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Amyotrophic lateral sclerosis (ALS) is a degenerative neuromuscular disease of unknown etiology in
which the upper and lower motor neurons are progressively destroyed. Recent evidences support the role
of autoimmune mechanisms in the pathogenesis of ALS. This study investigated the effects of sera from
ALS patients on neuromuscular transmission in phrenic nerve-hemidiaphragm preparations and on calcium
currents of single isolated dorsal root ganglion (DRG) cells in mice. Mice were injected with either control
sera from healthy adults or ALS sera from 18 patients with ALS of sporadic form, for three days. Miniature
end plate potential (MEPP) and nerve-evoked end plate potential (EPP) were measured using intracellular
recording technique and the quantal content was determined. Single isolated DRG cells were
voltage-clamped with the whole-cell configuration and membrane currents were recorded. Sera from 14
of 18 ALS patients caused a significant increase in MEPP frequency in normal Ringer’s solution (4.62+
0.14 Hz) compared with the control (2.184+0.15 Hz). In a high Mg®" /low Ca®" solution, sera from 13
of 18 ALS patients caused a significant increase in MEPP frequency, from 2.18+0.31 Hz to 6.09+0.38
Hz. Sera from 11 of 18 patients produced a significant increase of nerve-evoked EPP amplitude, from
0.92+0.05 mV to 1.30+0.04 mV, while the other seven ALS sera did not alter EPP amplitude. In the
ALS group, EPP quantal content was also elevated by the sera of 14 patients (from 1.49+0.07 to 2.35+
0.07). MEPP frequency and amplitude in wobbler mouse were 4.03+0.53 Hz and 1.37%0.18 mV,
respectively, which were significantly higher than those of wobbler controls (wobblers without the
symptoms of wobbler). Sera from ALS patients significantly reduced HVA calcium currents of DRG cells
to 42.7% at — 10 mV. Furthermore, the inactivation curve shifted to more negative potentials with its
half-inactivation potential changed by 6.98 mV. There were, however, significant changes neither in the
reversal potential of I, nor in the I-V curve. From these results it was concluded that: 1) The serum
factors of sporadic ALS patients increase neuromuscular transmission and can alter motor nerve terminal
presynaptic function. This suggests that ALS serum factors may play an important role in the early stage
of ALS, and 2) Calcium currents in DRG cells were reduced and rapidly inactivated by ALS sera,
suggesting that in these cells, ALS serum factors may exert interaction with the calcium channel.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a dege-
nerative neuromuscular disease in which the upper
and lower motor neurons are progressively destroyed.
Two forms of the disease are known to exist. The first
is the genetically transmitted familial form which
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accounts for approximately 10% of the cases. The
remaining 90% are sporadic. Their exact causes are
still unknown.

Attempts have been made to explain the etiology
and pathogenesis of both forms of ALS, and several
hypotheses have been put forward (Eisen & Krieger,
1993; Brown, 1994). In familial ALS, approximately
20% of patients exhibit mutation in the Cu’"/Zn’"
superoxide dismutase (SOD1) gene and the hypo-
thesis that such mutation may be an underlying cause
of motoneuron degeneration has recently been
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strengthened by the development of a transgenic
animal model (Rosen et al, 1993; Gurney et al, 1994).

Although the etiology or pathogenesis of sporadic
ALS remains unknown, several hypotheses have been
developed. These include a possible role of viruses
(Gibbs & Gajdusek, 1982; Viola et al, 1982; Brahic
et al, 1985), of toxin (Spencer et al, 1987), of
impaired aging (Bradley, 1984), of altered trophic-
factor function (Appel et al, 1991), and of abnormal
glutamate metabolism (Rowland, 1991; Rothstein et
al, 1992). The autoimmune hypothesis has received
considerable attentions for the past ten years (Uchitel
et al, 1988, 1992b; Appel et al, 1991; Llinas et al,
1993; Mosier et al, 1995).

Circumstantial evidences provide suggestive but
not conclusive supports for the autoimmune hypo-
thesis. These evidences include the presence of other
autoimmune disorders in ALS patients, the presence
of paraproteinemias (Shy et al, 1986; Younger et al,
1990; Duarte et al, 1991), of lymphomas (Younger et
al, 1991), of lymphocytic infiltration (Engelhardt et
al, 1993), and of activated macrophages in ALS
spinal cord and immunoglobulin (Ig) G within ALS
motoneurons (Donnenfeld et al, 1984; Engelhardt &
Appel, 1990). Lampson et al (1990) demonstrated
phagocytes and small numbers of T cells in de-
generating white matter of ALS spinal cords. Whether
autoimmunity accounts for the majority or a minority
of cases of sporadic ALS is not clear. The small
number of cases with paraproteinemia supports a role
for autoimmunity in only a limited number of pa-
tients, while the large number of cases with antibodies
to the calcium channel (Smith et al, 1992) supports
a role for autoimmunity in the majority of cases of
sporadic ALS.

