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In the Miller Fisher syndrome (MFS) variant of the Guillain-Barré syndrome, weakness is restricted to extraocular
muscles and occasionally other craniobulbar muscles. Most MFS patients have serum antibodies against ganglioside type
GQI1b of which the pathophysiological relevance is unclear. We examined the in vitro effects of MFS sera, MFS IgG, and
a human monoclonal anti-GQ1b IgM antibody on mouse neuromuscular junctions (NMJs). It was found that anti-GQ1b
antibodies bind at NM]Js where they induce massive quantal release of acetylcholine from nerve terminals and eventually
block neuromuscular transmission. This effect closely resembled the effect of the paralytic neurotoxin a-latrotoxin at the
mouse NMJs, implying possible involvement of a-latrotoxin receptors or associated downstream pathways. By using
complement-deficient sera, the effect of anti-GQ1b antibodies on NM]Js was shown to be entirely dependent on activa-
tion of complement components. However, neither classical pathway activation nor the formation of membrane attack
complex was required, indicating the effects could be due to involvement of the alternative pathway and intermediate
complement cascade products. Our findings strongly suggest that anti-GQ1b antibodies in conjunction with activated
complement components are the principal pathophysiological mediators of motor symptoms in MFS and that the NM]J

is an important site of their action.
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Guillain-Barré syndrome (GBS) is an acute, monopha-
sic peripheral neuropathy characterized by generalized
muscle weakness. In the variant of GBS termed Miller
Fisher syndrome (MFS), paralysis is restricted to ex-
traocular and occasionally other craniobulbar mus-
cles."* Overlap cases occur in which the clinical fea-
tures of GBS and MFS are intermixed. Acute phase
sera from more than 90% of pure MFS and GBS over-
lap cases contain high titers of antibodies to GQI1b
ganglioside,”® which disappear during clinical recov-
ery. Gangliosides are glycosphingolipids comprising a
ceramide moiety embedded in the lipid bilayer and a
sialylated oligosaccharide core exposed to the extracel-
lular space. They are substantial components of neuro-
nal membranes and are involved in a variety of devel-
opmental and regulatory processes.” In addition to
reacting with GQ1b, MFS sera also react with struc-

turally similar gangliosides including GT1a, and less
frequentdy with GD3, GD1b, and GT1b. Both GBS
and MEFS are postinfectious syndromes, frequently pre-
cipitated by Campylobacter jejuni enteritis. Strains of C.
jejuni isolated from MES cases bear GQ1b-, GTla-,
and GD3-like structures on the core oligosaccharides
of their lipopolysaccharides, and ant-GQ1b antibodies
are thus likely to arise through molecular mimicry.*~"°

It has been widely postulated that anti-GQ1b anti-
bodies in MFS cause the clinical and pathological fea-
tures via inflammatory demyelination of extraocular
and craniobulbar nerve trunks. However, recent litera-
ture' ™" has focused on the possibility that the neuro-
muscular junction (NM]) is an important site of in-
jury, based on the premises that (1) it lacks a blood—
nerve barrier, thereby allowing antibody access; (2)
cholinergic synapses are enriched in gangliosides'*; (3)
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botulism is a major differential diagnosis for MES and
botulinum toxins bind to gangliosides present at the
NM]J">; and (4) blockade leads to paralysis.

An earlier report described that anti-GQlb—positive
MES sera and IgG caused a temporary and moderate
increase of spontaneous quantal acetylcholine (ACh)
release at NMJs of mouse hemidiaphragm preparations
and concomitantly induced parallysis.11 Other studies
by Buchwald and collaborators'®*? on the same prep-
aration described that IgG from an anti-GQ1b—posi-
tive as well as an anti-GQ1lb-negative MES patient
blocked evoked ACh release and depressed the ampli-
tude of uniquantal postsynaptic potentials.

The goal of the present study was to prove and fur-
ther study the specific role of anti-GQ1b antibodies in
mediating the observed effects of MES sera on the
NM]Js of mouse hemidiaphragms. In our initial exper-
iments in which we attempted to confirm the observa-
tions of the studies referred to above, we found effects
of anti-GQ1b—positive MES whole sera and total IgG
at the NM]Js, which were notably different from those
reported. It clearly appeared that MFS sera induced ef-
fects that were very similar to the well-known effects of
the paralytic neurotoxin a-latrotoxin (@LTx)'® at the
NMYJ, ie, a dramatic increase in the frequency of spon-
taneously released ACh quanta, without altering the
amplitude of the resulting postsynaptic potentials, fol-
lowed by a block of evoked ACh release resulting in
paralysis. Furthermore, we found that whole MFS IgG
alone was without these effects unless the preincubated
muscle—nerve preparation was subsequently treated with
normal serum, suggesting complement involvement.

Here we describe these novel effects of MES sera at
the mouse NMJ, and we assess the role of anti-GQ1b
antibodies by studying MFES IgG subclass preparations
exclusively containing the anti-GQ1b activity and a
cloned human anti-GQ1b IgM from a patient with a
chronic IgM paraproteinemic neuropathy resembling
MEFS."” We have also demonstrated and characterized
the nature of the complement involvement, using
complement-deficient sera. Our findings strongly sug-
gest that anti-GQI1b antibodies cause the observed ef-
fects at NMJs and that they do so via intermediate
components of the complement-activation cascade.
Furthermore, they strengthen the hypothesis that the
NM]J is an important effector site in MFS.

