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TOP ICAL REVIEW

Pathophysiological actions of neuropathy-related
anti-ganglioside antibodies at the neuromuscular junction
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The outer leaflet of neuronal membranes is highly enriched in gangliosides. Therefore, specific
neuronal roles have been attributed to this family of sialylated glycosphingolipids, e.g. in
modulation of ion channels and transporters, neuronal interaction and recognition, temperature
adaptation, Ca2+ homeostasis, axonal growth, (para)node of Ranvier stability and synaptic
transmission. Recent developmental, ageing and injury studies on transgenic mice lacking
subsets of gangliosides indicate that gangliosides are involved in maintenance rather than
development of the nervous system and that ganglioside family members are able to act in
a mutually compensatory manner. Besides having physiological functions, gangliosides are the
likely antigenic targets of autoantibodies present in Guillain-Barré syndrome (GBS), a group of
neuropathies with clinical symptoms of motor- and/or sensory peripheral nerve dysfunction.
Antibody binding to peripheral nerves is thought to either interfere with ganglioside function or
activate complement, causing axonal damage and thereby disturbed action potential conduction.
The presynaptic motor nerve terminal at the neuromuscular junction (NMJ) may be a prominent
target because it is highly enriched in gangliosides and lies outside the blood–nerve barrier,
allowing antibody access. The ensuing neuromuscular synaptopathy might contribute to the
muscle weakness in GBS patients. Several groups, including our own, have studied the effects of
anti-ganglioside antibodies in ex vivo and in vivo experimental settings at mouse NMJs. Here,
after providing a background overview on ganglioside synthesis, localization and physiology,
we will review those studies, which clearly show that anti-ganglioside antibodies are capable of
binding to NMJs and thereby can exert a variety of pathophysiological effects. Furthermore,
we will discuss the human clinical electrophysiological and histological evidence produced so
far of the existence of a neuromuscular synaptopathy contributing to muscle weakness in GBS
patients.
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Gangliosides are ubiquitous glycosphingolipids but are
highly enriched in neurons, suggesting neuron-specific
physiological functions. Furthermore, they are neuronal
receptors for various paralytic microbial toxins and
form antigenic targets for anti-ganglioside antibodies
that are present in forms of Guillain-Barré syndrome
(GBS), a neuropathy characterized by dysfunction

of motor- and/or sensory peripheral nerves. Besides
immune targeting of nerve trunks and roots, these
anti-ganglioside antibodies may also bind to the motor
nerve terminal at the neuromuscular junction (NMJ),
which is especially rich in gangliosides, and thus mediate
a neuromuscular synaptopathy, i.e. a structural and/or
functional dysfunction of the NMJ resulting in block of
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synaptic transmission. Interestingly, symptoms of GBS
and some known NMJ disorders overlap. We here review
the animal experimental and human clinical electro-
physiological evidence of a neuromuscular synaptopathy
in anti-ganglioside antibody-mediated GBS, against the
background of the physiological roles of gangliosides in
neurons and synapses and the structure and function of
the NMJ.

Gangliosides

Structure and biosynthesis. Gangliosides are amphi-
philic molecules that associate with plasma- and
intracellular membrane compartments. In the plasma
membrane, the hydrophobic ceramide tail inserts in

the membrane and the hydrophilic oligosaccharide
moiety is displayed extracellularly (Figs 1 and 2C). The
carbohydrate portion consists of a variable backbone chain
of neutral sugars linking one or more negatively charged
sialic acid residues (also called neuraminic acid, NeuAc),
which defines gangliosides as a distinct glycosphingolipid
group. The nomenclature is according to Svennerholm
(Svennerholm, 1994), designating gangliosides as GXyz,
where G indicates ganglioside, X is a letter representing
the number of sialic acid molecules (M, one; D, two;
T, three; Q, four), y is a number indicating the length
of the neutral sugar sequence (defined as 5 minus the
number of residues) and z is a letter indicating the iso-
meric form, reflecting the position(s) and linkage(s) of
the sialic acid residues (a, b or c). Ganglioside biosynthesis

Figure 1. The synthesis pathways of gangliosides and indication of the deficient ganglioside subsets in
GD3s- and GM2s-KO mice
Ganglioside nomenclature is according to Svennerholm (1994). GM2s-KO mice lack complex gangliosides (light
grey rectangle); GD3s-KO mice lack b- and c-series gangliosides (dark grey rectangle). NeuAc, N-acetylneuraminic
acid (= sialic acid); GalNAc, N-acetylgalactosamine.
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takes place in the Golgi complex in parallel pathways by
the addition of neutral sugar and sialic acid moieties
to a glucosylceramide molecule (Fig. 1), catalysed by
specific glycosyltransferases (Yu et al. 2004; Maccioni,
2007). The simple gangliosides GM3, GD3 and GT3 form
the basis for complex gangliosides of the a-, b- and c-series,
respectively.

Regional and subcellular localization. Gangliosides are
particularly abundant in neurons. They compose 10–20%
of the total lipid of the outer neuronal membrane layer,
ten times more than in non-neuronal cells (Ledeen, 1985).
Membrane gangliosides are (mainly, but not exclusively)
present in small dynamic membrane ‘rafts’ characterized
by high concentrations of (glyco-)sphingolipids and

Figure 2. Structure and function of the
neuromuscular junction
A, schematic diagram depicting the
neuromuscular junction (NMJ) and a
perisynaptic Schwann cell. In excised
muscle–nerve preparations, e.g. mouse
diaphragm–phrenic nerve, the synaptic
signals following from the release of ACh
from the presynaptic motor nerve terminal
can be measured intracellularly with a
micro-electrode inserted in the muscle fibre
near the NMJ. B, example intracellular
recordings. Left: muscle fibre action
potential triggered by successful synaptic
transmission in response to nerve
stimulation (arrow). Middle: a bare endplate
potential (EPP), following from nerve
stimulation (arrow) after blocking the
muscle fibre Na+ channels with the
pharmacological tool μ-conotoxin-GIIIB.
Right: a miniature endplate potential, the
synaptic event following from spontaneous
uniquantal ACh release from the
presynapse. C, schematic drawing of a NMJ,
indicating the most important functional
components for synaptic transmission.
Gangliosides presumably co-localize with
several proteins important for
neurotransmitter release (e.g. Ca2+
channels) in lipid ‘rafts’ at active zones in
the presynaptic membrane. AChR, ACh
receptor; AChE, acetylcholinesterase; ColQ,
collagen-Q.
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cholesterol (Simons & Ikonen, 1997; Kasahara et al. 2000;
van der Goot & Harder, 2001; Vyas et al. 2001; Prinetti
et al. 2001; Pike, 2006; Fujita et al. 2007; Hanzal-Bayer
& Hancock, 2007). These rafts also contain specific
proteins, e.g. GPI-anchored proteins, G-proteins and
kinases, suggesting raft-associated signalling functions
(van der Goot & Harder, 2001). Relatively recently it was
realized that gangliosides may play an active role in the
formation of lipid membrane domains, instead of only
being taken up passively (Sonnino et al. 2007; Silveira e
Souza et al. 2008).

Different nervous system structures can express
different ganglioside patterns and levels (Schwarz &
Futerman, 1996; Ogawagoto & Abe, 1998). This suggests
regional-specific functions and possibly explains the
specific clinical pictures amongst neuropathies associated
with distinct types of anti-ganglioside antibodies (see
below). For instance, human spinal cord contains a 2-fold
higher ganglioside level than cauda equina, and sensory
nerves contain 30% more ganglioside than motor nerves
(Svennerholm, 1994). GM1 ganglioside is expressed
relatively highly in ventral compared to dorsal root nerve
myelin (Ogawa-Goto et al. 1992), although not confirmed
by others (Svennerholm, 1994). Another example is the
enrichment of GQ1b ganglioside in oculomotor nerve
(Chiba et al. 1997). In addition, anti-GQ1b, -GT1a
and -GD1b antibodies readily bind to NMJs in human
extraocular muscles but not in axial and limb muscles (Liu
et al. 2009). However, muscle spindles in the latter groups
clearly bound antibodies. Immunohistochemical study of
ganglioside localization is complicated by the shielding of
some types of gangliosides by other glycolipids, preventing
binding of certain antibodies (Schwarz & Futerman, 1996;
Greenshields et al. 2009). Thus, lack of specific anti-
body binding does not necessarily prove absence of the
ganglioside.