Although there are several findings suggesting the
possible pathogenic actions of ALS autoantibodies,
critical evidences came from experiments which
examined the functional effects of Ig on motor nerve
terminals. It was initially observed that enhanced
spontaneous release of acetylcholine (ACh) from
motor nerve terminals was present in nerve-muscle
preparations exposed for 4 hours to ALS Ig (Uchitel
et al, 1988). This phenomenon was confirmed in
another study (Uchitel et al, 1992b) in which the
animals received ALS Ig in vivo for 4~12 weeks.
Further evidence for the autoimmune hypothesis was
provided by the results of a passive transfer ex-
periment, in which laboratory mice were innoculated
with serum containing IgG from ALS patients (Appel
et al, 1991). IgGs were found both in motor neurons
and at the neuromuscular junctions (NMJs) of
innoculated animals.

An increase in miniature endplate potential (MEPP)
frequency was also observed, while MEPP amplitude
and time course remained unaltered (Engelhardt &
Joo, 1986). Furthermore, other authors have de-
monstrated the cytotoxic effects of ALS IgG on a
motor neuron cell line in vitro (Alexianu et al, 1994;
Smith et al, 1994) and morphological alterations in
motor neurons following passive transfer in vivo
(Uchitel et al, 1992b).

The first biochemical evidence that anti-VGCC
antibodies occur in ALS was reported by Smith and
his colleagues (Smith et al, 1992). Using an en-
zyme-linked immunosorbent assay (ELISA), they
demonstrated that antibodies binding to L-type cal-
cium channels from rabbit skeletal muscle were
present in sera from 75% of ALS patients. Further
investigation showed that the antibodies were bound
to the channel’s a; subunit and not to a2, 8, &, or
y (Kimura et al, 1994). In addition, in an im-
munoprecipitation assay study, 23% of the samples of
spotadic ALS exhibited autoantibodies to P/Q-type
calcium channels (Lennon et al, 1995), a predominant
calcium channel subtype found in mammalian motor
neurons (Umemiya & Berger, 1994). These antibodies
affected calcium currents. Delbono and his colleagues
used the voltage-clamp technique and rat extensor
digitorum longus muscle preparations to demonstrate
that peak calcium current (Ic.) was reduced in
dihydropyridine (DHP)-sensitive L-type calcium chan-
nels (Delbono et al, 1991b). Further investigation
observed that ALS IgG reduced mean channel open
time and amplitude in mammalian single skeletal
muscle DHP-sensitive calcium channels (Magnelli et
al, 1993). This finding, the inhibition of L-type
calcium activity, seemed inconsistent with the effects
on motor nerve terminals. Recent studies, however,
have reported that neuronal P-type Ca’" channels in
mammalian cerebellar Purkinje cells and in isolated
channel protein in lipid bilayer which were exposed
to ALS immunoglobulins showed an enhancement of
Ca>* current (Llinas et al, 1993). Similarly, ALS
immunoglobulins increased Ic. in hybrid motoneuron
cell line VSC4.1. (Mosier et al, 1995): these currents
were blocked by the polyamine funnel-web spider
toxin, FTX.

It has recently been shown that mammalian
neuromuscular transmission (Atchison, 1989; Protti et
al, 1991) and excitatory and inhibitory neuromuscular
transmission at the crayfish opener muscle (Araque et
al, 1994) are insensitive to both w-conotoxin (w-
CgTX) and DHPs. Furthermore, transmission in those
systems is inhibited by FTX and w-agatoxin IVA (w-
Aga-IVA). On the other hand »-CgTX decreased the
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frequency and amplitude of MEPP and had no effect
on quantal content at the NMJ of mouse diaphragm
(Protti et al, 1991). The presynaptic N-type voltage
dependent calcium channels (VDCCs) which mediate
transmitter release were irreversibly blocked by -
CgTX at the electromotoneuron-electrocyte synapses
of the weakly electric fish Gymnotus carapo (Sierra
et al, 1995).

The primary objective of present work is to further
define the action of ALS sera on the presynaptic
process of neuromuscular transmission and to assess
the effects of ALS sera on calcium currents. Since
calcium channel activity in mammalian motor nerve
terminals is difficult to test directly, DRG cells were
selected for study. The focus is on the short term in
vivo effects of ALS humoral factors on neurally
evoked EPPs and on quantal content and calcium
channels. Using the mouse passive transfer model, the
ability of serological samples from 18 ALS patients
to alter pre- and postsynaptic parameters of neuro-
muscular transmission was tested, and the results
were compared with those produced by control sera
from healthy subjects. In addition, neuromuscular
transmission in the wobbler mice, which is an auto-
somal recessive mutant and characterized by pro-
gressive weakness and atrophy of forelimb, shoulder
gitdle and bulbar muscles (Duchen et al, 1968;
Bradley, 1984), was compared. Parts of these results
were presented elsewhere (Yan et al, 1997).

METHODS
Passive transfer and animal preparation

ICR mice of either sex, weighing 25~30 g were
used in the experiments. Whole blood was collected
from human test subjects and spun in a centrifuge;
the sera was removed and stored at —20°C until
needed. Passive transfer model mice were given an
intraperitoneal injection of 0.5 ml of ALS or control
serum daily, for 3 days. On the fourth day the animals
were anesthetized with urethane (1 g/kg), and the
diaphragm with intact phrenic nerve was removed.
The diaphragm was then cut in half and prepared for

the in vitro recording of synaptic biopotentials at the
NMJ.