Materials and Methods

Patient Material

Sera were obtained from 9 patients with MES (MFS1-9; di-
agnosed according to clinical criteria, including ophthalmo-
plegia, ataxia, and areflexia') in the acute phase of the illness
and from normal and disease controls. In MFS1, plasma ex-
change was performed. Defibrinated plasma (subsequently
referred to as serum) from MFS1 and sera from MFS2-9
and controls were stored at —70°C until experimental use.
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From a patient Ha, suffering from a chronic IgM parapro-
teinemic neuropathy resembling MFS, the serum, red blood
cell affinity-purified fraction (rbcM), and cloned anti-GQ1b
IgM (Hal) monoclonal antibody (mAb) has been described
before.!”

Immunological Methods and Reagents
Anti-ganglioside antibody assays were performed as de-
scribed.'® Anti-GQ1b IgG titers in the MFS sera ranged
from 1:400 to 1:13,500. MFS1 and MFS2 IgG was fraction-
ated into IgGl + 2 and IgG3, using sequential protein G
and protein A chromatography according to the manufactur-
er’s instructions (Pharmacia, St Albans, UK) and quantitated
by standard immunodiffusion techniques. All the anti-GQ1b
IgG activity of MFS1 was shown to be in the IgG3 subclass;
that of MFS2 was found to be in the IgG1 subclass.
Normal sera were depleted from complement C1q and C8
as described.'”*® Completeness of Clq and C8 depletion
was assessed by measuring the residual total serum hemolytic
complement (CH50) in the serum by hemolysis of antibody-
sensitized sheep erythrocytes (<1.0% of undepleted serum).
Specificity of depletion was confirmed by showing that res-
toration of purified factors restored lytic activity. Also, serum
from a patient with a genetic C5 deficiency”' was used.

In Vitro Electrophysiology

Left hemidiaphragms with phrenic nerves from male Swiss
mice (2-3 weeks old, 10-20 g, killed by ether) were
mounted in a 2.5-ml bath with Ringer medium containing
(mM) NaCl 116, KCl 4.5, MgSO, 1, CaCl, 2, NaH,POy4 1,
NaHCOj; 23, and glucose 11, pH 7.4. In some experiments,
Ca®" was left out and 0.2 to 1 mM EGTA was added. For
oxygenation, 95% O,/5% CO, was blown over the medium
surface. Incubations were performed at 20°C, except for
some at 32°C, as stated in the text. During incubations, fi-
bers were impaled randomly within the preparation. Intracel-
lular recordings of miniature end-plate potentials (MEPPs;
ie, the small postsynaptic depolarizations resulting from
spontaneous presynaptic release of single ACh quanta) were
made at NM]Js, using standard microelectrode equipment.
Frequency and amplitudes of MEPPs were analyzed off-line;
the mean MEPP amplitudes of end plates were corrected to
a standard resting membrane potential of —75 mV. To
monitor neuromuscular transmission, the phrenic nerve was
stimulated supramaximally from time to time. In some ex-
periments p-conotoxin (2.5 wM), a specific blocker of mus-
cle Na™ channels,>* was used to block muscle action poten-
tials, to record undisturbed nerve-evoked end-plate potentials
(EPPs).>>™2° Sera and antibodies were diluted with and dia-
lyzed against Ringer before experimental use. Neuraminidase
(EC 3.2.1.18, type V, from Clostridium perfringens) and
d-tubocurarine were purchased from Sigma-Aldrich (Zwyn-
drecht, The Netherlands), aL'Tx from Alomone Labs, Jerusa-
lem, Israel, and p-conotoxin type CGIIIB from Scientific
Marketing, Barnet, UK.

Immunobistology

Unfixed diaphragm tissue from MF1 mice was snap-frozen
and prepared for whole mount staining in vitro as previously
described.?® Tissues were costained with a-bungarotoxin

1) SUORIPUOD) PLe SWLB | 31 39S *[1202/50/22] U ARIGITBUIIUO 31 SSUIONGIGSIPISPAIUN WepiaNoy ASBAIN SNWse:3 Ad 12:00'0'8<6YN-QI1V:68T>2:57(20666T)6728-TEST/Z00T 0T/I0p/LI0D" 81w AIeAq1puI UO//Sdy WoJ) papeojumod 2 ‘666T '6rZ8TEST

5UB017 SUOLLLOD dAIER1D B |gea ! jdde ay) Ag pausenob afe ssppie WO ‘8sn JOo sajn oy ARiqiauljuo S| uo



(Molecular Probes, Leiden, The Netherlands), a ligand for
acetylcholine receptors (AChRs), and anti-neurofilament an-
tibody (Affiniti, clone 1217; Exeter, UK) to delineate the
end plate and the terminal motor axon. The MESI IgG3
fraction (30 wg/ml) and the human mAb Hal (40 g/ml)
were used to localize the epitopes recognized by anti-GQ1b
antibodies. Electrophysiological control experiments (data
not shown) on diaphragms from 4 MF1 mice (19-32 g)
demonstrated that MFS1 serum and purified IgG induced
effects that were identical to those observed in muscles from
Swiss mice. Immunodeposition of human antibody and
complement products (anti-C3c¢, Dako, Glostrup, Denmark)
was examined in MFS1 serum—exposed preparations from
Swiss mice.

