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1. Using the patch-clamp technique, we have found that mouse muscle nicotinic acetylcholine
receptor (nAChR) channels can be activated by low concentrations of a monoclonal antibody
(MoAb), referred to as WF6, which is directed against the acetylcholine (ACh) binding site.
Similar effects were seen using IgG or F(ab), fragments from the sera of patients with
myasthenia gravis (MG), which contain polyclonal anti-nAChR antibodies.

2. The mean open times of MoAb and the slope conductance of single WF6-activated single
channels were similar to those of ACh-activated channels under the same experimental
conditions.

3. On outside-out patches, single channel activity was elicited by MoAb WF6 and MG F(ab)2
fragments, and was blocked by (+)-tubocurarine. We therefore concluded that MoAb WF6
and the MG F(ab)2 fragments activate the nAChR.

4. MoAb WF6 and MG F(ab)2 fragments blocked the current activated by pulsed application
of 10-4 M ACh to a significant extent. The block was partly reversible. The rate constants
for the binding and dissociation of MoAb WF6 from the receptor were determined
quantitatively.

Myasthenia gravis (MG) is caused by the chronic attack of
muscle endplates by anti-nicotinic acetylcholine receptor
(anti-nAChR) antibodies, which results in a loss of
functional nAChRs. Three mechanisms are implicated:
(1) increased rate of nAChR degradation; (2) complement-
mediated destruction of postsynaptic membranes; and (3)
direct block of nAChR function (for examples see Goldberg,
Mochly-Rosen, Fuchs & Lass, 1983; Maselli, Nelson &
Richman, 1989; Burgess, Wray, Pizzighella, Hall & Vincent,
1990). The main electrophysiological abnormalities can be
transferred passively from man to mouse by injection of
MG IgG (Toyka, Drachmann, Pestronk & Kao, 1975). In
this study we have used the patch-clamp technique to
investigate, on the molecular level, the acute electro-
physiological effects of antibodies directed against different
epitopes of the nAChR.

METHODS
Patch-clamp recordings, obtained from cultured embryonic mouse
myotubes (mice were killed by cervical dislocation, see Franke,
Koltgen, Hatt & Dudel, 1992) whose nAChR is made up of z2fly8-

subunits (embryonic type) were made in the cell-attached and in
the outside-out configuration, using standard protocols (Hamill,
Marty, Neher, Sakmann & Sigworth, 1981). For experiments in
the cell-attached mode, the respective antibody was added in the
indicated concentrations to the patch pipette containing the
extracellular solution. The liquid filament switch technique
(Franke, Hatt & Dudel, 1987) was used for pulsed application of
antibodies to outside-out patches. Using this method, solution
exchange is completed within 200-300 ,us. In total, twenty-five
cell-attached patches and sixty-four outside-out patches were
analysed.

Single channel currents were recorded with a List EPC7 patch-
clamp amplifier for cell-attached recordings or a List EPC9
patch-clamp amplifier for outside-out patch recordings. The data
were stored on a modified Sony DAT-recorder, and they were
low-pass filtered at 1 kHz for measurements with the cell-attached
configuration and at 2 kHz for measurements with the outside-out
configuration. For off-line evaluation of single channel data, an
event-detection program was used for the construction of open and
closed time histograms (Dudel & Franke, 1987).

The composition of the extracellular solution was (mM): 137 NaCl,
5 3 KCl, 0-67 Na2HPO4, 0-22 KH2PO4, 15 Hepes, 5-6 glucose, 1
CaCl2. The pH was adjusted to 7-3 with 1 M NaOH and the
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osmolarity to 315 mosmol 1-' with mannitol. The intracellular
solution was composed of (mM): 140 KCl, 11 EGTA, 10 Hepes, 10
glucose, 2 MgCl2. The pH was adjusted to 7-3 with 1 M KOH and
the osmolarity to 315 mosmol 1-' with mannitol.

In cell-attached measurements, the membrane potential is the sum
of the actual pipette potential plus the resting potential of the
myotube. The resting potential varied between -40 and -60 mV
and was not determined for each experiment.

