstrated that interaction is not unique to GM1 and GD1a but
can also occur between GM1 and other gangliosides. In addition,
they form important support for the conclusion drawn from our
neuraminidase experiments in live tissues — that the enabling fac-
tor for DG1 binding to the neuronal membrane under these condi-
tions is an unmasking of preexisting GM1 by the removal of the
external neuraminic acid of GD1a, as opposed to simply an increase
in GM1 density by creation of de novo GM1 from GD1a.

Based on these experimental findings, we conclude that the
microheterogeneity of ganglioside binding by anti-GM1 antibodies
substantially influences their neuropathogenic potential and that
the basis for these differences is likely due to subtle conformational
arrangements within the membrane, leading to complexes of GM1
with other gangliosides that inhibit binding of some types of anti-
GM1 antibodies. These ganglioside interactions appear to be stably
formed in living membranes but are highly susceptible to disinte-
gration (and thus epitope exposure) in frozen or otherwise altered
tissue. The changes in the molecular architecture of the living
and dead/disrupted membrane that underlie these properties are
unknown and difficult to investigate at the molecular biophysical
level. In solid-phase immunoassays, these gangliosides interactions
are also able to form. Recent studies showed that complexes of 2 dif-
ferent gangliosides can form neoepitopes that specifically bind cet-
tain neuropathy-associated antibodies that do not bind to the single
ganglioside species (5, 52, 53). Together with the data provided here,
this leads to the conclusion that ganglioside interaction may either
enable or inhibit antibody binding to the neuronal membrane or be
neutral, depending of the type of circulating antibody. To describe
these 3 conditions, we propose the terms complex-enhanced, complex-
attenuated, and complex-independent. In the light of these findings, we
need to critically evaluate any individual antibody-ganglioside inter-
action detected by the wide range of techniques available in order to
be able to interpret the neuropathogenic potency of such an interac-
tion in the living neuronal membrane.

Methods

Anti-ganglioside mAbs. Mice lacking complex gangliosides (GaINAcT/~ mice)
were used to generate anti-ganglioside antibodies in response to inocula-
tion of ganglioside liposomes or ganglioside-mimicking LOS (15, 29, 54).

Hybridoma cells were maintained to generate stocks of mAbs, which were
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affinity purified by protein G sepharose chromatography (Amersham; GE
Healthcare), desalted, and stored at -70°C. Their binding properties are
shown in Table 1, calculated by half-maximal binding and BiaCore (GE
Healthcare) studies. Half-maximal binding values represent the recipro-
cal of the antibody concentration (in mg/ml) giving half-maximal bind-
ing as determined by BiaCore using glycolipid-containing liposomes as
the immobilized ligand and Fab fragments as the analyte, as previously
reported (29). Human mAbs were cloned as previously described (38), and
their binding properties are shown in Table 1.

Mice. Male and female GD3s7/~ (30), GaINAcT 7/~ (S5), and WT mice were
used at 4-8 weeks of age. All animal studies were approved by the commit-
tee on Animal Health and Care of Leiden University. Mice were humanely
killed by administration of a rising concentration of CO,.

Immunobistochemistry on frozen tissue sections. For topical mAb binding
studies, diaphragm was snap-frozen and cryostat sectioned at 8 um onto
APES-coated (Sigma-Aldrich) slides. For staining, mAbs were applied at
20 ug/mland CTB-FITC (Sigma-Aldrich) at 1 ug/ml diluted in PBS, along
with aBTx-TRITC (1.3 ug/ml; Invitrogen). mAbs/CTB were incubated for
3.5 hours at 4°C. For secondary detection of mAbs, slides were rinsed in
PBS, and anti-mouse IgG-FITC (1.3 ug/ml in PBS; SouthernBiotech) was
applied for 3 hours at 4°C. All slides were mounted in Citifluor (Citifluor
Ltd.) following a final rinse in PBS. For CTB blocking of mAbs, sections
were first incubated in unlabeled CTB (4 ug/ml in PBS; Sigma-Aldrich) or
PBS as a control, for 1.5 hours at 4°C, and rinsed thoroughly in PBS and
mAbs applied as described above.