Results
Effects of MFS Sera on End-Plate Electrophysiology

Incubation of mouse diaphragm muscle—nerve prepara-
tions at 20°C with MEFS sera (Table) resulted in
twitching of muscle fibers at a rate of 0.1 to 5/sec,
starting in superficial fibers at 10 to 30 minutes. Also,
fasciculations, ie, contraction of whole motor units,
were occasionally seen. Microelectrode measurements

revealed an extremely high frequency of MEPPs. At

many end plates it was >200/sec (Fig 1a), whereas the
mean value before MFS serum was only about 0.5/sec
(see Table). Sometimes, superimposed MEPPs exceed-
ing the firing threshold triggered an action potential
(not shown). This was causing the twitches, as they
were prevented by block of AChRs with 2.5 uM
d-tubocurarine, excluding an effect of MFS sera on
mechanisms downstream of AChRs, eg, muscle Na™*
channels.

At some end plates, the time course of the effect
could be monitored. At onset, MFS sera induced bursts
of high-frequency (10-50/sec) MEPPs (see Fig 1b) of
which the incidence gradually increased until the
MEPP frequency became continuous (>100/sec) after
15 minutes to 1 hour. In p-conotoxin—paralyzed prep-
arations, EPPs could be evoked by nerve stimulation
up to this point, in spite of the high MEPP frequency.
However, after 15 to 30 minutes, EPPs decreased in
amplitude and disappeared (Fig 2), whereas MEPPs re-
mained highly frequent. After another 15 to 30 min-
utes, MEPP frequency declined and bursts reappeared
until another hour later it decreased to normal values,
sometimes becoming zero. Because of variable times of

Taphragm
Subsequent Incubation with Normal Serum (1:1.5)
MEPP Frequency (sec™!)
Dilution Muscle Fiber Muscle Fiber
Material (Serum:Ringer) ~ Before Incubation During Incubation Twitching MEPP Frequency Twitching
Sera
MFS1* 1:2 0.36 £ 0.05 (4, 15, 1 hr) 123.33 * 2.24 (4, 8-12, 30-45 min) + ND ND
MES2* 1:2 0.36 £ 0.03 (1, 15, 1 hr) 96.42 = 21.10 (1, 15, 45 min) + ND ND
MES3* 1:2 0.45 = 0.04 (1,25, 1 hr) 63.33 = 19.61 (1,12, 1 hr) + ND ND
MFS4 1:1.5 0.50 £ 0.06 (1, 14, 45 min) 4491 * 13.61 (1, 23,2 hr) + ND ND
MES5 1:1.5 0.40 = 0.06 (1, 15, 45 min) 0.87 = 0.17 (1, 38, 2.5 hr) — 56.49 = 19.70 (1, 15, 1 hr) +
MFS6 1:2 0.48 + 0.05 (1, 15, 30 min) 65.30 + 12.25 (1, 30, 2 hr) + ND ND
MES7 1:1.5 0.30 = 0.06 (1, 12, 45 min) 0.47 = 0.04 (1, 41, 2 hr) - 98.38 + 31.41 (1,12, 1 hr) +
MES8 1:2 0.26 = 0.03 (1, 15, 30 min) 0.40 = 0.06 (1, 10, 1 hr) - 88.63 = 40.96 (1, 11, hr) +
MES9 1:2 0.39 + 0.05 (1, 15, 45 min) 153.95 + 38.00 (1, 10, 1 hr) + ND ND
MFS1
Serum (32°C) 1:1.5 0.72 = 0.06 (2, 15, 30 min) 0.74 = 0.26 (2, 15, 30 min)b - ND ND
Heated serum 1:1.5 0.29 * 0.09 (2, 12-14, 30 min) 0.28 * 0.07 (2, 15-28, 1-2 hr) - 113.40 *+ 23.89 (2, 15, 45 min) +
Total IgG 1.2-1.9 mg/ml 0.49 + 0.03 (5, 5, 15 min) 0.47 * 0.05 (5, 30-45, 2-3 hr) - 42.48 = 15.11 (3, 15, 2040 min)© +
Flow—thrcoughd 0 mg/ml 0.53 = 0.10 (2, 15, 1 hr) 0.42 *= 0.01 (2, 45, 3 hr) — ND ND
IgG1 + 1gG2  1.5-2.0 mg/ml  0.37 * 0.13 (2,15, 1 h) 0.45 = 0.18 (2, 3045, 2-3 hr) - 0.37 * 0.18 (2, 15, 1 hr) -
1gG3 0.07 mg/ml 0.31 £0.01 (2,15, 1 hr) 0.32 + 0.02 (2, 30-45, 2-3 hr) - 85.14 = 24.46 (2, 15, 1 hr) +
MES2
IgG1l + IgG2 2.1 mg/ml 0.36 = 0.05 (1, 10, 30 min)® 0.51 £ 0.09 (1,7, 15 min)f - 173.33 = 30.81 (1, 15, 45 min) +
1gG3 0.24 mg/ml 0.55 = 0.08 (1, 10, 30 min)* 0.64 +0.09 (1,7, 15 min)F - 0.73 = 0.13 (1, 15, 45 min) -

Mean * SEM values of the number of end plates or muscles. All incubations were done at 20°C, unless indicated otherwise. Number of muscles, number of end plates per muscle, and

duration of the incubation per sampling period are indicated in parentheses.