There are subcellular differences in ganglioside
expression. For instance, several gangliosides specifically
immunolocalize to either dendritic or somatic sites of
cerebellar Purkinje cells and retina neurons, while being
absent at axons and presynaptic nerve terminals (Schwarz
& Futerman, 1996). Myelinated peripheral nerve axons
have GM1 and GD1a enrichment at paranodal regions of
nodes of Ranvier (Willison & O’Hanlon, 1999; Susuki et al.
2007). Cranial nerves subserving in oculomotor function
have a relatively high GQ1b expression, also selectively at
paranodal regions (Chiba et al. 1993, 1997). Furthermore,
synaptic membrane contains a specific ganglioside content
profile (Waki et al. 1994). GM1 has been shown to
preferentially localize at pre- and postsynaptic membranes
in cerebral cortex tissue (Hansson et al. 1977). A special
class (known as Chol-1 antigens, consisting of α-isomeric
forms of GM1, GD1, GT1b, GT1a and GQ1b) appears to
be exclusively present at CNS cholinergic nerve terminals
as well as at the NMJ (Derrington & Borroni, 1990;

Schwarz & Futerman, 1996; Ando et al. 2004). At motor
nerve terminals at the NMJ of humans and experimental
animals, multiple types of gangliosides, including GQ1b,
GM1, GD1a, GD1b, GT1a and GD3, are present although
the specific profile may vary between different muscles
and species (Schluep & Steck, 1988; Illa et al. 1995; Plomp
et al. 1999; Goodyear et al. 1999; Goodfellow et al. 2005;
Liu et al. 2009; Greenshields et al. 2009). Furthermore,
perisynaptic Schwann cells at NMJs of some mouse strains
express gangliosides, in particular GD3 (Halstead et al.
2005b).

Physiological functions. Functions of gangliosides post-
ulated so far include modulation of membrane proteins,
neural development, cell–cell interaction/recognition,
temperature adaptation, neuronal Ca2+ homeostasis,
axonal growth, (para)node of Ranvier stability and
synaptic transmission (Ando, 1983; Ledeen, 1985; Thomas
& Brewer, 1990; Rahmann et al. 1992; Wu & Ledeen, 1994;
Lloyd & Furukawa, 1998; Ledeen & Wu, 2006; Susuki et al.
2007). While older studies assessed function by studying
the effects of exogenous ganglioside application on in
vitro systems, recent generation of transgenic mice lacking
ganglioside-synthesizing enzymes allowed investigations
into the function of endogenous gangliosides (Sheikh et
al. 1999; Kawai et al. 2001; Okada et al. 2002; Inoue et al.
2002; Sugiura et al. 2005; Jennemann et al. 2005; Zitman
et al. 2008, 2009). The main hypothesized functions of
gangliosides will be discussed below.

Modulation of membrane protein function. Gangliosides
may affect neuronal membrane protein function through
(1) influencing the fluidity of the plasma membrane
surrounding the protein (Kappel et al. 2000) and (2) an
electrostatic influence of the negatively charged sialic acid
residues, either directly or indirectly through membrane
surface charge (Green & Andersen, 1991; Aubin &
Prestegard, 1993; Salazar et al. 2004). Studies applying
exogenous gangliosides have suggested modulatory
actions on membrane-bound enzymes (Partington &
Daly, 1979), ion pumps (Caputto et al. 1977; Leon et al.
1981) and ion channels (Leon et al. 1981; Carlson et al.
1994; Kappel et al. 2000; Salazar et al. 2004), hormone
receptors (Bremer & Hakomori, 1982) and proteins
involved in the membrane flux and intracellular homeo-
stasis of Ca2+ (Wu et al. 1990; Wu & Ledeen, 1994; Wu
et al. 2001, 2007. For reviews see Ando, 1983; Lloyd &
Furukawa, 1998; Yates & Rampersaud, 1998; Ledeen &
Wu, 2002). Recent studies using specific anti-ganglioside
antibodies suggest a relationship between gangliosides and
function of voltage-gated Ca2+ channels (Ortiz et al. 2001;
Santafé et al. 2005; Buchwald et al. 2007; Nakatani et al.
2009).

Neural development. Developmental roles are suggested
from the observation that ganglioside composition
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varies considerably in distinct nervous structures
during embryogenesis, ageing or regeneration (Lloyd &
Furukawa, 1998; Ngamukote et al. 2007). Furthermore,
early studies showed neurotrophic and neuritogenic
activity of exogenously applied gangliosides (Ledeen,
1984), as well as enhanced reinnervation and restoration
of functional NMJs after peripheral nerve crush (Gorio
et al. 1980). In contrast, in mice with brain-specific
deletion of all glycosphingolipids, including gangliosides,
embryogenesis proceeded normally; however, pups
died from neurodegeneration within 3 weeks of birth
(Jennemann et al. 2005). This excludes a role for
gangliosides in neurodevelopment and, rather, suggests
roles in maturation, maintenance or repair. This is
supported by a progressive, late-onset (8–16 months)
phenotype of motor coordination, gait deficits, tremor
and catalepsy in mice null-mutant for GM2/GD2-synthase
(GM2s-KO) (Chiavegatto et al. 2000; Sugiura et al. 2005),
thereby lacking complex gangliosides (Fig. 1). Young
GM2s-KO mice show no phenotype, but have histological
signs of peripheral nerve degeneration (Sheikh et al.
1999), worsening upon ageing (Sugiura et al. 2005).
GD3-synthase knockout (GD3s-KO) mice, lacking b- and
c-series gangliosides (Fig. 1), display no overt phenotype
(Kawai et al. 2001; Okada et al. 2002), but show impaired
nerve regeneration (Okada et al. 2002). Compound
null-mutant mice lacking both GM2/GD2-synthase and
GD3-synthase only express GM3 (Fig. 1). They appear
normal at birth but show sudden death with ∼50%
survival at 3–6 months (Kawai et al. 2001; Inoue et al.
2002). Skin lesions develop at > 6 months of age,
apparently due to sensory nerve impairment (Inoue
et al. 2002). Any interpretation of observations in
partially ganglioside-deficient mice is confounded by
possible compensatory effects of the remaining types of
gangliosides, which accumulate (Takamiya et al. 1996;
Kawai et al. 2001; Okada et al. 2002; Handa et al.
2005).

Synaptic function. A role in synaptic function has been
suggested from biochemical, morphological and in vitro
functional studies (Thomas & Brewer, 1990; Ando et al.
1998, 2004). Firstly, ganglioside density in synaptic
membranes is high (Thomas & Brewer, 1990; Ando
et al. 2004). Secondly, bath-applied GM1 and GQ1b
increase K+-evoked neurotransmitter release from rat
brain synaptosomes, presumably via Cav2.2 Ca2+ channels
(Tanaka et al. 1997). Thirdly, synapse plasticity in brain
slices is affected by bath-applied gangliosides (Wieraszko
& Seifert, 1985; Ramirez et al. 1990; Egorushkina et al.
1993; Tanaka et al. 1997; Furuse et al. 1998; Fujii et al.
2002). Fourthly, gangliosides co-localize in lipid rafts with
key transmitter release proteins (e.g. Ca2+ channels and
SNAREs) (Chamberlain et al. 2001; Lang et al. 2001; Salaun
et al. 2004; Taverna et al. 2004; Davies et al. 2006). Lastly,

poly-sialylated gangliosides bind Ca2+, a crucial ion in
transmitter release (Rahmann et al. 1992).