The liquid filament switch technique (Franke et al. 1987) was
used for pulsed application of antibodies to outside-out patches. It
was not possible to include the respective purified antibody
preparations in the background solution of the system for the
liquid filament switch, due to insufficient material for a long-term
incubation of a patch at a flow rate of background solution of
1 ml min-'. The following pulse protocol was therefore used: six
successive pulses of 10-4M ACh of 400 ms duration with an
interval of 5 s between pulses (allowing complete recovery from
desensitization) were applied to the patch. Subsequently, one 60 s
pulse of the respective antibody-containing solution was applied.
This pulse alternated with six short pulses of 10-4 M ACh plus
antibodies; this cycle was repeated as required (the arrows on the
time axis of Fig. 4B and E indicate the point of time of the test
pulses). When the peak current amplitude had stabilized at a low
value due to the block, the test solution was changed to a solution
without antibodies. Again, six test pulses were applied at different
time intervals to determine the recovery from the block. To
calculate the binding constant, the time constant of block of the
respective antibody preparation was calculated by fitting the time
course of block with a single exponential (Fig. 4B and E, dashed
line) by least squares. To calculate the dissociation rate of the
monoclonal antibody (MoAb) WF6, we used the time from the
beginning of the recovery to 50% of the steady-state value, not
assuming complete recovery from the block.

All experimental data were given as means +S.E.M.

The antibodies used were prepared as described elsewhere. For
MoAb WF6 see Fels, Pliimer-Wilk, Schreiber & Maelicke (1986)
and Conti-Tronconi, Tang, Diethelm, Spencer, Reinhardt-
Maelicke & Maelicke (1990). There is only oneWF6 binding site
per nAChR monomer, i.e. one half as many as ACh binding sites
(Fels et al. 1986). For IgG and F(ab)2 fragments from myasthenic
patients (experiments were performed with IgG and with F(ab)2
fragments from two different myasthenic patients) see Sterz et al.
(1986) and Toyka et al. (1980). The human F(ab)2 fragments were
tested using human muscle nAChR; reaction with mouse nAChR
is normally 1:1 to 1:100 less (Garlepp, Kay, Dawkins, Bucknall
& Kemp, 1981). For MoAb 35, an antibody directed against the
main immunogenic region of the nAChR (amino acid (AA)
sequence,a6-85) see Tzartos, Kokla, Walgrave & Conti-Tronconi
(1988) and for MoAb 155, an antibody directed against a
cytoplasmic region of the nAChRa-subunit (AAa373-380) see
Tzartos & Remoundos (1992). MoAb 35 and MoAb 155 were
assayed by double precipitation using mouse nAChR. Further
control experiments were performed with WF20, an antibody
binding distant from the ACh and WF6 binding site on the
a-subunit (Watters & Maelicke, 1983). The exact binding site of
this MoAb is not known, however. Another control was done with
normal human IgG (Venimmun®, a commercially available
polyvalent human 7-S IgG preparation; Behring, Mannheim,
Germany).

Antibody titres were assayed by a double immunoprecipitation
assay modified from Lindstrom (Toyka et al. 1980; Sterz et al.
1986). The molarity of MoAb WF6 and WF20 was determined as
described in Fels et at. (1986) and Watters & Maelicke (1983), of
MoAb 35 and MoAb 155 as described in Tzartos et al. (1988) and
Tzartos and Remoundos (1992), and of MG IgG and MG F(ab)2
fragments as described in Sterz et al. (1986). All antibody
preparations were dialysed and sterile filtered using Millipore
filters, pore size 0 22 /um.

RESULTS
To investigate the effect of MoAB WF6, the major epitope
of which is located within the a-subunit AA sequence
a181-200 (Conti-Tronconi et al. 1990 and Schroder et al.
1994) of Torpedo marmorata nAChR, it was added to the
physiological solution in the patch pipette and we recorded
in the cell-attached configuration. Under these conditions,
single channel activity was observed regularly (Fig. 1B).
Similar single channel activity was recorded in the cell-
attached mode after MG IgG fractions (Fig. 1 C) were added
to the solution in the patch pipette. The configuration of
the antibody-activated single channels seems to be very
similar to that of ACh-activated channels (10-6 M, Fig. 1A).

In Fig. 1, beside the original registrations, evaluations of
mean open time of single channel openings are shown for
the respective test solution. The open time distributions
were fitted with a single exponential. Twelve experiments
were evaluated; the mean open time was 1-40 + 0 39 ms
(ACh, n = 4); 1P51 + 0O26 ms (MoAb WF6, n = 5); and
1-47 + 0-28 ms (MG IgG, n = 3).

In addition, the single channel current amplitude was
analysed at different membrane potentials. In Fig. 2A, the
single channel current amplitude is plotted at different
potentials (given as the actual pipette potential). The linear
fit of nine such experiments resulted in a slope conductance
of 47 0+1 4pS (n=3), 45'7+1l1pS (n=3) and
44.7 + 0 9 pS (n =3) for ACh-, MoAb WF6- and MG 1gG-
activated single channels, respectively (Fig. 2A). Each
experiment had to be evaluated individually, since the
resting potential of the cells varied; note the parallel shift
of the curves in Fig. 2A (see Methods).