*Also studied earlier.!

bSubsequen( 20-minute cooling period (4°C) did result in high-frequency MEPPs (207 * 25/sec, n = 2 muscles, 5 end plates per muscle, 20-minute recording period).

“We attempted to facilitate microelectrode recording by blocking contractions with 1 WM tetrodotoxin, just after normal serum addition. We waited 20 minutes to allow contractions to

fade, but it appeared that many end plates had already returned to lower MEPP frequencies, resulting in a relatively low mean value compared with that obtained with whole serum.

IgG free fraction obtained in the IgG purification procedure.

“Measurements done in contralateral (right) hemidiaphragm.

‘Measurements done in Ringer at 20°C, after a 3-hour incubation period with IgG at 32°C and 45 minutes at 4°C.

ND = not done.
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Fig 1. Examples of electrophysiological recordings of the effects
of Miller Fisher syndrome (MFS) sera (1:1.5-2), the human
monoclonal (mAb) Hal anti-GQI1b IgM (0.5 mg/ml; normal
control serum added to provide complement), and 3 nM
a-latrotoxin (aLTx) at mouse diaphragm newromuscular junc-
tions (NMJs). (a) Subsequent 250-msec traces, plotted below
each other, of miniature end-plate potential (MEPP) record-
ings during incubation with Ringer alone, MFS serum, Hal,
or aLTx. (b) MEPP bursts at onset of the effect of MFS se-
rum (top trace) or aLTx (bottom trace).

onset throughout the preparation (presumably due to
diffusion barriers for the acting factor), all stages of the
effect were encountered on random impalements in a
muscle at 0 to 3 hours after the incubation start. After
5 hours, however, many end plates showed no MEPPs,
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Fig 2. (a) Examples of the reduction and blocking of end-
plate potentials (EPPs) during incubation with serum from

1 patient with Miller Fisher syndrome (MFS; left) or
a-latrotoxin (aLTx; right). The phrenic nerve was stimulated
supramaximally (atrrows) every 15 seconds; shown is each
Jourth trace, ie, the one recorded on every whole minute as
indicated at the left side of each trace. Time point zero relates
to the start of the recordings, short after the impalement of the
muscle fiber at the newromuscular junction, in the MFS ex-
ample 36 minutes after the start of the incubation with
MFS1 serum (serum from 1 patient with MFS). (b) Quanti-
fication of the recordings from the experiment with MFS se-
rum depicted in a. Shown are the time courses of miniature
end-plate potential (MEPP) frequency, MEPP amplitude, and
EPP amplitude. Amplitudes were normalized to a standard
resting membrane potential of —75 mV.

and on nerve stimulation large areas of the muscle did
not contract.

The reversibility of the effect was studied. We incu-
bated preparations with MFS1 serum (1:2) for 30 to

1) SUORIPUOD PUe SWL | 8L 89S *[7202/50/2] U0 AReIqiTaUIUO AB1IM *PaLI0!IGSIRIS AN Wepalioy AISAIIN snwses3 AQ 1-2:00'0'E<6YN V-A1V::68T>2:5r(20666T)6Y28-TEST/Z00T OT/I0PW0d Ao | IM AReid 1|Bul U0/ SANY WO} papeojumod ‘Z ‘666T '67Z8TEST

o1

pUB-SWLRY

5UB017 SUOLLLOD dAIER1D B |gea ! jdde ay) Ag pausenob afe ssppie WO ‘8sn JOo sajn oy ARiqiauljuo S| uo



45 minutes until the effect was well under way, ie,
there were many contracting fibers and end plates with
high-frequency MEPPs. Then, the serum was washed
away with Ringer and the preparation was monitored
and fibers were randomly impaled with the microelec-
trode for more than an hour. It appeared that MEPPs
at affected end plates remained highly frequent for
more than 30 minutes (high-frequency MEPP end
plates remained to be encountered for at least 50 min-
utes after the start of the washout) but that no new end
plates became affected. Fiber twitches were observed
during the washout period, but their incidence gradu-
ally lessened. Furthermore, the parts of the muscle that
were paralyzed, ie, that did not contract on stimulation
of the nerve, remained paralyzed during the washout
period and no MEPPs could be found at end plates in
those regions, indicating that slowly reversible or irre-
versible block of synaptic transmission had been in-
duced by the MFES serum.

To obtain information about dose responsiveness,
different serum dilutions were studied. However, it
should be borne in mind that the preparation does not
lend itself well to kinetic studies, due to internal (syn-
aptic) diffusion barriers. MFS1 serum diluted at 1:5
with Ringer was still effective, although the onset of
the effect was slower and the effect was less widespread
within the preparation, as judged visually from the oc-
currence of fiber twitches. The MEPP frequency at
those end plates that were affected was as high as ob-
served with the 1:2 diluted MFS1 serum (>200 at
some end plates). At a 1:10 Ringer dilution, MFSI se-
rum was not effective anymore during a 2-hour incu-
bation period.