Recently, we assessed directly if heterogeneity of endo-
genous gangliosides is essential for synaptic transmission
by studying the electrophysiology of NMJs of mice
lacking one or more ganglioside-synthesizing enzymes.
At NMJs of GM2s-KO mice, a surprising redundancy
of complex gangliosides (including GM1, GD1a and
GD1b, see Fig. 1) was found for acetylcholine (ACh)
release (Bullens et al. 2002). At standard measuring
conditions (2 mM extracellular Ca2+, room temperature)
none of the measured parameters differed from wild-type
and heterozygous controls. In temperature-variation
experiments, however, ∼30% reduced ACh release was
found at 17◦C, suggesting that complex gangliosides are
involved in temperature-stabilization of synaptic trans-
mission, as hypothesized by others (Rahmann et al.
1998). Further studies at NMJs of GD3s-KO mice as
well as of compound null-mutant mice lacking both
GD3s and GM2s showed a further redundancy of most
gangliosides in synaptic transmission (Zitman et al.
2008). No major deficits were found in either mutant.
However, compared to wild-type, ACh release at high
intensity (40 Hz) nerve stimulation ran down slightly
(but statistically significantly) more than at compound
null-mutant NMJs. Furthermore, a temperature-specific
increase of ACh release was observed at 35◦C at GD3s-KO
NMJs. These studies showed that synaptic transmission at
the NMJ is not crucially dependent on most gangliosides
and remains largely intact in the presence of GM3
only. We also investigated aged (> 9 months old) GM2s-
and GD3s-KO mice, because synaptic dysfunction might
develop with age and may contribute to the late-onset
neurological phenotype of GM2s-KO mice (Chiavegatto
et al. 2000; Sugiura et al. 2005). However, we found
only subtle changes in presynaptic function (Zitman
et al. 2009). ACh release at 40 Hz nerve stimulation
at GM2s-KO NMJs ran down slightly more than
at wild-type NMJs, and spontaneous ACh release at
GD3-synthase null-mutant NMJs was somewhat higher
than at wild-type, selectively at 25◦C. Interestingly, we
observed faster rising and decaying phases of postsynaptic
responses at aged GD3s-KO NMJs, not previously seen in
young GD3-synthase null-mutants or other types of (aged
or young) ganglioside-deficient mice. The kinetic changes
may reflect changes in postsynaptic ACh receptor (AChR)
function. This effect, however, was relatively small and
apparently did not endanger successful neurotransmission
at the NMJ, as no muscle weakness was observed in these
mice. The overall conclusion is that gangliosides may
modulate temperature- and use-dependent fine-tuning of
transmitter release, but are largely dispensable players in
transmitter release. After all, synapses exist and function
in Drosophila melanogaster, despite this organism’s
inability to synthesize gangliosides (Roth et al. 1992;
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Chen et al. 2007), showing that gangliosides are not
absolutely required for synapse function. Mice lacking
both GM3- and GM2-synthase show neurodegeneration
and live only a few weeks (Yamashita et al. 2005). It would
be interesting to study their synaptic transmission to assess
(compensatory) roles of GM3.

Ganglioside-related disorders

Disorders exist with (1) disturbed ganglioside synthesis or
breakdown and (2) autoantibodies against gangliosides.
Examples of the first category are an infantile epilepsy
syndrome (Simpson et al. 2004) and GM1- and
GM2-gangliosidosis (Maegawa et al. 2006; Brunetti-Pierri
& Scaglia, 2008). There is preliminary evidence of
disturbed ganglioside metabolism in Huntington’s disease
(Desplats et al. 2007), multiple sclerosis (Marconi et al.
2006) and Alzheimer’s disease (Ariga et al. 2008). With
respect to the second category, GBS is the most common
form of acute neuromuscular paralysis with an annual
incidence of about 1–2 per 100 000 (Willison & Yuki, 2002;
van Sorge et al. 2004; Ang et al. 2004; Hughes & Cornblath,
2005; Winer, 2008; van Doorn et al. 2008). Autoimmunity
to gangliosides is thought to cause the neurological
symptoms, although antibodies are detectable by current
methods in only about half of the patients, predominantly
those with axonal forms. GBS is characterized by muscle
weakness, areflexia and possible sensory disturbance.
Weakness peaks at ∼4 weeks from onset and, although
most patients recover completely or partially, there is
∼5–10% mortality. A spectrum of clinical, serological
and electrodiagnostic characteristics exist, but distinct
variants can be discriminated (Willison & Yuki, 2002).
The most common form in the Western world is acute
inflammatory demyelinating polyneuropathy (AIDP),
hallmarked by demyelination, mostly without axonal
damage. In other forms, more frequent in Asia, axonal
degeneration without demyelination occurs in either
motor axons only (acute motor axonal neuropathy,
AMAN) or both motor and sensory axons (acute motor
and sensory axonal neuropathy, AMSAN). Miller Fisher
syndrome (MFS), a less common variant, is characterized
by ophthalmoplegia, areflexia and ataxia and, sometimes,
facial and bulbar weakness with good recovery
(Lo, 2007).

GBS subtypes seem to be associated with specific
anti-ganglioside antibodies. AMAN and AMSAN are
associated with IgG antibodies against (combinations
of) either GM1, GM1b, GD1a or GalNAc-GD1a. MFS
is very strongly associated (> 90% of cases) with IgG
antibodies against GQ1b, often cross-reactive to GD3
and GT1a. In AIDP, anti-ganglioside antibodies have
not been consistently shown to relate to particular
phenotypes. Anti-GQ1b antibodies are furthermore often

present in GBS forms with concomitant ophthalmoplegia.
Very recently it was found that GBS patients can have
antibodies that bind (at least in ELISA) to a specific
combination of gangliosides and much less to the
individual molecules (Kusunoki et al. 2008). About 17%
of GBS sera had antibodies against a combination of two
of the major gangliosides GM1, GD1a, GD1b and GT1b.
Interestingly, antibodies against GD1a/GD1b and
GD1b/GT1b complexes were associated with severe
disease requiring ventilation (Kaida et al. 2007). In MFS,
the incidence of anti-complex antibodies seems higher.
Seven of 12 MFS sera (of which 10 were also positive for
antibodies against GQ1b alone) were positive for anti-
bodies against a complex of at least GQ1b or GT1a and
another ganglioside such as GM1, GD1b, GD1a, GM1 or
GT1b (Kaida et al. 2006).

Important early direct evidence supporting the
hypothesis that anti-ganglioside antibodies cause neuro-
pathy came from the observation that seven patients
developed high titres of anti-ganglioside antibodies and
a GBS-like motor neuropathy after therapeutic injection
of a GM1, GD1a, GD1b and GT1b mixture (intended for
pain treatment) (Illa et al. 1995).

More recently, the hypothesis was put forward that
anti-ganglioside antibodies in GBS arise through a
molecular mimicry mechanism (Ang et al. 2004; Yuki &
Koga, 2006). About two-thirds of the patients experience
a preceding airway or gastrointestinal infection, the
latter being frequently caused by Campylobacter jejuni.
Lipo-oligosaccharides present on isolated C. jejuni
have been shown to contain ganglioside-like structures,
recognized by anti-ganglioside antibodies of GBS patients.
Thus, anti-ganglioside antibodies most likely arise
through an immune response against C. jejuni, and sub-
sequently cause neuropathy by cross-reacting with peri-
pheral nerve gangliosides, probably involving complement
activation (Ramaglia et al. 2008). Only about one per
3000 C. jejuni-infected people develop GBS. Therefore,
either the specific C. jejuni strain involved in a particular
GBS patient must be of a special nature (e.g. bear
ganglioside-like epitopes on their lipo-oligosaccharides
mantle), or the host must have a susceptibility factor
to cause post-infectious GBS, or a combination of the
two conditions must be met. Indeed, gene variants
in carbohydrate-synthesizing enzyme gene clusters of
C. jejuni strains isolated from GBS patients were found
that enable the synthesis of ganglioside-like epitopes.
Probably host susceptibility factors are immunoregulatory
genes, although recent studies showed no relationship
between GBS and certain HLA class II alleles or
CD1 gene polymorphisms. However, single-nucleotide
polymorphisms of genes encoding Fcγ-receptor-III,
matrix metalloproteinase-9, tumour necrosis factor-α and
mannose-binding lectin are associated with (the severity
of) GBS (van Doorn et al. 2008).