For Ig, C3, MAC, and neurofilament quantification, diaphragm (previ-
ously exposed ex vivo to mAbs and NHS as complement source) was cryostat
cut at 8 and 20 wm onto APES-coated slides (thicker sections were designat-
ed for neurofilament staining). All solutions were made up in PBS and incu-
bations done at 4°C. aBTx-TRITC was used at 1.3 ug/ml throughout. To
detect mAb binding, FITC subtype-specific anti-mouse IgG or anti-human
IgM (SouthernBiotech) was applied at 3.3 ug/ml for 3 hours at 4°C, along
with aBTx-TRITC. For detection of the activated complement component
C3, slides were incubated in FITC-goat anti-human C3 (33 ug/ml; Dako)
and aBTx-TRITC for 2 hours at 4°C. MAC staining was performed with
mouse anti-human C5b-9 (363 ug/ml; Dako), applied to slides for 3.5 hours
with aBTx-TRITC. After rinsing in PBS, MAC was detected with FITC-goat
anti-mouse IgG2a applied at 5 ug/ml for 3.5 hours. Sections for neuro-
filament analysis were stained for 1 hour in aBTx-TRITC, rinsed in PBS,
and placed for 20 minutes in freezing ethanol (-20°C) prior to overnight
application of 1211 (rabbit polyclonal, diluted 1:750; Affinity BioReagents).
Slides were rinsed and incubated in FITC-goat anti-rabbit IgG (3.3 ug/ml)
for 3.5 hours. Slides were finally rinsed and mounted in Citifluor.

Immunostaining of live tissue. For triangularis sternae neuromuscular
preparations, the rib cage was removed and pinned in a Sylgard-lined
(Sigma-Aldrich) dish with standard Ringer’s medium (119 mM NaCl,
4.5 mM KCI, 2 mM CaCl,, I mM MgSOy4, 1 mM NaH,PO,, 23 mM
NaHCO3, 11 mM glucose, pH 7.4, pre-gassed with 95% O,/5% COy), and
triangularis sternae was exposed. Preparations were incubated in mAbs
(100 pg/ml in Ringer’s) or CTB (2 ug/ml) and aBTx-TRITC (2 ug/ml) for
2 hours at 32°C, followed by 30 minutes at 4°C. Tissue was thoroughly
rinsed in Ringer’s and fixed for 20 minutes at room temperature in 4% PFA
(Sigma-Aldrich). Tissue was rinsed again in Ringer’s and incubated for
10 minutes in 0.1 M glycine. For detection of mAbs, tissue was incubated
overnight in subtype-specific FITC anti-mouse or anti-human IgM sec-
ondary antibodies (3.3 ug/ml in PBS). For neurofilament staining, 1211
was applied overnight (rabbit polyclonal, diluted 1 in 200) in 1% Triton
X-100/PBS and after 3 rinses in PBS, was detected with Cy5-anti-rabbit
IgG (3.3 ug/ml in PBS) at 4°C for 8 hours. Following a final rinse in PBS,
all immunostained muscles were whole mounted in Citifluor.
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Ex vivo pathogenesis: hemidiaphragm. Mouse hemidiaphragms with attached
phrenic nerves were dissected out and pinned under tension in Sylgard-
lined dishes with oxygenated Ringer’s medium. The dorsal portion of each
was removed and immediately snap-frozen for baseline immunohistologi-
cal measurements. Hemidiaphragms were incubated in either Ringer’s (as a
control) or mAbs (100 ug/ml) for 2 hours at 32°C, followed by 30 minutes
at4°Cand 10 minutes at room temperature. mAb solutions were removed
and retained, and then preparations were rinsed in Ringer’s.

NHS from a single donor stock was diluted to 40% in Ringer’s and
added as a source of complement. After 1 hour at room temperature,
NHS was rinsed off and the diaphragm tissue snap-frozen before being
processed for analysis.

Ex vivo electrophysiology at the NMJ. Left and right hemidiaphragms were
dissected with their phrenic nerve attached and mounted in standard
Ringer’s medium (as above) at room temperature. mAbs and NHS were
applied as described above.

Intracellular recordings of MEPPs at the NMJ were made from muscle
fibers at room temperature (20-22°C) by using a glass microelectrode
(10-20 ML, filled with 3 M KCI) connected to a Geneclamp 500B (Axon
Instruments; Molecular Devices) for amplifying and filtering (1 Hz high-
pass and 10 kHz low-pass) of the signal. The signal was digitized using a
Digidata 1322A interface (Axon Instruments; Molecular Devices) and ana-
lyzed using Mini Analysis 6.0.3 (Synaptosoft).

Electrophysiological data are presented as group mean + SEM of the
mean muscle values calculated from the mean NMJ values. At least 10
NM]Js were sampled per muscle per experimental condition.