Each of the nine studied MFES sera had similar ef-
fects (see Table), although the scale, ie, number of end
plates showing high-frequency MEPPs, was somewhat
variable. Furthermore, the effect of some MFS sera re-
quired subsequent incubation with normal serum. This
suggested that the effect was dependent on comple-
ment (see below), apparently not sufficiently present in
these MFS sera, most likely due to loss of activity dur-
ing storage. Control sera from subjects with a poly-
neuropathy without ant-GQIlb antibodies, a Campy-
lobacter infection without neurological symptoms, and
an influenza infection did not induce the MFS effect,
even after subsequent incubation with normal serum
(mean MEPP frequency before and during incubation
with these sera and subsequent normal control serum
ranged from 0.28 to 0.56/sec, 0.33 to 0.65/sec, and
0.25 to 0.60/sec, respectively). Sera from 4 normal
control subjects were also negative. At the end of each
of these control experiments, MFS1 serum was used as
a positive control (not shown).

The mean amplitude of MEPPs tended to increase
modestly during incubations. However, this was not
statistically significant when tested for with a paired ¢

test and was observed with the four normal control sera
(0.98 = 0.03 mV before and 1.15 £ 0.07 mV during
incubation; mean * SEM values), the four infection
control sera (1.08 * 0.06 mV before and 1.21 * 0.03
mV during incubation; mean * SEM values), and the
nine MES sera (1.17 = 0.04 mV before and 1.27 =
0.04 mV during the incubation; mean = SEM values).

Resemblance with o-Latrotoxin

Incubation of mouse diaphragms with 3 nM aLTx had
effects that resembled those of MFS sera, ie, (1) ex-
tremely high-frequency MEPPs (>100/sec, see Fig 1a)
appearing in bursts at onset (see Fig 1b; described be-
fore by others®”*®), (2) twitching of muscle fibers
caused by superimposed MEPPs, (3) a gradual decreas-
ing EPP that was eventually blocked, whereas MEPPs
remained highly frequent for some time (see Fig 2),
leading to (4) block of neuromuscular transmission. In
a preparation that had been treated with an MES se-
rum, 3 nM «aLTx failed to induce further effects (not
shown).

Anti-Ganglioside IgG and Complement Involvement

At 32°C, MFS1 serum had no effects (see Table),
whereas a subsequent cooling period at 4°C brought
about effects as described above within a few minutes
on return to 20°C. Such a temperature dependency is
compatible with involvement of anti-ganglioside anti-
bodies, as their avidity to gangliosides is in general in-
versely correlated with temperature.'®?? Furthermore,
MESI serum lacked effect on preparations that had
been treated with neuraminidase (Fig 3) to remove
sialic acids from gangliosides and related glycoconju-
gates, a procedure that by itself had no effect on MEPP
frequency (0.37 = 0.09/sec before and 0.42 * 0.05/
sec after; n = 2 muscles, 6-11 end plates per muscle;
mean = SEM values).

Purified MFS1 IgG, flow-through (the IgG-free frac-
tion obtained in the purification process), or a mixture
of both failed to induce the effects seen with whole
serum, indicating that an active unstable serum factor
had been lost, probably complement. Therefore, we
preincubated preparations with MFES1 IgG and subse-
quently treated them with normal control sera to pro-
vide complement. High-frequency MEPPs and fiber
twitches (see Table), such as seen with whole MFS1
serum, appeared within a few minutes. Heating MFS1
serum for 30 minutes at 56°C to destroy comple-
ment>° abolished its effects, but subsequent addition of
normal serum brought them about (see Table). To
characterize complement involvement, diaphragms pre-
treated with MFSI IgG were exposed to sera lacking
either complement factor Clq, C5, or C8. High-
frequency MEPPs and muscle fiber twitches could be
evoked at the usual scale with Clq-depleted and C8-
depleted sera but not with serum from a genetic C5-
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Fig 3. Effect of serum from 1 patient with Miller Fisher syn-
drome (MFS1; 1:2) at 20°C on miniature end-plate potential
(MEPP) frequency of mouse hemidiaphragms pretreated with
neuraminidase (0.6 mg/ml [2 U/ml] for 1 hour at 32°C;
white columns; data are mean £ SEM values of two muscles;
six to 11 end plates per incubation period) or Ringer (gray
columns; n = 1 contralateral hemidiaphragm, 5 and 15 end
plates sampled before and during MFSI1 serum

incubation,).

deficient patient (Fig 4). This was not due to insuffi-
cient MFS1 IgG binding, as subsequent incubation
with normal control serum readily brought about the
effect. MFS1 IgG had no significant effect on the am-
plitude of MEPPs (mean value, normalized to —75
mV resting membrane potential, was 1.08 * 0.08 mV
before and 1.22 * 0.07 mV during a 2-3-hour incu-
bation; n = 5 muscles, at least 15 end plates per in-
cubation period; mean * SEM values).