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



J Physiol 587.16 Anti-ganglioside antibodies and the NMJ 3985

The NMJ as a potential target of anti-ganglioside
antibodies

Besides damaging axons, it was hypothesized 15 years
ago that GBS-associated anti-ganglioside antibodies
may target the NMJ. The presynaptic membrane is
gangliosides-rich and, lying outside the blood–nerve
barrier, readily accessible to circulating antibodies.
Furthermore, GBS symptoms overlap with those of known
NMJ disorders/intoxications such as botulism where
Clostridium botulinum neurotoxins bind to presynaptic
gangliosides at NMJs (Bullens et al. 2002), myasthenia
gravis with antibodies against postsynaptic neuro-
transmitter receptors, and organophosphate poisoning
(Dörr et al. 2006; van Doorn et al. 2008; Silverstein et al.
2008).

Structure and function of the NMJ. The NMJ transmits
impulses from a motor neuron onto a skeletal muscle fibre
(Ruff, 2003; Slater, 2008). Myelinated axons originating
from motor neuron somata in the spinal cord anterior
horn travel through a peripheral nerve into a muscle,
branch off and innervate multiple fibres. Generally, each
fibre has only one, single-innervated, NMJ (although
during embryonic and perinatal development, multiple
innervation occurs on a large scale; it remains present
only at some special muscles, e.g. extraocular muscle). The
distal axon ending (< 100 μm) loses myelin but, instead,
is covered by 3–5 perisynaptic Schwann cells (Figs 2A and
3), involved in stabilization, regeneration and possibly also
transmitter release modulation (Auld & Robitaille, 2003).
Presynaptic terminals synthesize and release the neuro-
transmitter ACh in a tightly controlled way. A mouse
motor nerve terminal contains 250 000–350 000 synaptic
vesicles, each containing ∼10 000 ACh molecules (a
‘quantum’). The smaller human nerve terminals probably
contain fewer vesicles (Slater, 2008). ACh is synthesized
from cytosolic choline and acetylcoenzyme A and loaded
into vesicles by a specific transferase. It is exocytosed
at active zones by a release machinery composed of
several structural and functional proteins (Sudhof, 2004)
(Figs 2C and 3). A crucial functional protein is the
voltage-gated Ca2+ channel (Cav2.1, at mammalian
NMJs), which allows for Ca2+ influx that stimulates the
neuroexocytotic machinery. Spent vesicles are recycled,
probably in two different pools, depending on trans-
mitter release rate (Perissinotti et al. 2008). A proportion
of the released ACh is degraded by acetylcholinesterase
in the synaptic cleft. The remainder binds and opens
AChRs, clustered at high density (∼10 000–20 000 μm−2)
at the tops of the typical postsynaptic membrane foldings
(Figs 2 and 3). This allows the influx of positive charge,
gating voltage-gated Nav1.4 channels in the folds. This
causes an action potential along the muscle fibre which
stimulates the contraction mechanism (Beam et al. 1989).

AChR-mediated depolarizations can be measured as mini-
ature endplate potentials (MEPPs, ∼1 mV), resulting from
spontaneous release of single ACh quanta, and endplate
potentials (EPPs, ∼20–40 mV), upon release of multiple
quanta (‘quantal content’) by a nerve impulse (Fig. 2B and
C). These events can be measured electrophysiologically
with relative ease in muscle–nerve preparations from
experimental animals or in biopsied human tissue (Fig. 2A
and B). EPPs, not MEPPs, will normally trigger an action
potential. A 3–5 × safety factor exists, i.e. the EPP is much
larger than required to trigger an action potential (Wood
& Slater, 2001), ensuring robustness of transmission, even
at high rate when EPP rundown occurs.

Experimental evidence for synaptopathic actions of
anti-ganglioside antibodies at the NMJ. Overview of our
experimental mouse NMJ studies using patient sera and
mouse monoclonal antibodies against gangliosides. First
experimental indication that anti-ganglioside antibodies
can harm NMJs came from Roberts who exposed ex
vivo mouse diaphragms to three anti-GQ1b-positive MFS
sera and observed transmission block (Roberts et al.
1994). Extensive studies by us on many MFS sera as
well as purified IgG and human anti-GQ1b mono-
clonal antibody (mAb) elucidated pathophysiology in
detail (Plomp et al. 1999). Firstly, immunohistochemistry
showed that anti-GQ1b IgG and IgM bind to the
NMJ. Secondly, electrophysiological analysis revealed a
temporary (tens of minutes) but dramatic rise in MEPP
frequency, peaking at a several 100-fold higher level
than normal (Fig. 3), and that nerve stimulation-evoked
ACh release became permanently blocked, paralysing
the muscle. This effect resembled that of α-latrotoxin,
from the black widow spider, which binds NMJs
presynaptically and stimulates neuroexocytosis via second
messengers as well as by forming pores that conduct
ions, including Ca2+, causing massive ACh release and
structural damage (Sudhof, 2001; Ushkaryov, 2002).
Therefore, we coined the effect of anti-GQ1b antibodies as
the ‘α-latrotoxin-like effect’. These effects were completely
dependent on the activation of the complement cascade
that is triggered by bound antibody (Walport, 2001).
This was shown by loss of pathophysiological potency
of sera by heating (30 min, 56◦C), known to inactivate
complement. Furthermore, anti-GQ1b IgG or IgM mAb
only exerted pathophysiological effects when normal
human serum was added as a complement source.
In addition, complement deposition at NMJs was
shown immunohistologically. Asynchronous twitching
of muscle fibres paralleled the dramatically increased
MEPP frequency. This disappeared upon AChR block
by d-tubocurarine, excluding muscle fibre membrane
malfunction as cause. Electrophysiological recordings
showed that MEPPs frequently became superimposed
due to high frequency and that summed potentials

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



3986 J. J. Plomp and H. J. Willison J Physiol 587.16

occasionally reached threshold and triggered an action
potential. This twitching was used as easy readout in a
bioassay where we tested synaptopathic potency of large
numbers of MFS and GBS sera (Jacobs et al. 2002).
Muscle strips were pre-incubated with heated serum and

twitching was scored during incubation with normal
human serum as complement source. In this way we found
∼80% of anti-GQ1b-positive MFS sera to induce NMJ
synaptopathy, as well as 10% of the (non-MFS) GBS sera,
80% of them being anti-GQ1b-positive.

Figure 3. Overview of the ultrastructural and electrophysiological deleterious effects of anti-
ganglioside antibodies when targeting either the motor nerve terminal alone, the perisynaptic Schwann
cells alone, or both of these structures
Effects of anti-ganglioside antibodies and complement in ex vivo incubation studies on NMJs of mouse
muscle–nerve preparations. For details see Halstead et al. (2005b). Electron microscopy shows that immunotargeted
motor axon terminals become disorganized and swollen with a reduced synaptic vesicle density and damaged
mitochondria. Immunotargeted Schwann cells are ultrastructurally characterized by a swollen, electron-lucent
appearance and damaged organelles. Electrophysiologically, nerve terminal damage was hallmarked by a
temporary dramatic increase in spontaneous uniquantal ACh release (measured as miniature endplate potential
frequency), leading to block of evoked release (measured as endplate potentials) upon nerve stimulation. The
moment of stimulation in the signals of the right column is indicated by a dot and a stimulus artefact can be
seen. Interestingly, acute damage of perisynaptic Schwann cells did not change the presynaptic release or the
postsynaptic effect of ACh, indicating that any modulatory effect of these cells on synaptic transmission is only to
occur in the longer term. Scale bars in electron micrographs, 500 nm.
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We immunized mice with lipo-oligosaccharides from
GBS-associated C. jejuni and cloned mAbs that bound
both lipo-oligosaccharides and gangliosides GQ1b, GT1a
and GD3 (Goodyear et al. 1999). Besides showing
that molecular mimicry is a likely mechanism for
the generation of autoantibodies in MFS/GBS, this
yielded a valuable set of anti-GQ1b/GD3/GT1a mAbs. At
mouse diaphragm NMJs, these mAbs potently induced
identical synaptopathic effects as produced earlier with
anti-GQ1b-positive MFS and GBS sera and the human
anti-GQ1b mAb. Again, antibody and complement
deposits at NMJs were clearly shown (Fig. 4A and B). Sub-
sequently, we investigated whether block of evoked ACh
release (measured as EPPs) either occurred directly, or
secondarily after the dramatic increase in MEPP frequency
(Bullens et al. 2000). Before and after incubation of NMJs
with purified anti-GQ1b-positive MFS IgG or the mouse
anti-GQ1b/GD3 mAb CGM3, we measured the evoked
ACh release. However, no change was found, showing
that antibodies alone do not block evoked ACh release
but that this occurs either as a complement-dependent
effect, subsequent or parallel to the dramatic increase in
MEPP frequency. It may occur either by transmitter vesicle
depletion or presynaptic damage. While the first seems
excluded because high frequency MEPPs stay for some
time after block of evoked release (Plomp et al. 1999),
the latter was clearly shown in immunofluorescence and
electron microscopy (O’Hanlon et al. 2001). The electro-
physiological effects coincide with loss of the cytoskeletal
proteins neurofilament (heavy, 200 kDa) and type III
β-tubulin (Fig. 4C and D). Ultrastructurally, disorganized
terminals with a reduced synaptic vesicle density and
swollen and damaged mitochondria were observed (Fig.
3), with synaptic clefts often infiltrated by Schwann
cells. Immunogold labelling demonstrated a specific pre-
synaptic binding of anti-GQ1b antibody (Halstead et
al. 2004), confirming the electrophysiological absence of
postsynaptic effects, e.g. MEPP amplitude reduction due
to AChR block. Together, these observations suggested
that anti-GQ1b antibody and complement destroy the