Neuromuscular junction recording and analysis
Biopotentials at the NMJ were recorded using

conventional intracellular microelectrode recording
techniques (Fatt & Katz, 1951). Glass microelec-

trodes filled with 3 M KCl had resistances in the
range of 5~10 M. The first hemi-diaphragm
muscle was placed in the bottom of a Sylgard-covered
recording chamber containing normal Ringer’s so-
Iution (12 ml) consisted of (mM) NaCl 135, NaHCO3
15, Na;HPO, 1, CaCl, 2, MgCl, 1, and glucose 11,
with pH of 7.2 to 7.4. All solutions were aerated with
95% O, and 5% CO, throughout the experiment, and
the recording chamber was maintained at 30+2°C.
The second hemi-diaphragm was placed for 40~60
min in Ringer’s solution containing low [Ca®"), (1.2
mM) and high [Mg’*], (8 mM) in which iso-
osmolarity was maintained by adjusting [Na"],. The
[Ca2+]o and [Mg“]o values were chosen in order to
eliminate muscle twitching in response to electrical
stimulation. Comparison of data from ALS and
control mice was made between preparations exposed
to the same [Ca’"}, and [Mg’"],. In order to ensure
focal recordings from the endplates, the electrode was
inserted into fibers near the endplate region (Fig. 1A),
and data were excluded if the mean rise-time of the
MEPPs was greater than 1 ms or if the initial resting
membrane potential (RMP) was mote positive than
—70 mV. The neuromuscular recording system is
shown in Fig. 1B. Recorded biopotentials were fed
into a microprobe amplifier (GeneClamp 500, Axon
Instruments, U.S.A), and output signal from the
amplifier was fed into two channels. One of these was
fed into an oscilloscope (Tektronix 2430 A, U.S.A),
and then into an Analog/Digital converter (PP-50 Lab,
Warner Instrument, U.S.A), which was used to record
both the MEPP and EPP waveforms; the other
channel was fed into the Analog/Digital converter,
which was set to allow DC voltages and was used
to record the RMP. The oscilloscope amplified the
biopotential signals, and these were then recorded into
a computer. To stimulate the phrenic nerve and evoke
EPPs, a stimulator (S88, Grass Instruments, U.S.A)
was used. One channel of this was delivered to a
bipolar stimulating electrode via a stimulation iso-
lation unit (SIUS5, Grass Instruments, U.S.A), while
the other served as a trigger for the computer and
oscilloscope.

An automated computer system, which was de-
veloped by O’Shaughnessy & Kim (1995) based on
an IBM-PC compatible computer for complete anal-
ysis of 45 parameters of neuromuscular transmission,
was used for on-line acquisition and signal processing
of focally recorded spontaneous MEPPs and evoked
EPPs. The program calculated MEPP and EPP am-
plitudes, rise-times, and half-decay times. Quantal
content at each junction was computed by three
different methods: the direct method (my), the indirect
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Fig. 1. Equipment configuration of the neuromuscular
recording system. The biopotentials were recorded from
a hemi-diaphragm with intracellular recording electrode
filled with 3 M KCl. It was inserted into muscle fibers
near endplate region (A). The biopotentials were fed into
the microprobe amplifier (B). One of the amplifier
output, DC signal, was monitored and recorded as resting
membrane potential (RMP). The other output, miniature
endplate potential (MEPP) or endplate potential (EPP),
was fed into the oscilloscope and processed as AC signal.
One channel of the stimulator was used to elicit EPPs
through the bipolar stimulating electrode, while the other
served as a trigger for the computer and oscilloscope.

method (m;) and the failure method (my):

my=EPP/MEPP

m;=EPP/q=(EPP)*/v=(EPP/ ¢ )

my=log. (N/Np),

where EPP is the mean corrected amplitude of 30

evoked potentials, excluding the first 10 EPPs; MEPP
is the mean corrected amplitude of 20 consecutive
MEPPs, excluding ‘giant’ or ‘slow’ MEPP which
does not participate in the evoked quantal release
process; q is the quantal size; v and ¢ are the
variance and standard deviation of a series of
corrected EPP failures, respectively.

Preparation of single DRG cells

Acutely dissociated dorsal root ganglia neurons
were prepared from mice (25~30 g, ICR). The ani-
mals were anesthetized with urethane (1 g/kg), and
the spinal column was removed and placed in a
culture dish containing (in mM) NaCl 140, KCl 5,
HEPES 10, and glucose 25, with pH of 7.4 (Solution

A). The isolated ganglia were washed three times
with solution A and were incubated at 37°C for 20
min with a 1 ml Ca’*-free collagenase solution
(Collagenase 1A 0.15%, Hyaluronidase IS 0.1%,
Sigma, U.S.A)). They were then transferred to
solution A and washed three times with this solution,
to which 0.25% trypsin had been added, and in-
cubated for a further 10 min. Ganglia were removed
and placed in media (Dulbecco’s modified Eagle’s
medium with supplements of 10% fetal bovine serum,
50 U/ml penicillin, and 50 pg/ml of streptomycin,
0.5 ml), which were then isolated by trituration of the
ganglia using fire-polished pasteur pipette with pro-
gressively finer tips. Isolated cells were plated on
polyethyleneimine (Sigma, U.S.A.)-coated glass cover-
slips. After waiting for about an hour until surface
cells settled down, the coverslips were flooded with
media and kept for up to 2 days in CO, incubator
at 37°C.