Fig 4. Effect of C5-deficient and Clg-depleted and C8-
depleted sera (1:1.5) on miniature end-plate porential
(MEPP) frequency in mouse diaphragms pretreated with se-
rum 1gG from 1 patient with Miller Fisher syndrome (MFSI;
1.7 mg/ml). Preparations were subsequently incubated in
Ringer (30 minutes, gray columns), MFS1 IgG (1-2 hours,
white columns), and serum lacking the indicated complement
Jactor (45 minutes, black columns). In the experiments with
C5-deficient serum, normal control serum (45 minutes, cross-
hatched column) was added at the end. Data are mean *
SEM values of three (Clq experiment) or two muscles (C5
and C8 experiments); 10 to 30 end plates sampled per incu-
bation period; nd = not done.

100

—_
o

MEPP frequency (s")
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With most MES patients, anti-GQ1b antibodies in
serum are exclusively contained in the IgGl or IgG3
subclass.?”?! We tested the IgG subclass fractions of
MEFS1 and MFS2, of which the ant-GQIlb activity
was in the IgG3 and IgGl subclass, respectively.
Muscle—nerve preparations preincubated with MFS1
IgG3, but not those with IgGl + 2, showed high-
frequency MEPPs and twitches on subsequent incuba-
tion with normal control serum (see Table), as seen
with those preincubated with total MFS1 IgG. The
same result was obtained by using the IgG1 + 2 sub-
class from MFS2, whereas the IgG3 subclass was with-
out effect.

Ca”" Dependency of the Effect of MFS Sera

The action of some of the factors of the complement
cascade is dependent on Ca®", whereas that of al.Tx
on ACh release at NMJs is not.>* Therefore, we were
interested in the dependency on Ca®" of the onset and
prolongation of the effect of MES sera on neurotrans-
mitter release. Incubation of a preparation with MFS1
serum diluted and dialyzed against 0 mM Caz+—Ringer
did not result in high-frequency MEPPs. However,
subsequent incubation with normal serum dialyzed
against 2 mM Ca2+-Ringer did result in high-
frequency MEPPs (Fig 5a). When MFSI serum con-
taining 2 mM Ca”" was replaced with 0 mM Ca”*-
Ringer when the effect at many NM]Js was already well
under way, ie, after about 20 minutes, high-frequency
MEPPs remained to be found for more than 1 hour,

showing that the effect, once started, is independent of
Ca®™" (see Fig 5a and b).

Effect of @ Human Anti-GQ1b Monoclonal Antibody

From a patient Ha, suffering from a chronic IgM para-
proteinemic neuropathy resembling MEFS, the serum,
tbcM, and Hal mAb has been described before.!” In
view of the high molecular weight of IgM and there-
fore the expected difficulty in penetrating the prepara-
tion, a different protocol was used. Preparations were
incubated with Ha rbcM at 32°C for 4 hours to allow
penetration. Subsequently, the bath was cooled to 4°C
for 45 minutes to facilitate anti-ganglioside antibody
binding. Thereafter, measurements were started at
20°C. Incubation with 0.95 mg/ml rbcM did not have
an effect on its own, but on replacement with normal
serum (1:1.5), muscle fiber twitches and high-
frequency MEPPs appeared (107 = 32/sec, n = 5 end
plates; mean = SEM values). The same was found
with 0.5 mg/ml IgM mAb Hal (see Fig 1a), although
more end plates were affected. The mean MEPP fre-
quency rose to 180 = 40 (n = 10 end plates; mean *
SEM values). Control experiments with a mixture of
normal human IgG (3.2 mg/ml) and IgM (0.5 mg/ml)
showed that preparations remained viable during the
warming/cooling/rewarming procedure (tested for with
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Fig 5. Ca”" dependency of the effect of serum from 1 patient
with Miller Fisher syndrome (MFSI; 1:2) on miniature end-
plate potential (MEPP) frequency in mouse diaphragm at on-
set (a) and when well under way (b). The millimolar Ca™
concentrations of subsequent media are indicated by x-axis
labels; 1 mM (a) or 0.2 mM (b) EGTA was added to 0 mM
Ca™" media to buffer any remaining Ca®*; mean + SEM
values of five to 11 end plates of one muscle.

indirectly evoked muscle contraction) and that the
MEPP frequency did not change significantly (0.85 =
0.10/sec before and 0.48 * 0.08/sec after IgG/IgM in-
cubation; 0.48 * 0.03/sec during subsequent incuba-
tion with normal serum [1:1.5]; n = 2 muscles, 6-15
end plates per measuring period; mean = SEM values).

Anti-GQI1b Antibody and Complement Deposition at
End Plates

Immunobhistology showed that IgM mAb Hal binds to
several structures in the mouse diaphragm preparation,
such as intramuscular capillaries and motor axons. Fur-
thermore, binding to NM]Js was shown by colocaliza-
tion of staining with Hal and fluorescently labeled
a-bungarotoxin (Fig 6a—c), confirming earlier work."”
Also, MFS1 IgG3 bound to NMJs (see Fig 6d—f). In a
preparation treated with MES1 serum in the same way
as in the electrophysiological experiments, both IgG
(not shown) and complement C3c deposition was seen

at NM]Js (see Fig 6g—i).