Figure 4. Immunohistochemical characterization of the
deleterious effects of anti-ganglioside antibodies
Mouse neuromuscular junctions in ex vivo muscle nerve preparations
were incubated with anti-GQ1b antibody CGM3 and subsequently
exposed to normal human serum as complement source.
Immunohistochemical analyses showed antibody (A, green) and
complement (B, green) deposition at the neuromuscular junctions,
delineated by acetylcholine receptor staining using fluorescently
labelled α-bungarotoxin (red). Nerve terminal damage led to loss of
neurofilament staining (green) at the terminal portion of intramuscular
axon branches (C, control condition; D, after treatment; acetylcholine
receptor staining in red in both panels). Schwann cell death occurred,
indicated by ethidium-homodimer-1 staining (E, red; acetylcholine
receptors stained green). For details see O’Hanlon et al. (2001); Bullens
et al. (2002); Halstead et al. (2005b). Scale bars, 20 μm.
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presynaptic membrane and that ensuing Ca2+ influx
activates proteases, degrading intraterminal cytoskeletal
proteins.

We characterized complement in anti-GQ1b
antibody-induced mouse NMJ synaptopathy and
showed C1q, C3c, C4 and membrane attack complex
(MAC) deposition (Halstead et al. 2004). MAC, the
final complement product, is a membrane pore-forming
conformation of factors C5b-9 (Walport, 2001), allowing
uncontrolled ion fluxes. Three complement pathways
exist which may each contribute: the classical, alternative
and lectin pathway (Walport, 2001). When anti-GQ1b
and complement were applied in Ca2+-free medium, no
C4 or MAC deposition occurred, ruling out the alternative
pathway, which is Ca2+ independent. Thus, one or both
of the remaining pathways cause the effects. Proof for
MAC as ultimate effector came from experiments with
C6-deficient serum as complement source, which did not
induce synaptopathy in C6-deficient tissue unless purified
C6 was added.

Anti-GQ1b antibodies, as defined in ELISA, may
in principle also exert NMJ synaptopathic effects by
cross-reacting to other (sialylated) antigens, such as related
glycolipids or membrane proteins. To investigate this
possibility, we performed experiments at NMJs from
GM2s-KO mice (see above) which lack GQ1b (and
GT1a, to which most anti-GQ1b antibodies cross-react
in ELISA) (Bullens et al. 2002). Monospecific anti-GQ1b
IgM mAb, EM6, as well as a MFS serum induced NMJ
synaptopathy in wild-type and heterozygous controls,
and antibody and complement deposits were shown.
However, this was not observed at NMJs of homozygous
GM2s-KO mice, showing that GQ1b is the real target
of ELISA-defined anti-GQ1b antibodies. We also studied
monospecific mAbs against GD3, a remaining ganglioside
in GM2s-KO mice. They induced little or no effect at
controls, while at GM2s-KO NMJs they elicited clear
synaptopathic effects. This indirectly showed that GD3 is
upregulated at GM2s-KO NMJs, as in GM2s-KO brain
(Takamiya et al. 1996), or becomes available for anti-
body binding due to the absence of steric hindering by
the missing gangliosides. More importantly, they show
that GD3 can substitute for GQ1b as an antigenic target
in mediating synaptopathic effects at NMJs. We sub-
sequently hypothesized that any specific anti-ganglioside
mAb could induce synaptopathy, given the presence of
a sufficiently high presynaptic density of the specific
ganglioside. This hypothesis was tested by exposing NMJs
from GD3s-KO mice (lacking b- and c-series gangliosides,
and having upregulated GD1a) and GM2s-KO mice
(lacking GD1a) to anti-GD1a mAb MOG35 (Goodfellow
et al. 2005). This mAb readily induced the expected
complement-mediated effects at GD3s-KO NMJs but
failed to do so at GM2s-KO and wild-type NMJs.
Anti-GD1a antibodies are often present in AMAN-GBS.

GD3s-KO NMJs exposed to anti-GD1a-positive AMAN
sera clearly developed synaptopathy whilst wild-type
NMJs only showed moderately increased MEPP frequency
without transmission block. This suggested that NMJ
dysfunction may be a factor in the motor symptoms
of AMAN. Recently, we also studied anti-GM1 and
-GD1b mAbs and showed that they too can induce
complement-dependent synaptopathy, at GD3s-KO and
wild-type mouse NMJs, respectively. We made the
interesting observation that for some anti-GM1 mAbs the
antigenic GM1 is shielded by neighbouring gangliosides
in the living neuronal membrane and only becomes
available for binding under certain conditions such
as created by freezing or fixation (Greenshields et al.
2009). Together, all these experimental studies show that
many anti-ganglioside antibodies are capable of inducing
complement-dependent neuropathogenic effects at the
mouse motor nerve terminal, as long as the antigenic
ganglioside is expressed at high enough density and is
accessible for antibody.

Recently we generated the first paralytic in vivo
mouse model for MFS (Halstead et al. 2008b). Intra-
peritoneal injection of anti-GQ1b/GD3 mAb CGM3
caused respiratory paralysis within hours and excised
diaphragms appeared almost completely paralysed. This
was due to antibody and complement causing trans-
mission block at many (∼70%) NMJs, shown by
morphological and electrophysiological analyses. This
in vivo model required co-injection of human serum
as complement source. Apparently, mouse complement
was insufficiently activated to induce synaptopathy. The
molecular explanation for this is unknown.

Overview of the experimental mouse NMJ studies of
other groups. Other groups have, sometimes in different
experimental settings, also investigated the effects of
anti-ganglioside antibodies at mouse NMJs. Kishi and
associates found increases in MEPP frequency, muscle
fibre twitches and sometimes concomitant transmission
block at NMJs exposed to sera from eight GBS variant
patients, of which seven were anti-GQ1b-positive and
one anti-GD1b-positive (Kishi et al. 2003). These effects
were similar to those described by us (see above).
With an extracellular recording pipette through which
IgG and field stimulation was applied, Buchwald and
colleagues observed complement-independent, reversible
and near-complete inhibition of evoked ACh release
from presynaptic motor nerve terminals by IgG from
anti-GQ1b-positive or -negative MFS plasmas (Buchwald
et al. 1995, 1998b). Furthermore, amplitude reduction
of uniquantal responses was seen, suggesting effects on
postsynaptic AChRs (Buchwald et al. 1998b). They also
showed similar ACh release-inhibiting effects of IgG from
several GBS sera with positivity for GM1, GQ1b or
neither ganglioside, and of mouse mAbs against GM1,
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GD1a or GD1b (Buchwald et al. 1998a, 2007). Part of
the GBS IgGs (but none of the mAbs) were reported
to have a similar postsynaptic effect to the MFS IgGs,
and direct competitive block of AChRs by low-affinity
antibodies was hypothesized. From an ultrastructural
NMJ study it was concluded that MFS IgG binds pre- and
postsynaptic membranes (Wessig et al. 2001). Subsequent
study of cells expressing muscle-type AChRs showed that
GBS sera (either with activity against GQ1b, GM1 or
neither) reduce ACh-induced currents (but only in part of
the experiments) presumably through direct, competitive
block of AChRs (Krampfl et al. 2003).