Whole cell patch-clamp recordings

Voltage-clamp recordings were obtained using the
standard giga-seal, whole-cell patch-clamp recording
techniques (Hamill et al, 1981). Single cell were
voltage clamped, and membrane currents were mea-
sured using the whole-cell configuration of patch
clamp technique (Fig. 2). Aliquots of single DRG
cells in suspension (0.5 ml) were added to the
recording chamber mounted on an inverted micro-
scope (Nikon Diaphot, Japan). Solutions were super-
fused through the chamber by gravity at a rate of 2~
3 ml/min. Ic, from mouse DRG cell was measured
using a patch-clamp amplifier (EPC-7, List, Ger-
many). Electrodes were fabricated from borosilicate
capillary tubes (Kimax-51, 1.5 mm inner diameter,
Kimble, U.S.A) by pulling on a microelectrode puller
(Narishige, pp-83, Japan). The resistance of electrodes
ranged from 2 to 5 M Q. Electrode tips were coated
with Sylgard (Dow Corning, U.S.A.) to reduce ca-
pacitive current, and remnant capacitive transients
were routinely cancelled using the EPC-7’s can-
cellation circuitry. For patch-clamp experiment, DRG
cells on the culture coverslips were transferred to the
recording chamber filled with bath solution containing
(in mM) N-methyl-D-glucamine (NMG) 140, CaCl,
2.5, MgClL, 05, KCl 2.7, tetracthylammonium
chloride (TEA-CI) 2.7, glucose 5, and HEPES 10,
buffered to pH 7.4. Osmolarity was adjusted to 310
mOsm by sucrose. The patch pipettes filling solution
contained (in mM) CsCl 120, TEA-C1 20, MgCl, 2,
EGTA 11, HEPES 10, and K-ATP 2, and pH was
buffered to 7.4 with CsOH. Osmolarity was adjusted
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Fig. 2. Examples of MEPP and EPP waveforms. They were recorded either in normal Ringer’s solution
(A and B) or in high Mg”/low Ca®" solution (C and D). A. Sixty MEPPs were recorded from an
endplate and ensemble-averaged. B. MEPPs were recorded continuously to measure the frequency. C.
Ensemble-averaged waveforms of sixty MEPPs were shown. Phrenic nerve-evoked EPPs were
superimposed. D. MEPPs were continuously recorded.

Table 1. Clinical features and electrodiagnostic findings from ALS patients

ALSle)a'ltlent Age Sex I();r:ltlﬂcgl Loxlzzfl rror:?tor Uplgc:J rr;lr?)tor Electrophysiology®
1 75 M 15 + 4+ ++ + +++
2 48 F 20 + ++ ++
3 44 F 7 + 0 + + +
4 69 M 8 + + -+ + +
5 35 F 18 ++ + ++
6 71 M 24 ++ ++ +++
7 54 F 18 + -+ + + ++
8 18 M 6 ++ ++ ++
9 48 M 6 + + ++

10 31 M 6 + 0 ++
11 47 M 18 + + -+ ++
12 64 M 8 ++ +++ ++
13 59 F 31 +++ ++ +++
14 55 F 18 ++ ++ ++
15 42 M 24 ++ + +++
16 70 M 12 ++ + ++
17 57 M 18 + + ++
18 31 F 4 + -+ + + -+ + ++ -+

* + -+ +, prominent muscle atrophy and fasciculations; + -+, mild to moderate muscle atrophy and fasciculations;

-+, minimal or absent muscle atrophy, rare fasciculations.

: ++ +, marked spasticity, hyperreflexia, and extensor-plantar responses; -+ -+, only two of above symptoms or
moderate spasticity and hyperreflexia; +, only one of above symptoms.

‘. Wide spread denervation potentials: + -+ +, marked; + +, moderate; -+, minimal.

to 300 mOsm. To allow sufficient time for the experiments were performed at room temperature
‘diffusion of internal solution into the cell, the current (20~-25°C).
recording was started 1 min after the rupture. All Depolarizing voltage pulses were generated using
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an IBM-compatible computer and pClamp software
v.5.5.1. (Axon- Instruments, U.S.A);, data were dis-
played on a digital oscilloscope (PM 3350, Philips,
The Netherlands) and a computer monitor. The fol-
lowing stimulating protocols were used. 1) Activation
protocol: 150 msec depolarizing pulses with 10 mV
increments from —80 mV to 60 mV; holding
potential was — 100 mV. 2) Imactivation protocol:
from a holding potential of —80 mV, steady state
inactivation was induced by 5 sec pre-pulses varying
from —110 mV to 10 mV, with 10 mV increments.
After 2.5 msec interval at —80 mV, 10 mV test
pulses were given for 200 msec.