We noted that the frequency of single channel openings
elicited by MoAb WF6 decreased substantially during the
measurements. In the case of Fig. 2B, it decreased from
around 55 to 15 openings s-' during the first 120s of
registration. This indicates a slow desensitization of the
WF6-activated single channels, as previously described
for ACh-activated single nicotinic channels (Ochoa,
Chattopadhgyay & McNamee, 1989).

A control MoAB, WF20 (7 xlo-8 M, anti-nAChR antibody
directed against a site distant from the ACh binding site)
did not elicit single channel openings (n = 5, data not
shown).
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Figure 1. Single channel recordings from embryonic mouse muscle using the patch-clamp
technique in the cell-attached configuration
A, single channels activated by 10-6 M ACh. B, single channels activated by 1 x 10-9 M MoAb WF6.
C, single channels activated by 5 x 10-7 M MG IgG fractions. The respective histograms of open times are
shown on the right. Pipette potential for all measurements was -10 mV. T, mean open time.
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Figure 2
A, dependence of the single channel current amplitude on pipette potential (continuous line, MoAb WF6;
long dashed line, ACh; short dashed line, MG IgG). B, time dependence of the frequency of single channel
openings activated by 1 x 10-9 M WF6. The frequency of single channel openings each second was

measured for 120 s. Second 1 in the figure was approximately 10 s after formation of the gigaseal.
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Single channel activity was also elicited by the MoAb WF6
if it was applied to outside-out patches with the fast
application system. Figure 3A shows single channel
openings during a 5 s pulse containing 7 x 10-9 M WF6. In
the 10 s interval between pulses, single channel activity
was not observed. If 1 x 10M5M (+)-tubocurarine was
added to the MoAb WF6-containing test solution and to
the background solution of the fast application system,
single channel openings could not be observed (Fig. 3B),
indicating block of MoAb WF6-activated single channels
by (+)-tubocurarine.

The same effect was observed using purified F(ab)2
fragments of the IgG fraction of a MG patient (Toyka et al.
1980; Sterz et al. 1986). Pulsed application of F(ab)2

Figure 3. Activation of single channels by pulsed
application of antibodies
A, activation of single channels by pulsed application (pulse
duration 5 s) of 7 x 10-9 M MoAb WF6. B, block of the
single channels after addition of Ix 10-5 M
(+)-tubocurarine to the MoAb WF6-containing test
solution (pulse duration, 5 s). C, activation of single
channels by pulsed application (pulse duration, 5 s) of
1 x 10-1 MMG F(ab)2 fragments. D, block of the single
channels after addition of 1 x 10`5 M (+)-tubocurarine to
the MG F(ab)2 fragments containing test solution (pulse
duration, 5 s). In panels A and C, some single channel
events are shown on a different time scale. Holding
potential for all measurements was -60 mV.

fragments elicited single channel openings (Fig. 3C), which
were blocked by 1 x 10M5M (+)-tubocurarine added to the
test solution (Fig. 3D). Additionally, the single channel
acitivity elicited by F(ab)2 fragments or MoAb WF6 could
not be observed if 10-4 M ACh was added to the test
solution, suggesting desensitization of nicotinic receptors
by ACh (n = 5, not shown).

So far we concluded that the MoAb WF6, MG IgG fractions
and MG F(ab)2 fragments activated nicotinic channels
(Figs lA-C, 2A and 3A-D).

In the next series of experiments, we applied pulses of ACh
to outside-out patches. With experiments of this type, all
rate constants which are necessary to describe activation
and desensitization of the nAChR could be determined
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Figure 4. Investigation of the acute blocking effect of anti-nAChR antibodies
Recordings of nAChR-activated channels on outside-out patches using the liquid filament switch technique.
A, fast activation of nAChRs (averaged current of 6 single activations) by 400 ms pulses of a test solution
containing 10-4 M ACh in the beginning of the experiment, after 9 min of incubation with 7 x 10-9 M
MoAb WF6 (middle trace) and following 8 min of wash-out. B, plot of the time dependence of the peak
current amplitude relative to the control (lower line, n = 15; dashed line, single exponential fit of the time
course of block). The upper line shows control experiments in the absence of MoAb WF6 (n = 9). Here and
in E, arrows indicate point of time of the 6 pulses of 10-4 M ACh, applied every 60 s. C, plot of the peak
current amplitude elicited by 10-4 M ACh during wash-out of MoAb WF6; n = 4. D, fast activation of
nAChRs (averaged current of 6 single activations) by 400 ms pulses of a test solution containing 10-4 M ACh
in the beginning of the experiment, after 9 min of incubation with 1 x 10-1 M F(ab)2 fragments (middle
trace) and following 8 min of wash-out. E, plot of the time dependence of the peak current amplitude
relative to the control (lower line, n = 19; dashed line, single exponential fit of the time course of block). The
upper line shows control experiments in the absence of F(ab)2 fragments (n = 9). F, plot of the peak current
amplitude elicited by 10-4 M ACh during wash-out of the F(ab)2 fragments (n = 12). Bars show the S.E.M.
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Table 1. Blocking effects of different antibody preparations