Microscopy. For quantification of immunofluorescence over the NM]J,
each experimental repeat (n of 3 animals/experiments for statistical anal-
ysis) was stained in a separate staining run, and at least 120 NMJs were
imaged using constant acquisition settings for each marker. Dual-color
images were acquired with a Zeiss LSM 5 Pascal microscope. All samples
were analyzed by an observer blinded to the experimental protocol. Semi-
quantification was based on the oaBTx-TRITC signal to define the NMJ
and was done with Scion Image analysis software (Scion Corp.), either by
analyzing the percentage of immunofluorescence over the NM]J (as pre-
viously described; ref. 34) or analyzing the intensity of fluorescence over
the NM]J. For illustrative images of whole-mount triangularis sternae, 3D
reconstructions were generated from z-stacks using the software package
Voxx-2 (http://www.nephrology.iupui.edu/imaging/voxx).

Membrane treatments. For ex vivo neuromuscular preparations, 1-5 uU/ml
of neuraminidase (Clostridium perfringens; Sigma-Aldrich) was applied to tis-
sue for 1-1.5 hours at 32°C. The enzyme was rinsed off and tissues incubat-
ed in mAb and/or complement as described above. For CTB preincubation
of tissue prior to neuraminidase, unconjugated CTB (4 ug/ml) was applied
to tissue for 1.5 hours at 32°C and thoroughly rinsed off with Ringer’s prior
to neuraminidase treatment. For GPI-anchored protein removal, PC12 cells
were incubated at 37°C for 1 hour in 2 U/ml of PI-PLC (Sigma-Aldrich). Ex
vivo neuromuscular preparations were treated for 1.5 hoursat 32°Cin 3.5 U
of PI-PLC. For cholesterol depletion, 5 mM methyl-B-cyclodextrin (Sigma-
Aldrich) was incubated for 45 minutes at 37°C. Cellular cholesterol was
measured using Infinity Cholesterol reagent (Alpha Laboratories).

GD1a/GM]1 colocalization. MOG35 (IgG2b) was primary labeled using a
Zenon Mouse IgG Labeling Kit (Invitrogen) according to the manufac-
turer’s instructions. Colocalization of DG2 and MOG35 was determined
using the Metamorph (version 6.3.3; Invitrogen) “correlation plot” appli-
cation to compare the fluorescence in each pixel of the FITC and TRITC
channels after subtracting background fluorescence.

PC12 cell staining. Cells were grown on poly-L-lysine-coated (Sigma-
Aldrich) coverslips and mAbs applied (12.5 ug/ml in PBS) for 30 min-
utes at 4°C. Following 3 rinses in PBS, mAbs were detected with FITC
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anti-mouse IgG (3.3 ug/ml) for 45 minutes at 4°C. Coverslips were rinsed
again, fixed for 15 minutes in 4% PFA, and finally rinsed before mounting
in Citifluor. For LIVE/DEAD staining (Invitrogen), a mixture of calcein
green (2 uM) and ethidium homodimer-1 (EthD-1, 2 uM) was applied
to cells in PBS for 30 minutes at 37°C. Coverslips were rinsed in PBS,
mounted in PBS, and immediately imaged.

Raft isolation, affinity purification, and Western blotting. Approximately
1 x 108 PC12 cells were suspended in either MOG35 or control mAb EG1
(anti-GD3,-GT1a, and -GQ1b) at 15 pg/ml for 1 hour at 4°C. Cells were
washed in chilled PBS and kept on ice for subsequent steps. Cells were
resuspended in 500 pl of 25 mM MES/150 mM NacCl, pH 6.5 (MBS),
0.5% Brij-96 (Sigma-Aldrich), and protease inhibitors (Roche Applied
Science). Following incubation at 4°C for 20 minutes, solubilized cells
were homogenized with 10 strokes of a Dounce homogenizer. Of the
lysate, 0.4 ml was mixed with 80% sucrose and overlaid successively with
2.2 ml of 30% sucrose and 1.4 ml of 5% sucrose. Following overnight
centrifugation at 240,000 g, fraction 1 was collected by removing 390 ul
from the top of the gradient and successive fractions through to fraction
12 were collected in this way. Protease inhibitors were added immedi-
ately upon fraction collection.

Fractions 3-5 from MOG35-incubated cells were pooled following reten-
tion of an equal aliquot from each (for Western blotting along with other
fractions). This was also done for control mAb-incubated cells. Pooled sam-
ples were halved: half was used for affinity purification and half retained as
starting material. For affinity purification, anti-mouse IgG-coated Dyna-
beads (Invitrogen) were incubated with the samples for 30 minutes at 4°C
on a rotating mixer. Tubes were exposed to a magnet and the unbound
material removed and retained. Beads were rinsed 4 times in PBS, Novex
loading buffer (Invitrogen) was added to the rinsed beads, and the prepara-
tion was boiled to release the bound fractions for electrophoresis alongside
unbound material and starting material.