Santafé and colleagues studied the effects at mouse
NMJs of serum and purified IgM mAb from a
chronic demyelinating neuropathy patient with specificity
against GM2, GalNAc-GD1a and GalNAc-GM1b, which
share a terminal sugar epitope (Ortiz et al. 2001;
Santafé et al. 2005, 2008). They found reversible
complement-independent reduction (∼40%) of evoked
ACh release and a complement-dependent increase in
spontaneous release. No postsynaptic effects were noted,
as judged by unchanged MEPP amplitude. Chronic mAb
injection into the levator auris longus muscle of live mice
greatly reduced quantal content at NMJs, as determined
ex vivo, without an accompanying rise in MEPP frequency
(Santafé et al. 2005, 2008). No mouse complement
deposition was shown. It was hypothesized that anti-GM2
mAb inhibits presynaptic Cav2.1 Ca2+ channel function,
possibly by disrupting a physiological role of GM2. A
similar inhibiting action of (rabbit) anti-GalNAc-GD1a
IgG was shown on Ca2+ current elicited in nerve
growth factor-differentiated phaeochromocytoma cells
(Nakatani et al. 2007). Anti-GM1-positive AMAN sera
and additional specificity against (combinations of) GM2,
GD1a, GD1b and GalNAc-GD1a, reduced Cav2.1 Ca2+

current in cerebellar Purkinje cells by 30–40%, without
altering activation or inactivation kinetics, thus suggesting
direct pore block (Nakatani et al. 2009). In addition,
selective inhibition of intensely used Cav2.1 channels
by anti-GM1 and -GD1a antibodies was suggested from
studies in olfactory bulb neurons (Buchwald et al. 2007).
Similarly, reversible and complement-independent block
of Ca2+ channels by anti-GalNAc-GD1a antibodies was
hypothesized from the observation that these antibodies
blocked NMJ activity-mediated muscle fibre spikes in rat
nerve–muscle co-cultures (Taguchi et al. 2004).

Together, our and other’s studies indicate that NMJs
may form targets of anti-ganglioside antibodies in
GBS. However, a unifying mechanism is not yet
established. Particularly, complement involvement in
the diverse effects of anti-ganglioside antibodies is
unclear and possibly complicated by the rather low
complement activity in many mouse strains (Rice,
1950; Ebanks & Isenman, 1996). Neuropathy-associated
anti-ganglioside antibodies are IgG-1, IgG-3 and

IgM and binding of such isotypes will inevitably
activate complement. Complement-independent effects,
therefore, might initially take place at patient NMJs,
but will probably be overwhelmed soon thereafter by
complement activation, culminating in the devastating
effects of MAC pore insertion.

Perisynaptic Schwann cells as target of anti-ganglioside
antibodies. We first observed the binding of anti-
ganglioside antibody to mouse perisynaptic Schwann
cells when we characterized the immunolocalization of
the anti-GQ1b/GD3 mouse IgM mAb CGM3 (O’Hanlon
et al. 2002). Further immunofluorescence microscopy
and immunogold electron microscopy studies confirmed
such binding and also showed with a cell death marker
(Fig. 4E) that these cells were killed by complement
activation (Halstead et al. 2004). However, they may be
activated first, because many cellular processes invade the
synaptic cleft and enwrap the nerve terminal (O’Hanlon
et al. 2001; Halstead et al. 2004). With an expanding
array of different anti-ganglioside mAbs we were able
to discriminate subsets that bind to either motor nerve
terminals, perisynaptic Schwann cells, or both, and
identify susceptibility variation between mouse strains.
mAbs induced complement-mediated injury at these
respective compartments as analysed with fluorescence-
and electron-microscopy (Figs 3 and 4) (Halstead et al.
2005b). mAbs that selectively injured perisynaptic
Schwann cells (characterized by swelling, electron-lucency
and damaged organelles) had high GD3 reactivity in
ELISA, suggesting high GD3 density on perisynaptic
Schwann cell membranes. Others reported binding of
human anti-GM2 mAb at mouse perisynaptic Schwann
cells (Santafé et al. 2005). Interestingly, in view of the
proposed functional roles of perisynaptic Schwann cells
(Auld & Robitaille, 2003), electrophysiological analyses
of NMJs of which perisynaptic Schwann cells were
acutely ablated by antibody and complement in ex vivo
experiments showed unchanged ACh release and post-
synaptic sensitivity to ACh (Halstead et al. 2005b). This
means that the proposed modulatory roles of Schwann
cells, if at all applicable to the mouse NMJ, are likely to
occur only in the longer term.

Proof of NMJ synaptopathy in anti-ganglioside
antibody-mediated human neuropathy?

Clinical electrophysiological observations in GBS patients.
The experimental studies described above strongly
suggest that anti-ganglioside antibodies may induce
NMJ synaptopathy in GBS. The question arises as
to whether there is clinical evidence. Important early
indication came from Ho and colleagues, who described
an anti-GM1-positive AMAN patient with quickly
improving paralysis (within weeks) after antibody
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removal by plasmapheresis (Ho et al. 1997). A motor-point
biopsy showed severe loss of intramuscular nerve branches
and many NMJs without motor nerve terminals. Sural
nerve biopsy was normal, excluding proximal axonal
degeneration (albeit in a sensory nerve). Importantly,
electromyography showed severely reduced compound
muscle action potentials (CMAPs), without reduced
nerve conduction velocity, and fibrillation potentials,
indicative of muscle denervation. These observations are
compatible with transmission block at many NMJs due
to anti-ganglioside antibody and complement-mediated
destruction of motor nerve terminals. The rapid
recovery indicates that only the very distal regions
of motor axons were degenerated, because more
proximal lesions with Wallerian degeneration would
have required a longer recovery period (human axons
regenerate at only < 1 mm day−1). Rapid recovery
of paralysis and CMAPs has also been found in
other (but not all) anti-GM1-positive AMAN-GBS
patients (Kuwabara et al. 1998a,b, 2002). Another early
indication of anti-ganglioside antibody-induced human
NMJ synaptopathy was provided by Illa and colleagues,
who showed presynaptic binding of anti-GM1 IgG from
GBS patients at sectioned human NMJs (Illa et al. 1995). A
first structured clinical electrophysiological study of NMJ
function in acute GBS was done by Spaans, applying
single-fibre electromyography (SFEMG) (Spaans et al.
2003). This technique measures variation (‘jitter’) in
the delay between nerve stimulus and resulting action
potential in a muscle fibre during consecutive nerve
stimulation or, upon voluntary contraction, the delay
time variations of pairs of action potentials recorded
from two fibres of the same motor unit. Although
unable to sense permanently blocked NMJs, this technique
detects critically transmitting NMJs, i.e. having EPPs with
amplitudes around the firing threshold. In all nine tested
GBS patients, 10–32% of stimulations showed impulse
blocking, not seen in healthy controls, accompanied by a
normal or slightly increased jitter value. It was concluded
that both axonal and NMJ dysfunction may cause paralysis
in GBS.