Binding site at
nAChR a-subunit

MoAb WF6 AA a181-200
F(ab)2 fragments
MoAb WF20 Distant from binding site
MoAb 35 AA a6-85
MoAb 155 AA a373-380
Normal human IgG

Protein
concentration

(M)

7 x 10-9
1 x 1o-,,
7 x 10-8
7 x 10-9
1 X 10-8
1 X 10-5

a-Bungarotoxin
binding sites

(M)

0-75 x 10-12

3 x 10-9
3 x 10-9

<0 1 x io-9

Incubation
time
(min)

Relative current
amplitude

9 0 19 + 0-14 (15)
9 0-18 + 0 16 (18)
11 0-89 + 0 10 (5)
8 0-91+0-11(7)
9 0-98 + 0 05 (6)
8 0-96 + 0 05 (3)

The percentage of block was compared with the normalized peak amplitude of the current elicited by
10-4 M ACh at the beginning of the respective experiment (Fig. 4A and D). Protein and a-bungarotoxin
binding site concentrations are as calculated for the final dilutions used in the experiments. Values are
given as means + S.E.M. Numbers in parentheses indicate the number of experiments.

quantitatively (Franke, Hovav, Parnas & Dudel, 1993).
After the beginning of a pulse with a saturating
concentration of 10-4 M ACh, the current amplitude
increases within 1 ms to a peak value and decays to a low
steady-state value due to desensitization (see first traces in
Fig. 4A and D, see also Franke et al. 1993). We then added
different antibody preparations to the test solution to
investigate the blocking effect of the MoAb WF6 and of
MG F(ab)2 fragments; 75% of the tests with MoAb WF6
and 90% of the tests with the MG F(ab)2 fragments showed
a reduction in peak current of > 30 %.

The first trace in Fig. 4A shows the current elicited by
pulsed application of 10-4 M ACh. After 9 min incubation
of the outside-out patch with 7 x 10-9 M of MoAb WF6,
the peak amplitude of the current elicited by 10-4 M ACh
was reduced (middle trace of Fig. 4A). The block was partly
reversed after 8 min wash-out (third trace of Fig. 4A).
Additionally, control experiments were done in which
10-4 M ACh was applied without any antibody. In Fig. 4B,
the results of control experiments and of experiments with
the MoAB WF6 are shown. The normalized peak current
decreased after 9 min incubation with the MoAb to
0 19 + 0-14 (n = 15). In the controls, the current decreased
only slightly to 0-87 + 0 09 (n = 9), due to a non-specific
run-down of channels. The time course of the block by
MoAb WF6 was fitted with a single exponential (Fig. 4B,
dashed line) with a time constant of 355 + 95 s (n = 15).
Assuming that this time constant reflects the binding of
MoAb WF6 to the nAChR, the rate constant was

0-4 x 106 + 0-06 x 10-6 M-1 S-1 (n = 15), similar to the
value determined by direct association kinetics with
3H-labelled WF6 (Fels et al. 1986).

Figure 4C shows the increase of the amplitude of the
normalized peak current elicited by 10-4 M ACh during the
wash-out of the MoAB. After 10 min of wash-out, the
normalized peak current was 0-82 + 0 12 (n = 4). The rate
constant of dissociation of MoAb WF6 was (using the 50%

recovery time, see Fig. 4C) 8-5 x 10-3 + 1.9 x 10-3 S-1
(n = 4), about four orders of magnitude larger than that
determined for complexes with Torpedo receptor (Fels et al.
1986), and the equilibrium dissociation constant (KD) was
determined to be 28 x 10-9 + 8-5 x 10-9 M (three orders of
magnitude larger than for the Torpedo receptor).