For electrophoresis, samples were reduced by addition of 25 mM
DTT (Amersham; GE Healthcare) and run on Novex 16% Tricene gels
(Invitrogen). Gels were blotted overnight in a transfer cell according to the
manufacturer’s instructions (Bio-Rad) onto nitrocellulose membranes.
Membranes were blocked in 5% nonfat milk in PBS/0.01% Tween-20
(PBST) and incubated in anti-ganglioside mAbs (20 ug/ml) or 0.1 ug/ml
HRP-conjugated CTB (Invitrogen). After rinsing, and if required, sec-
ondary antibody (HRP-conjugated anti-mouse IgG; Sigma-Aldrich)
was added at 0.38 ug/ml in 1% nonfat milk/PBST. ECL (Amersham; GE
Healthcare) was used to develop the membranes. Fractions 1-12 were also
subject to Western blotting to confirm success of the raft isolation using
antibodies against flotillin (BD), SNAP25 (56), and transferrin receptor
(Invitrogen), all at 10 ug/ml.

Immunoassays. Gangliosides were purchased from Sigma-Aldrich or
Accurate. ELISA was performed as previously described (57). In brief,
Immunolon 2HB plates (Thermo Scientific) were coated with 100 ul of
ganglioside (2 ug/ml) diluted in methanol. To create ganglioside com-
plexes, a 50:50 (v/v) mixture of the 2 component gangliosides in metha-
nol was sonicated for 3 minutes. A volume of 100 ul of this solution (con-
taining 100 ng of each ganglioside) was then applied to the appropriate
wells. Control wells were coated with methanol alone. The average OD
reading from control wells was subtracted from all other wells to correct
for background. The mAbs DG1 and DG2, used at their GM1 half-maxi-
mal binding concentrations of 0.5 ug/ml and 0.4 ug/ml, respectively,
and the appropriate secondary antibodies (peroxidase-conjugated goat
anti-mouse IgG; 1:3,000; Sigma-Aldrich) were diluted in 1% BSA. The
assay was conducted at 4°C. For the PVDF glycoarray, gangliosides and
ganglioside complexes (100 ug/ml) were prepared as described for ELISA.
PVDF membrane on glass slides was spotted (100 nl per spot) with each
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target ganglioside or ganglioside complex in duplicate at predefined loca-
tions on each membrane using an automated TLC sampler (CAMAG) as
previously described (58). Membranes were blocked with 2% BSA, then
probed with the same primary (1 ug/ml) and secondary antibodies (dilut-
ed 1:30,000) as for ELISA. Chemiluminescence detection was performed
using ECL plus (Amersham; GE Healthcare). Digitized film images were
analyzed and quantified by the array analysis component of ImageQuant
TL software (Amersham; GE Healthcare).

C. jejuni. Bacteria were cultured on Skirrow agar medium (E & O Labora-
tories Ltd.) and maintained under microaerophilic conditions. For inacti-
vation, bacteria were suspended in PBS and placed in a UV crosslinker for
30 minutes or suspended in 4% PFA for 25 minutes.

FACS analysis. For FACS analysis, anti-ganglioside mAbs were used at
10 ug/ml, CTB-FITC at 1 ug/ml, and Thy-1 (CD90; Abcam) at 7.8 ug/ml in
PBS. Secondary antibodies (anti-mouse IgG-FITC) were used at 3.3 ug/ml,
and cells were rinsed by pelleting in PBS. FACS analysis was performed
using a FACScan flow cytometer (BD).

Statistics. The Mann-Whitney U test was used for statistical analyses of
nonparametric immunohistological data; otherwise, 1-way ANOVA was
used to determine statistical significance, both employing a 5% level of
significance. Data are represented as box-and-whisker plots, with the
horizontal line representing the median. One quarter of the data lying
above the median and one quarter of the data lying below the median are
represented by the large box, and the vertical lines on either side show
the remaining quarters of the data lying above and below the interquar-
tile ranges. For clarity, outliers are not shown, but they were included in
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the statistical analysis. To assess whether binding to GM1 complexes was
statistically different from binding to GM1 alone on ELISA and PVDF
array, general linear model ANOVA was used. Dunnett’s method was
employed to maintain a family error rate of less than 0.05 for multiple
comparisons to the control level. Differences between DG1 and DG2
binding to each complex were assessed by the 2-tailed 2-sample ¢ test.
Bonferroni’s correction was applied in view of the multiple comparisons
being made, again to maintain a family error rate of less than 0.05. The
normality of each data set was verified by the Kolmogorov-Smirnov test
(with P> 0.15 indicating normality).
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