Clinical electrophysiological observations in anti-GQ1b
antibody-positive patients. Driven by the experimental
findings at mouse NMJs with MFS anti-GQ1b anti-
bodies, and the enrichment of GQ1b in oculomotor
nerve (terminals) (Chiba et al. 1997; Liu et al.
2009), patients with (anti-GQ1b-positive) MFS and
ophthalmoplegia variants of GBS have been electro-
myographically assessed for NMJ malfunction. Uncini
and Lugaresi first reported NMJ dysfunction in a
case of anti-GQ1b-positive MFS (with additional limb
muscle weakness), serially recording CMAPs during
10 weeks after onset (Uncini & Lugaresi, 1999). Severe
amplitude reduction was noted, which became maximal

at around the third week and quickly normalized in
the following 7 weeks, paralleling a disappearance of
anti-GQ1b antibodies. Nerve conduction velocity was
unchanged. Similarly, in a case of GBS with limb
and bulbar paralysis, ophthalmoplegia and anti-GQ1b
antibodies, markedly reduced CMAPs without nerve
conduction velocity loss was observed (Wirguin et al.
2002). Remarkably, incrementing CMAPs were noted at
20 Hz nerve stimulation, suggesting NMJ abnormalities
because such a phenomenon hallmarks Lambert-Eaton
myasthenic syndrome, a NMJ synaptopathy with auto-
immunity against presynaptic Cav2.1 Ca2+ channels,
reducing ACh release (Lennon et al. 1995). However,
such antibodies were not detected in this GBS patient.
In one MFS and three acute ophthalmoparesis patients
with anti-GQ1b-positivity, Lo and associates observed
increased jitter in single-fibre electromyography at
orbicularis oculi muscle which was normal again at
3 months, paralleling complete clinical recovery (Lo et al.
2004). Facial electromyography showed no reduced
CMAPs or nerve conduction velocity changes. These
findings suggest that part of the NMJs of these patients
was critically transmitting, perhaps resulting from reduced
presynaptic ACh release. Possibly, extraocular muscle was
relatively severely affected, with blocked NMJs explaining
the ophthalmoparesis. Similarly, increased jitter was
observed in an anti-GQ1b-negative MFS case, which had
disappeared 6 weeks later, upon clinical improvement
(Chan et al. 2006). In another anti-GQ1b-negative MFS
case, with late-onset limb weakness, reduced facial CMAPs
were found, as well as increased jitter and blocked trans-
mission in single-fibre electromyography (Sartucci et al.
2005). The patient recovered rapidly within weeks after
onset and showed no electrophysiological abnormalities
upon re-examination at 3 months. Similarly, increased
jitter and blockings were observed in arm muscles of a
MFS patient with no or borderline anti-GQ1b-positivity
(Lange et al. 2006). In a larger study, the (non-weak)
arm muscles of three anti-GQ1b-positive and three
-negative MFS patients showed normal CMAPs (Lo et al.
2006). The positive patients showed an abnormally
incrementing CMAP at 20 and 50 Hz nerve stimulation,
which is puzzling because without weakness one expects
the initial CMAP already to be at maximum. Similar
incrementing (but initially normal) CMAP amplitudes
at high-rate stimulation were reported in a non-weak
arm muscle of a rare case of recurrent MFS, with the
additional observation of increased jitter in single-fibre
electromyography of frontalis muscle, suggesting NMJ
malfunction (Tomcik et al. 2007). Intriguingly, anti-GQ1b
antibodies and incremental CMAPs persisted when the
MFS resolved. On the other hand, decremental (but
initially normal) CMAP amplitude in MFS was also
reported (Silverstein et al. 2008). Nerve stimulation of
3 Hz revealed CMAP decrement in trapezius muscle
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of a patient that had been first diagnosed with AChR
antibody-negative myasthenia gravis, but later with MFS
because weakness correlated with anti-GQ1b antibodies.
However, CMAP decrement persisted when MFS resolved
and anti-GQ1b antibodies disappeared. In a larger
single-fibre electromyographical study of arm muscles of
six MFS patients and a Bickerstaff’s brain stem encephalitis
patient, all anti-GQ1b-positive, findings were normal,
suggesting selective effects of anti-GQ1b antibodies on
extraocular, facial and bulbar muscles and relative absence
of GQ1b (or less antibody access/binding) at terminal
motor axons of limb muscle (Kuwabara et al. 2007).
However, another anti-GQ1b-positive Bickerstaff’s brain
stem encephalitis patient with limb weakness showed
incrementing CMAPs (Lo, 2008).

Clinical human electrophysiology versus experimental
observations at mouse NMJs. NMJ synaptopathy con-
tributing to paralysis in anti-ganglioside antibody-
positive (or -negative) MFS/GBS patients has not yet
been unequivocally demonstrated in the clinical electro-
physiological studies. It is not easy to predict the clinical
electromyographical picture that should be expected on
the basis of the mouse studies. If presynaptic destruction
by anti-ganglioside and complement as characterized
by us in mouse motor nerve terminals (Willison &
Plomp, 2008) takes place in patients, CMAP amplitude
will probably be reduced in affected muscles because
this destructive effect will block neuromuscular trans-
mission at (part of) the NMJs. Because of the very
distal localization of the lesion, fast recovery (days to
weeks) of the CMAP amplitude is to be expected when
pathogenic antibodies are therapeutically removed (see
below). Such a CMAP reduction with fast recovery was
indeed seen in some MFS/GBS patients, but is certainly
not universally observed. Possibly, it is only to be found
in a minority of patients that have lesions which are
restricted to distal intramuscular axons and terminals,
while many patients also have concomitant proximal
lesions. Fibrillation potentials following denervation can
be detected with conventional needle electromyography,
but will develop only within weeks of the onset of an axonal
lesion. Therefore they are not yet to be expected to occur
directly after block due to NMJ synaptopathy in the acute
phase. Spaans and colleagues (Spaans et al. 2003) reported
fibrillation potentials in only one of the nine investigated
GBS patients, and only at 4 weeks after onset. SFEMG
cannot directly detect permanently blocked NMJs and is
therefore not informative as to whether these are present
and at what scale. On the other hand, it can detect changes
in ‘fibre density’ (i.e. the amount of firing fibres belonging
to the same motor unit in the recording area of the SFEMG
needle). However, it is unclear how this parameter would
change in the case of permanently blocked/destroyed

NMJs in MFS/GBS. Initially one would expect a reduction
in fibre density, but in later phases an increase may
appear (due to reinnervation through nerve sprouting
and thus motor unit size increase, as known for other
diseases hallmarked by denervation and reinnervation).
Intermittently blocking NMJs without increased jitter
found in a number of GBS patients (Spaans et al.
2003) suggests irregular intramuscular axonal conduction
block (possibly very distally), rather than critically
reduced presynaptic ACh release, which would produce
increased jitter. The observed increased jitter in some MFS
patients is difficult to reconcile with our synaptopathic
destruction model in mice where we never observed
intermediate-sized EPPs at NMJs treated with anti-GQ1b
antibody and complement. EPPs either remained full
size at NMJs with moderately increased MEPP frequency
(mirroring low-level antibody binding and complement
activation) or became blocked within minutes at NMJs
with dramatically increased MEPP frequency (J. J. Plomp,
unpublished observations; Plomp et al. 1999; Bullens et al.
2002). One explanation may be that the observed
increased jitter in MFS patients was due to regenerating
NMJs, which may already have been present at the
first electromyographical examination because this takes
place several days after disease onset. Regenerating NMJs
are known to have sub-threshold EPPs in the early
phase of recovery before increasing to full size in later
phases (Lomo & Slater, 1980). Therefore, a time window
must exist with around-threshold EPPs, causing increased
jitter in electromyography. Alternatively, a destructive
NMJ synaptopathy in patients might develop differently
from that in mice, due to the undoubtedly slower rise
in anti-ganglioside antibody level and, consequently,
lower level of presynaptic MAC insertion. Such a
dampened effect may cause a (temporary) equilibrium
of damage and regeneration, in which terminals
release fewer ACh quanta, producing around-threshold
EPPs.

Increased jitter in MFS may also result from partial
EPP inhibition by complement-independent effects
of (low-affinity) anti-ganglioside antibodies, possibly
involving presynaptic Cav2.1 Ca2+ channels, as suggested
by some mouse NMJ studies (Taguchi et al. 2004; Santafé
et al. 2005, 2008; Buchwald et al. 2007). This would
resemble Lambert-Eaton myasthenic syndrome, with
autoimmunity against Cav2.1 channels. Some electro-
physiological features in Lambert-Eaton myasthenic
syndrome, i.e. decrementing and incrementing CMAPs at
low- and high-rate nerve stimulation, respectively, as well
as increased jitter and blocked NMJs (Sanders, 2003; Oh
et al. 2007), are indeed found in some anti-GQ1b-positive
patients (albeit not in combination in one patient).
However, small initial CMAPs, another Lambert-Eaton
myasthenic syndrome feature, were not always found
in those cases. Reversible inhibition of presynaptic
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ACh release by anti-ganglioside antibodies seems well
compatible with a fast recovery from paralysis after anti-
body removal.