Discussion

Our data demonstrate that MFS sera and serum frac-
tions induce severe electrophysiological defects at
mouse NMJs in vitro, comprising massive release of
ACh quanta, followed by transmission block. Several
findings indicate that anti-GQ1b ganglioside antibody
is the responsible serum factor. First, all the MFS sera
were positive for anti-GQ1b antibody, which is highly
specific for the disease, and control sera did not have
effects. Second, the effect of MFS1 serum was abol-

ished by neuraminidase pretreatment of the muscle
preparation, which would remove the relevant anti-
GQIb-binding disialosyl structures from GQIb and
related sialylated glycoconjugates. Third, the IgG3 frac-
tion of MFSI1, which contains all anti-GQ1b IgG ac-
tivity and yet comprises only 7% of the total serum
IgG, induced the effect, whereas the IgG1 + 2 frac-
tion, containing more than 90% of the total serum
IgG and no anti-GQIlb antibodies, had no effect.
Fourth, immunohistological data confirmed binding of
MESI IgG3 and human monoclonal anti-GQ1b IgM
to mouse NMJs. Fifth, and most important, the hu-
man monoclonal IgM against GQ1b (and the closely
related disialosyl gangliosides GT1b, GD1b, and
GD3)" initiated effects at NM]Js that were identical to
those of MFS sera.

In addition to providing evidence for anti-GQ1b an-
tibody involvement, our data provide proof for in-
volvement of the complement system in the effect of
MES sera at NMJs. Because the effect is mediated by
IgG, one would predict classical pathway involve-
ment.>> However, Clqg-depleted serum still mediated
the effect of MFS1 IgG, indicating that the classic
pathway, comprising Cl-complex formation by Clgq,
Clr, and Cls, is not necessarily involved. This suggests
involvement of the alternative pathway, normally acti-
vated by microbial carbohydrate surfaces. One explana-
tion might be that anti-GQ1b antibodies cross-link
gangliosides or cross-reactive antigen at NM]Js in such a
way that carbohydrate clusters are formed that stimu-
late the alternative pathway. In contrast, sugar surfaces
could be formed that bind mannose-binding protein, a
Ca”"-dependent initiator of the recently described lec-
tin palthway.34 This would also explain the Ca*t de-
pendency of the onset of the effect of MFSI serum on
MEPP frequency. Our finding that C5-deficient serum
lacked effect after MFS1 IgG pretreatment excludes the
possibility that any factor before C5 in the comple-
ment cascade acts as sole mediator.

It might be thought that the C5b-9 membrane at-
tack complex, the pore-forming general end product of
the different pathways in the complement cascade, is
formed at nerve terminals, allowing Ca*" flux to stim-
ulate ACh release. This possibility, however, is ex-
cluded by the finding that C8-depleted serum retained
the full electrophysiological effect. In addition, the ef-
fect of MFS1 serum on MEPP frequency, provided
that it is well under way, is independent of extracellular
Ca®". Furthermore, ACh release induced by nerve ac-
tion potentials remained possible for some time after
onset of high MEPP frequency, arguing against gross
presynaptic depolarization induced by an ion leak via
the membrane attack complex. Our results do not ex-
clude an effect of an incomplete terminal complement
complex C5b-7, which has been shown to stimulate
second messengers at target cells such as cyclic AMP,
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Fig 6. Immunohistology of Miller Fisher syndrome (MFS)-associated antibodies and complement at mouse neuromuscular junctions.
(a—f) Whole mount mouse diaphragm stained green (a) for acetylcholine receprors (AChRs) (with a-bungarotoxin, a specific ligand)
and neurofilament, showing both end-plate region and terminal motor axon, stained red (b) with human monoclonal IgM Hal
(reactive with GQ1b, GT1b, GD1b, and GD3), and a and b overlaid in ¢ stained red for AChRs (d), green with IgG3 from 1
patient with MFS (MFSI1; ¢), and d and e overlaid in f. (¢—i) Localization of activated complement component C3c in MFSI
serum—treated mouse diaphragm, stained red for AChRs (g), green with anti-C3c antibody (h), and g and h overlaid in i. Scale
bars = 20 pm.
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inositol phosphate intermediates, and arachidonic acid
metabolites®®, known stimulators of ACh release at
NM]Js>¢, although not to such a large extent as seen
here with MES sera. In addition, our data do not pre-
clude a role for the C5b-9 membrane attack complex
in mediating other aspects of the nerve injury that may
occur in MFS.

Considerable histological and immunochemical evi-
dence supports a role for antibody-dependent comple-
ment activation in GBS.*”~*° However, complement
involvement in effects of MFS sera or IgG at NM]Js has
not been suggested.'' "> By using a perfused macro
patch-clamp technique, Buchwald and associates'*'?
observed that at mouse NMJs, purified MES IgG
(from an anti-GQlb-positive as well as an ant-
GQIlb-negative patient) alone induces a 100- to
1,000-fold reduction of quantal content (the number
of ACh quanta released per nerve impulse). Our obser-
vations differ from this in that neuromuscular trans-
mission remained possible in nerve-muscle prepara-
tions treated with MES IgG or complement-inactivated
MFES1 serum (and also with MFS5, MES7, and MES8
sera before addition of normal serum), thereby exclud-
ing a gross abnormality of quantal content. Here, we
only observed a reduction of quantal content sufficient
to produce transmission block (as defined by block of
EPPs) at NMJs already showing complement-mediated
high-frequency MEPPs. That MEPPs at such NM]Js
persisted for some time after the block of EPPs indi-
cates that the block was not due to depletion of ACh
vesicles (or to AChR block). It remains to be seen
whether the transmission block is a primary effect of
anti-GQ1b antibody or is secondary to deleterious ef-
fects of massive, uncontrolled exocytosis. Another con-
tradiction between the studies of Buchwald and associ-
1213 and our study is that a depressing action of
MES IgG on the amplitude of uniquantal postsynaptic
responses was not observed by us, neither in the exper-
iments with whole MFS sera nor in those with purified
MES IgG. The reason for the apparent discrepancies is
at present unclear.