Control and ALS patients

The sera used in this study were obtained from 18
ALS patients who had been clinically and electro-
myographically diagnosed as suffering from ALS in
the Department of Neurology, Seoul National Uni-
versity Hospital or in Samsung Medical Center. Their
ages ranged from 31 to 75 years, eleven were male,
and seven were female. The clinical features and
electrodiagnostic findings of these patients are shown
in Table 1. In the control group, the sera were
obtained from seven healthy persons (six males and
one female), aged between 28 and 47 years.

Statistics

All data are expressed as the mean *standard error
(SEM) and the error bars in figures also indicate
SEM. The statistical significance of difference was
determined by non-paired student’s t-test, and a
p-value of <0.05 was considered to be significant.

RESULTS

Characterization of MEPPs and nerve evoked EPPs
in normal mice

Spontaneous quantal release was determined by
measuring MEPP, which was recorded from mouse
phrenic nerve-diaphragm in normal Ringer’s solution
and high Mg’*/low Ca’" solution. For each fiber,
data were gathered from 20 spontaneous MEPPs. Fig.
2 shows an example of MEPPs recorded in normal
Ringer’s solution. An ensemble averaged wave form
of 60 MEPPs is shown in Fig. 2A, and a continuous
recording of MEPPs in Fig. 2B. MEPP wave pa-
rameters including amplitude, rise time and half-decay

time were obtained from 62 end plates of six animals.
Average MEPPs amplitude was 0.84 £0.04 mV, rise
time was 0.84+0.02 ms, and half-decay time was
1.19£0.02 ms. Mean MEPP frequency was 2.19+0.15
Hz, and resting membrane potential was —79.80+
0.98 mV.

Nerve-evoked EPP and quantal content were
recorded in a high Mg®* (8 mM) and low Ca’" (1.2
mM) solution to prevent muscle twitch. EPPs were
evoked by a concentric bipolar electrode that sti-
mulated the phrenic nerve with a square wave pulse
of between 5 and 20 V, 0.06 ms in duration, at the
frequency of 1 Hz. For each fiber, data from 20
spontaneous MEPPs and 30 evoked EPPs were
gathered. EPP and MEPP waveforms were neatly
identical in shape and differed only in amplitude.
Examples of EPP and MEPP trace are shown in Fig.
2C. MEPPs were continuously recorded for 8 sec, as
shown in Fig. 2D. Average values from 53 endplates
(11 animals) were as follows: for MEPP, amplitude
0.60+£0.03 mV, rise time 0.82+0.02 msec, half-
decay time 1.07+0.03 msec, frequency 1.7510.22
Hz, RMP —81.7+0.94 mV, and for EPP, amplitude
0.92+0.08 mV, rise time 0.80+0.02 msec, half-
decay time 1.07£0.03 msec, RMP —76.8+£0.91 mV,
evoke failure 22.64 +2.19, direct quantal content (My)
1.68 +0.18, indirect quantal content (M;) 2.12+0.31,
quantal content obtained by failure method (My) 1.58 =
0.10.

Observed MEPP frequency and amplitude were
normally distributed around the mean population (Fig.
3). In normal Ringer’s solution, MEPP amplitude
distributed between 0.5 and 1.0 mV population, and
frequency distributed between 1.5 and 2.5 Hz po-
pulation (Fig. 3A). In high Mg”*/low Ca>" solution,
MEPPs amplitude distributed between 0.3 and 0.75
mV population, and frequency distributed between 1
and 2 Hz population (Fig. 3B).

Effects of ALS sera on MEPP frequency and
amplitude

In a previous study where mice werc subjected to
subcutaneous injection of ALS Ig for 4 to 12 weeks,
Uchitel et al (1992b) found that evoked transmitter
release was highly variable. In the present work,
injection of ALS sera was performed for a shorter
period in order to assess the early effects of the sera
on neuromuscular transmission.

ALS sera tended to produce an increase in MEPP
frequency when MEPPs were recorded in normal
Ringer’s solution. In Fig. 4A, an example of MEPP
recorded in a mouse treated with sera from control
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Fig. 3. Amplitude and frequency histograms of MEPPs in mice. The
histogram were fitted with Gaussian distribution function. A. Data were
obtained from six animals in normal Ringer’s solution. B. Data from 11
animals were recorded in high Mg ‘flow Ca’' solutions. The
concentrations of Mg’ and Ca®* were 8 mM and 1.2 mM, respectively.

and ALS patient in normal Ringer’s solution is
shown. MEPP traces were continuously recorded for
8 sec. The effects of individual sera from ALS
patients on MEPP frequency are shown in Fig. 5. In
normal Ringer’ solution, sera from 14 of 18 ALS
patients caused a statistically significant increase in
MEPP frequency (Fig. 5A); sera of the remaining
four patients did not alter the frequency. Mean MEPP
frequency in the ALS group was 4.62+0.14 Hz
(n=681), a significant increase compared with the
control group (2.18+0.15 Hz, n=129, p<0.001,
Table 2). It was also seen in MEPPs recorded in high
Mg2+/low Ca’” solution that MEPP frequency tended
to increase. The increase caused by sera from 13
patients was significant (Fig. 5B). Mean MEPP
frequency in the ALS group (6.09+0.38 Hz, n=422)
showed a significant increase, compared with the
control group (2.18+0.31 Hz, n=104, p<0.001,
Table 2). Sera from three ALS patients caused no
consistent effects on MEPP frequency in normal
Ringer’s and high Mg’ "/low Ca’* solution. Three

Frequency (Hz)

ALS samples increased MEPP frequency in normal
Ringer’s solution, but had no effect in high Mg”*
/Low Ca’" solution. Likewise, three ALS samples
increased MEPP frequency in high Mg®*/low Ca’*
solution, but had no effect in normal Ringer’s
solution.