On the whole, the animal experimental evidence of NMJ
synaptopathy in anti-ganglioside-mediated neuropathy in
conjunction with the indications of NMJ dysfunction
from the clinical electrophysiological studies done so far
are suggestive of NMJ dysfunction in (subgroups of)
MFS/GBS patients. However, in order to get a more
detailed picture of the mechanisms underlying NMJ
synaptopathy and its prevalence in the several clinical
GBS subgroups, more patients need to be investigated
electromyographically with the aim of detecting NMJ
dysfunction. The monitoring of effects of experimental
drugs (see below) in upcoming trials may provide excellent
opportunities for such further detailed and structured
clinical electrophysiological investigations (Lo, 2008).

Therapy for anti-ganglioside antibody-induced
neuropathy and NMJ synaptopathy

GBS treatment with either plasmapheresis or intravenous
high doses of human IgG (IVIg) is equally beneficial and
the latter is standard in many centres (van Doorn et al.
2008). While the plasmapheresis mechanism is easy to
understand (i.e. removal of pathogenic antibodies), that of
IVIg is unclear but probably involves pleiotropic action at
many levels of antibody production and binding, cytokine
action, immune cellular recruitment and complement
activation (Hartung, 2008). A large study demonstrated
that plasmapheresis or IVIg does not affect the outcome of
MFS (which is already very good in untreated cases, most
fully recovering within 6 months), although IVIg slightly
sped up recovery from ophthalmoplegia and ataxia (Mori
et al. 2007).

These treatments will probably also improve a putative
NMJ synaptopathy induced by anti-ganglioside anti-
bodies. In the prototypical autoimmune NMJ disorder

Figure 5. Complement inhibition prevents the deleterious
effects of anti-ganglioside antibody at the mouse
neuromuscular junction
The complement C5 inhibitor rEV576, a recombinant form of a
protein present in saliva from the soft tick Ornithodoros moubata,
prevents the in vitro neuropathophysiological effects on mouse
neuromuscular junctions of incubation by anti-GQ1b antibody CGM3
and subsequent normal human serum (NHS), as complement source.
A and B, induction of high frequency miniature endplate potentials by
NHS (1:2 diluted) is prevented by pre-adding 100 μg ml−1 rEV576. In
A, five electrophysiological traces of 1 s duration are plotted
overlapping for each condition. C, immunohistology showed that
rEV576 prevented membrane attack complex (MAC) formation at the
neuromuscular junction (identified by staining acetylcholine receptors
(AChR) with fluorescently labelled α-bungarotoxin), while leaving C3
deposition intact. As control protein, bovine serum albumin was
added to the NHS. For details see Halstead et al. (2008a).
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myasthenia gravis, IVIg and plasmapheresis both help
to alleviate crises (Lehmann et al. 2006; Dalakas,
2008). Experimental mouse NMJ studies showed that
IVIg protects from complement-independent inhibition
of ACh release by GBS IgG, presumably through
neutralization (Buchwald et al. 2002). In our own studies
of mouse NMJ destruction by anti-ganglioside anti-
bodies and complement, IVIg appeared highly protective
by preventing anti-ganglioside antibody binding, thus
precluding antibody-mediated complement activation
(Jacobs et al. 2003). Furthermore, IVIg displaced
anti-ganglioside antibody that had already bound antigen.

Some mouse NMJ studies indicated reversible
depression of ACh release, similar to Lambert-Eaton
myasthenic syndrome. If also the case in MFS/GBS
patients, treatment with 3,4-diaminopyridine might be
an option. This K+ channel-blocking drug is successfully
used to increase ACh release at NMJs of patients with
Lambert-Eaton myasthenic syndrome. However, in six
studied GBS patients this drug was ineffective (Bergin et
al. 1993).

New complement inhibitors may be beneficial in
MFS/GBS, as in other complement-mediated disorders
(Hillmen et al. 2006). Recently, we tested three
inhibitors and found they effectively prevented damage by
anti-GQ1b antibodies at mouse NMJs (Fig. 5) (Halstead
et al. 2005a, 2008a,b). Irrespective of the existence of NMJ
synaptopathy in MFS/GBS, clinical trial of such drugs will
be of great interest.

Conclusions

Neuronal enrichment of gangliosides suggests a variety
of neuronal functions, including at synapses. While
early work suggested roles in neural development, study
of recently generated transgenic mice lacking gang-
lioside (subsets) indicate that gangliosides are dispensable
for nervous system embryogenesis but necessary
for postnatal maintenance and repair. Peripheral
nerve gangliosides form antigenic targets in GBS,
where specific anti-ganglioside antibodies are
associated with specific clinical variants, probably
depending on regional expression patterns of specific
gangliosides. Besides targeting peripheral nerve axons,
anti-ganglioside antibodies may target distal portions
of motor axons, including the terminal at the NMJ,
causing a synaptopathy that contributes to muscle
weakness. A large number of experimental mouse
NMJ studies supports this hypothesis. Many effects
were observed, ranging from complement-mediated
presynaptic destruction with transmission block to
more subtle, complement-independent and reversible
inhibitions of ACh release. Whether or not such effects
actually exist and contribute to paralysis in GBS patients

is still unclear. Some clinical electrophysiological studies
are in favour of NMJ malfunction (e.g. by showing small
CMAPs that recover very quickly), but no consistent
picture has yet appeared. Future clinical trials of new
(complement-inhibiting) drugs seem a good opportunity
for the structured electrophysiological study of large
groups of GBS patients to resolve this matter.
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syndrome with IgG anti-GM1 antibody. Neurology 51,
1656–1660.

Kuwabara S, Misawa S, Takahashi H, Sawai S, Kanai K, Nakata
M, Mori M, Hattori T & Yuki N (2007). Anti-GQ1b
antibody does not affect neuromuscular transmission in
human limb muscle. J Neuroimmunol 189, 158–162.

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



3996 J. J. Plomp and H. J. Willison J Physiol 587.16

Kuwabara S, Nakata M, Sung JY, Mori M, Kato N, Hattori T,
Koga M & Yuki N (2002). Hyperreflexia in axonal Guillain-
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a671.

Wirguin I, Ifergane G, Almog Y, Lieberman D, Bersudsky M &
Herishanu YO (2002). Presynaptic neuromuscular
transmission block in Guillain-Barré syndrome associated
with anti-GQ1b antibodies. Neuromuscul Disord 12,
292–293.

Wood SJ & Slater CR (2001). Safety factor at the
neuromuscular junction. Prog Neurobiol 64, 393–429.

Wu G & Ledeen RW (1994). Gangliosides as modulators of
neuronal calcium. Prog Brain Res 101, 101–112.

Wu G, Lu ZH, Obukhov AG, Nowycky MC & Ledeen RW
(2007). Induction of calcium influx through TRPC5
channels by cross-linking of GM1 ganglioside associated
with α5β1 integrin initiates neurite outgrowth. J Neurosci 27,
7447–7458.

Wu G, Xie X, Lu ZH & Ledeen RW (2001). Cerebellar neurons
lacking complex gangliosides degenerate in the presence of
depolarizing levels of potassium. Proc Natl Acad Sci U S A 98,
307–312.

Wu GS, Vaswani KK, Lu ZH & Ledeen RW (1990).
Gangliosides stimulate calcium flux in neuro-2A cells and
require exogenous calcium for neuritogenesis. J Neurochem
55, 484–491.

Yamashita T, Wu YP, Sandhoff R, Werth N, Mizukami H,
Ellis JM, Dupree JL, Geyer R, Sandhoff K & Proia RL (2005).
Interruption of ganglioside synthesis produces central
nervous system degeneration and altered axon-glial
interactions. Proc Natl Acad Sci U S A 102,
2725–2730.

Yates AJ & Rampersaud A (1998). Sphingolipids as
receptor modulators. An overview. Ann N Y Acad Sci 845,
57–71.

Yu RK, Bieberich E, Xia T & Zeng G (2004). Regulation of
ganglioside biosynthesis in the nervous system. J Lipid Res
45, 783–793.

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



J Physiol 587.16 Anti-ganglioside antibodies and the NMJ 3999

Yuki N & Koga M (2006). Bacterial infections in Guillain-
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