The neurotoxin oL Tx, a component of black widow
spider venom, is known to induce massive quantal
ACh release at the NM]J via specific presynaptic recep-
tors, ! linked to the ACh release machinery.42’43 The
effect of MES serum at mouse NMJs closely resembles
that of aLTx in that (1) high-frequency MEPPs appear
in bursts at onset; (2) once underway, it is independent
of extracellular Ca®?*??; (3) nerve action potential—
evoked ACh release remains possible for some time at
NMJs showing high-frequency MEPPs, but it eventu-
ally fails. Therefore, it might be that aLTx receptors or
downstream effector mechanisms are targeted in MFES
by complement products that are activated after (cross-
reactive) binding of anti-GQ1b antibodies to epitopes

ates

on, or adjacent to, aLTx receptors, one of which is a
sialoglycoprotein termed latrophilin.**

We observed that anti-GQlb antibodies induced
muscle fiber twitching. This is, however, not a clinical
feature of MFS. It might be due to specific properties
of NMJs in mouse diaphragm that are not shared by
human craniobulbar muscles. The twitching is caused
by superimposed MEPPs, just exceeding the firing
threshold. As MEPP amplitude is known to vary
among different muscles and species, it is likely that
anti-GQ1b antibody—induced high-frequency MEPPs
will not cause twitching in every type of muscle. In
support of this notion we observed that in rat soleus
muscle, at which MEPPs are smaller than in mouse
diaphragm, MEFS1 serum induced high-frequency
MEPPs but no twitches (Plomp JJ, unpublished obser-
vation). It has been suggested that the vulnerability of
craniobulbar nerves in MES is due to a relatively high
concentration of GQIlb, demonstrated in these
nerves.”® Tt is of interest that botulinum toxins,
which use gangliosides at NM]Js as ectoacceptors, also
preferentially affect craniobulbar muscles. Indeed, bot-
ulism is one of the major differential diagnoses for
MEFS and respiratory paralysis is a clinical feature of
botulism induced in mice."> MFSI serum had no ef-
fects on the electrophysiology of NMJs in intercostal
muscle of a nonneurological diseased human subject
and also not in mouse flexor digitorum brevis muscles
(Plomp JJ, unpublished observations), again suggest-
ing differential sensitivity for anti-GQ1b antibodies
among human and murine muscles from different
body regions. Furthermore, differential sensitivity for
anti-GQ1b antibodies among neurotransmitter release
mechanisms at different neuronal cells is suggested
from recent studies demonstrating a lack of effect of
anti-GQ1lb—positive MFS sera on neurotransmitter re-
lease from nerve growth factor—differentiated PC12
cells.*® The reason might be that GQ1b in PC12 cells
is not coupled to crucial components of the neuro-
transmitter release mechanism in the same way as it is
at the NM]J.

In view of the lack of effect of MFS1 serum at 32°C
on mouse diaphragm, the question arises as to whether
NMJs in MES patients at body temperature are af-
fected at all. However, NMJs in MFS patients are ex-
posed to anti-GQ1b antibodies for a longer period at a
higher concentration than NM]Js in the in vitro exper-
iments. Furthermore, the temperature dependency of
anti-GQ1b antibody—antigen binding may vary among
human muscles in such a way that binding to NM]Js
other than in craniobulbar muscles is prevented at
body temperature. Previous studies'” showed small am-
plitudes of EPPs and a reduction of MEPP frequency in
hemidiaphragms after 10 days of passive transfer of Ha
tbcM to mice, which differs from the presently found
dramatic increase in MEPP frequency after acute incu-
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bation with Ha mAb/rbcM. Small EPPs and low
MEPP frequency are the electrophysiological features
of regenerating NM]Js,> which possibly were present
after 10 days if NM]Js were to be damaged in the first
few days via an effect, as observed here with in vitro
application of Ha mAb/rtbcM. On the other hand,
the differential effect might be related to suboptimal
binding of Ha rbcM to nerve terminals due to a de-
creased binding capacity of anti-GQ1b antibodies at
body temperature.

In conclusion, we have shown that MFES sera induce
paralysis in mouse muscle via complement-mediated
oL Tx-like effects on transmitter release at the NMJ,
and our data strongly indicate that anti-GQlb anti-
bodies are responsible. Furthermore, we suggest that it
is likely that anti-ganglioside autoantibodies found in
GBS and directed to gangliosides at NM]Js other than
GQI1b (eg, GM1) might be involved in producing
nerve terminal injury through similar mechanisms. In-
deed, earlier work has shown that human anti-GM1
antibodies and the GM1 ligand cholera toxin are capa-
ble of binding to motor nerve terminals.?® However, it
should be emphasized that none of our data preclude
concurrent immunopathological injury to other critical
sites in the peripheral nervous system, such as nodes of

Ranvier, in either GBS or MFES.
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