Figure 4D-F shows the results of experiments using
purified F(ab)2 fragments from a MG patient, together with
control experiments. The normalized peak current
amplitude was 0-18 + 016 (n = 19) after 9 min of
incubation with 1 x 1i0-" MMG F(ab)2 fragments (Fig. 4E).
The time course of the block was fitted with a single
exponential, with a time constant of 365 + 155 s (n = 19).
After an 8 min wash-out time the peak current amplitude
was 0-66 + 0-11 (n= 13, Fig. 4F). Because only an
unknown fraction of the MG F(ab)2 fragments will be
effective, the rate constants of binding and unbinding of
F(ab)2 fragments were not calculated.

To determine whether blockade was only produced by
antibodies directed against the ACh binding site, further
experiments were performed using polyclonal normal
human IgG and MoAb, not directed against the nAChR
binding site (see Table 1). No blocking effect exceeding the
run-down phenomenon of the ACh-activated current was
observed during an incubation time of 8 min (normal
human IgG, n = 3), 11 min (MoAb WF20, n = 5), 8 min
(MoAb 35, n = 7) and 9 min (MoAb 155, n = 6) with any of
these antibodies (Table 1).

DISCUSSION
For all of the MoAbs used in this study, their epitopes on
the a-subunit of the respective nAChR have been
determined at the peptide level (Table 1).

The MoAb directed against the ACh binding site of Torpedo
receptor (WF6, Figs lB and 3A), MG IgG fractions
(Fig. 1 C) and MG F(ab)2 fragments (Fig. 3C) caused single
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channel activation, with single channel kinetics similar to
those of ACh-activated single channels (Fig. 1A) under the
same experimental conditions and to those previously
reported by others for frog nicotinic receptors (Colquhoun &
Sakmann, 1985), which have kinetic properties very
similar to those of mouse nicotinic receptors. In contrast,
the MoAb WF20, binding not at the binding site of the
receptor, did not induce single channel openings. In
addition, the single channel activity elicited by MoAb WF6
and MG F(ab)2 fragments was blocked by (+)-tubocurarine
(see Fig. 3B and D) and desensitizing concentrations of
ACh. We therefore concluded that the MoAb directed
against the binding site (WF6) and MG IgG fractions or
MG F(ab)2 fragments activated the nicotinic receptor.

The activation of nicotinic channels by MoAb WF6 was
tested at low concentrations (1 x 10-9 M or 7 x 10-9 M, see
Figs 1B and 3A). Because the binding and dissociation
rates of MoAb WF6 to the nicotinic receptor are very low
compared to those of ACh (Franke et al. 1993), it is not
expected that 'macroscopic' currents with fast activation
and desensitization kinetics could be mimicked by
MoAb WF6.

Out of four MoAbs (MoAb WF6, MoAb WF20, MoAb 155,
MoAb 35, see Table 1), only MoAb WF6, binding to the
binding site of the receptor, led to a reversible blockade of
the nAChRs. There is a discrepancy between our results
showing a reversible (low affinity) block of the nAChR by
MoAb WF6 and those obtained with binding studies (Fels
et al. 1986). As shown previously for oc-neurotoxins
(Maelicke, Fulpius, Klett & Reich, 1977; Kang & Maelicke,
1980), it may be that binding proceeds in several stages,
with the first stage being of relatively low affinity resulting
in reversible block due to a four orders of magnitude larger
unbinding rate as measured in our experiments (Fig. 4C).
With binding studies it was shown that there is only one
MoAb WF6 binding site per receptor monomer (Fels et al.
1986). It remains unclear, however, how many MoAbs bind
to one nAChR with low affinity, producing the reversible
block and probably also single channel activation.

Polyvalent MG IgG fractions or MG F(ab)2 fragments
would be expected to bind to multiple sites on the nAChR,
including the main immunogenic region and the ACh
binding site of the oc-subunit. Although we found only
MoAb WF6, directed against the binding site, affecting the
function of the nAChR (see Table 1), it is not proven that
block of the nAChR is caused exclusively by antibodies
directed against the binding site. Because in most cases of
MG, polyvalent antibodies directed against the nAChR are
detected, it is probable that there are other epitopes on the
receptor, additional to the binding site, which affect the
function of nAChRs. However, antibodies binding at or near
the binding site are not, or only marginally, detected by
the diagnostic double immunoprecipitation assay (Vincent

may be that mainly antibody binding to the ACh binding
site of the a-subunit is responsible for the fast electro-
physiological effects of activation and block of the receptor.

Our observations may help to understand some hitherto
unexplained pathophysiological features of the autoimmune
disorder MG, such as the rapid fluctuations of muscle
weakness and the very rapid recovery of muscle strength
after therapeutic plasmapheresis, which occurs faster than
the turnover of nAChRs at the neuromuscular endplate.
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