A plot of the distribution of MEPP frequencies in
fiber populations treated with ALS sera revealed a
distinct shift to the right compared with the control
curve which more closely follows a skewed Gaussian
pattern (Fig. 5C). This suggests that increases in the
spontaneous transmitter release are relatively uni-
formly distributed among the ALS sera-treated motor
nerve terminals.

In contrast to their effects on MEPP frequency, the
ALS sera caused no consistent effects on MEPP
amplitude (Table 2). Some of these sera caused an
increase, whereas others had no effect on MEPP
amplitude. Furthermore, the range of effects on
MEPP amplitude is narrower compared with the
frequency of release, producing changes of less than
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Fig. 4. Effects of ALS sera on MEPP and nerve-evoked
EPP. A. An example of MEPPs recorded from diaphragm
of mouse treated with sera from control (upper trace) and
ALS patients (lower trace) in normal Ringer’s solution.
Mean frequency of MEPP from the ALS group was
significantly increased compared with the control group.
B. An example of averaged EPPs (n=30) recorded from
the control (left) and ALS (right) group. Mean amplitude
of EPPs from ALS group was significantly increased
compared with the control group.

50%. MEPPs measured in high Mg**/low Ca’*
solution similarly exhibited no consistent difference in
their amplitudes compared with controls (Table 2).
Sera in the ALS group did not cause any increase in
MEPP amplitude compared with the control group.

As with MEPP amplitude, characteristics of the
time course of MEPP waveforms did not appear to
be altered by the treatment with ALS sera (Table 3).
Rise time and half-decay time, measured either in
normal Ringer’s or high Mg’*/low Ca’*
obtained values similar to the control. Likewise, RMP
recorded from the endplate region remained un-
changed from the control. These findings suggest that
the sera did not modify postjunctional sensitivity to
ACh or the function of ACh receptors.

Effects of ALS sera on EPP amplitude and quantal
content: '

In order to determine the mean number of ACh
quanta released per nerve impulse, we exposed the
diaphragm muscle preparations to high Mg’*/low
Ca’* solution. Under these conditions, repetitive
stimulation of the phrenic nerve caused intermittent
failures of EPPs in animals receiving control sera, the
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Table 2. Effects of ALS patients’ sera on MEPP, EPP, and quantal content (QC) in mice hemidiaphragm preparations
(mean + SEM)

Normal Ringer’s High Mg’ * [Low Ca’"

MEPP MEPP EPP
Frequency Amplitude N Frequency Amplitude N Amplitude QC N
(Hz) (mV) (Hz) (mV) (mV) (M)
Normal =~ 228+0.17 0.84+0.04 62/6 1.75+022 0.60+0.03 53/11 092+0.08 1.68%+0.12 53/11
Control  2.18+0.15 0.95+0.03 120/9 = 2.18+0.31 0.64+0.05 104/10 0.98+0.05 149x0.07 105/10
ALS 4.621+0.14* 0.88+0.01 681/37 6.09+£0.38% 0.58+0.01 422/35 1.30X£0.04* 2.35+0.07* 338/33

Normal: Untreated normal mice, Control: Mice injected with sera from seven healthy humans, ALS: Mice injectéd
with sera from 18 ALS patients. N: number of endplates / number of animals
*p<0.001 (Student’s t-test)

Table 3. Neuromuscular junction parameters from animals treated with control and ALS sera

Normal Ringer’s

High Mg*"/Low Ca’"

Control ALS Control ALS
MEPP Amplitude (mV) 0.95£0.06 0.88+0.01 0.64+0.02 0.58+0.01
Rise time (ms) 0.88+0.01 0.84+0.01 0.82+0.02 0.82+0.01
Half-decay time (ms) 1.29+0.02 1.21£0.01 1.11+0.02 1.11+£0.01
EPP Rise time (ms) 0.78 £0.02 0.80+0.01
Half-decay time (ms) 1.05+0.02 1.12£0.01
Resting membrane ~76.13+026  —8025+0.33 ~7574+0.59  —72.67+0.36
potential (mV)
Number of fibers 120 681 105 338

average percentage of failure being 17.46+1.35%,
though in the ALS group this decreased to 12.59+
0.69% (p<0.001). The rise-times, half-decay times
and resting membrane potentials for EPPs were not
significantly altered (Table 3). Examination of nerve-
evoked EPPs showed that some ALS sera caused a
marked increase in EPP amplitude. In Figure 4B, an
example of EPP trace recorded from the control and
ALS group is shown. It was an ensemble averaged
waveform of 30 EPPs. The sera from 11 of 18
patients produced a significant increase in EPP
amplitude (Fig. 6A), while sera from the remaining
seven caused no change. Average EPP amplitude in
the ALS group was 1.30+0.04 mV (n=338), which
was significantly higher than that in the control group
(0.92+0.05 mV, n=105, p<0.001) (Table. 2). While
EPP amplitudes were increased by ALS sera, MEPP
amplitude remained relatively unchanged. Thus, there
were only negligible postjunctional effects of ALS

sera; this result is similar to that observed when
normal Ringer’s solution was used.

In the ALS group, EPP quantal content measured
using the direct method (mg) also showed a trend
toward elevated levels. Sera from 14 patients pro-
duced significant rises in quantal content (Fig. 6B).
Mean quantal content for these ALS group mice was
2.35+0.07 (n=338), while the mean control group
value was 1.4940.07 (n=105). The value in the ALS
group was significantly higher than that in the control
group (p<0.001, Table 2). When plotted as his-
tograms, the distributions of quantal content exhibited
a difference between the control and ALS population
(Fig. 6C). As was the case with MEPP frequency,
ALS endplates generated a curve that shifted towards
higher values of mg, and the distribution was spread
over a wider range. Increases in quantal content in
sera from 10 of 14 patients were accompanied by a
significant increase in the EPP amplitude. Further-
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more, in sera from 11 of these 14, the increases
correlated with significant increases in MEPP fre-
quency recorded in normal Ringer’s solution and high
Mg®> " flow Ca’* solution, respectively. Patterns of
MEPP, EPP and quantal content which were altered
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Fig. 7. MEPP were recorded from normal or wobbler
mouse diaphragms in normal Ringer’s solution. MEPP
frequency (A) and amplitude (B) of wobbler mice were
significantly increased compared with those of normal or
wobbler control (genetically wobbler mice, but without
distinct symptoms) mice. **p<0.01. n= number of
endplates / number of animals.

by sera from 18 ALS patients are illustrated in Table 4.
We repeated the same comparison of quantal
content estimates obtained using the indirect variance
(m;) and failure (m¢) methods, and this led to es-
sentially the same conclusion. The fact that EPP
quantal content values estimated by these methods are
in close agreement suggests that evoked transmitter
release in both ALS and control sera-treated junctions-
follows a Poisson process. In conclusion, the results
of our EPP amplitude and quantal content measure-
ments clearly indicate that ALS sera acts -presy-
naptically and that this leads to an enhanced number
of ACh quanta released per motor nerve impulse.

MEPP recording in wobbler mice

In the study using the wobbler mouse diaphragm,
it tended to produce an increase in MEPP frequency
and amplitude when MEPPs were recorded in normal
Ringer’s solution. Mean MEPP frequency of two
wobbler mice was 4.03+0.53 Hz (n=25), and am-
plitude was 1.3710.18 mV. We used ten wobbler
mice without symptoms as a control group for
symptomatic wobblers. Observed mean MEPP fre-
quency and amplitude in control group was 2.69+
0.12 Hz and 0.74 mV=*0.02 mV (n=199), re-
spectively. MEPP frequency and amplitude recorded
in wobbler mice were significantly higher than in
control and normal group mice (Fig. 7). This suggests
that in wobbler mice there is an increased spon-
taneous transmitter release at the NMIJ. Because of
muscle twitch, nerve-evoked EPP and quantal content
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Table 4. Patterns of changes in MEPP, EPP, and quantal content (QC) of mice diaphragm injected with 18 ALS

patients’ sera

Normal Ringer’s

High Mg“/Low Ca**

MEPP MEPP EPP
Frequency Amplitude Frequency Amplitude Amplitude QC(Myq)
Increase 14 1 1 11 14
Decrease 0 6 4 0 0
No effect 4 11 13 7 4
Sum 18 18 18 18 18
N 681/37 681/37 422/35 422/35 338/33 338/33

Each number except N indicates the number of patients.

N= number of endplates / number of animals

were difficult to record in wobbler mice.
Effects of ALS sera on Ca’ " currents in DRG cells

The calcium currents were recorded from single
isolated DRG cells of mice in normal, passively
transferred control and ALS sera. DRG cells between
20 and 30 gm in diameter were selected, and elicited
voltage dependent Ca’" currents in response to
depolarizing test potentials applied in the whole-cell
patch clamp configuration. Mouse DRG cells dis-
played transient and sustained Ca’ " currents separable
into low voltage activated (LVA) and high voltage
activated (HVA) Ca’" current components. Of the
135 cells sampled, approximately 5.9% (n=8/135,
normal=4/47, control=2/36, ALS=2/50) had classical
T currents. HVA currents were observed in most
cells. In the present study, if DRG cells elicited LVA
currents, they were not included in statistical treat-
ment.

The effect of ALS sera on the HVA Ca’" current
is shown in Fig. 8. In mice treated with sera from
ALS patients, HVA Ca’" currents were reduced. Fig.
8A shows examples of Ca’" current traces recorded
from DRG cells in the normal, control, and ALS
groups. Peak I, values in seven normal animals and
in seven control animals were at —10 mV, —2189+
140 pA (0n=43) and —2131+160 pA (n=34), re-
spectively. Ic, in the ALS group (10 animals) at this
potential was —911+49 pA (n=50). The ALS sera
significantly reduced peak Ic. (p<0.001), but there
was no change in reversal potential for Ic,. The I-V
curve was not shifted by ALS sera (Fig. 8B). In the
ALS group, peak Ic, at —20 mV, —10 mV, and 0
mV test potential was —24.74£2.50 pA/pF, —45.8

+2.92 pA/pF, and —44.4+3.25 pA/pF, respectively.
In the control group, the values at these potentials
were —67.216.83 pA/pF, —98.3+5.73 pA/pF and
—80.61+4.63 pA/pF, respectively. ALS sera signi-
ficantly decreased normalized Ca’* current p<
0.001). This observation indicates that ALS sera could
affect the calcium channel in DRG cells and reduce
calcium channel activities.

To further characterize the Ca’" currents in DRG
cells, we determined the voltage dependence of
activation and steady-state inactivation (Fig. 8C). The
activation curve was determined from normalized
conductance in which the conductance at a given
potential was divided by the maximum conductance
(holding potential, — 100 mV). The curve was fitted
with the Boltzman equation, A<= [1+exp{(V- Vi)
/k}]_l. The currents began to activate at —40 mV.
Half-activation voltages were —18.42 mV, —21.51 mV
and —18.30 mV in the normal, control and ALS
group, respectively. The slope factor was 3.63, 3.87
and 4.70 in these same respective groups. Values in
the ALS group were not significantly different from
those in the control group. As previously shown, Ic,
amplitude was reduced by ALS sera, but the acti-
vation process was not affected. To determine the
voltage dependence of steady-state inactivation, Ica
values at the test pulse were normalized to their
maximum (— 110 mV conditioning pulse). The ob-
served curve was fitted by Boltzman equation: half-
inactivation potentials were —35.43 mV, —36.76 mV
and —43.74 mV, and slope factor (k) values were
14.75, 13.36 and 14.65, in the normal, control and
ALS groups, respectively. ALS sera produced a
change in half-inactivation potential (p<(0.05), and
the steady-state inactivation curve shifted towards
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Fig. 8. Whole cell patch-clamp recordings of Ic, from mouse DRG cells.
The currents of the ‘Normal’ were recorded from normal (untreated) mice.
‘Control’ and ‘ALS’ were from mice treated with sera from four healthy
humans and five ALS patients, respectively. A. The traces of Ic, were
produced by 150 msec depolarizing pulses with 10 mV increments from
—80 mV to 60 mV. Holding potential was —100 mV. B. Current-voltage
relationship in the normal, control, and ALS groups. C. Inactivation and
activation characteristics of Ic, in DRG cells. The left ordinate axis indicates
the inactivation parameters and the right axis indicates the normalized
conductance. The currents were obtained by an inactivation protocol: from
the holding potential of —80 mV, the steady state inactivation was induced
by 5 sec prepulses varying from —110 mV to 10 mV with 10 mV
increments. After 2.5 msec interval. at —80 mV, 10 mV test pulses were
given for 200 msec. The smooth curves were drawn by fitting to Boltzman

" equation.

more negative potentials. These results suggest that
the inactivation processes of HVA Ca’>* currents in
DRG cells are altered by ALS sera.

DISCUSSION

The aim of the present study was to assess the
short-term in vivo effects of the ALS humoral factors
on neuromuscular transmission and calcium channels
in DRG cells. The first step of assessing the effects
of ALS sera on synaptic function at the NMJ was an

evaluation of spontaneous transmitter release. Four-
teen ALS sera out of 18 sera tested caused an
increase in the frequency of MEPPs in normal
Ringer’s solution but produced no change in MEPP
amplitude. These results agree with previous studies
which showed that Ig from ALS patients, while not
affecting MEPP amplitude or time course, caused a
significant increase in MEPP frequency (Uchitel et al,
1988; Appel et al, 1991; Uchitel et al, 1992b). The
spontaneous endplate activity observed in high Mg**
flow Ca®" solution, on the other hand, differed from
the findings of Uchitel et al (1988), which indicated
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that the increase in MEPP frequency was attenuated
in the presence of high [Mg2+]0. In the present study,
MEPP frequency in high Mg**/low Ca’* solution
was increased.

It has previously been reported that in animals
subjected to subcutaneous injection of ALS Ig,
quantal content was affected (Uchitel et al, 1992b),
but after 4~12 weeks of Ig injection, synaptic
response was highly variable. Significant increases, as
well as decreases, in quantal content were produced
in muscles treated with the same ALS Ig. In some
cases, a complete lack of evoked neuromuscular
transmission was noted. This synaptic failure was
probably due to neuronal death rather than the direct
action of ALS Ig. This was supported by a
morphological study (Uchitel et al, 1992b) which
showed that muscles with decreased quantal content
were also the ones showing the greatest extent of
morphological change. In the present work, however,
we examined the effect of ALS sera on evoked ACh
release at a much earlier time. After three days of
passive transfer of ALS sera, the effect on nerve-
evoked transmitter release was found to be increased.
A rise in quantal content, accompanied by increased
EPP amplitudes and unchanged MEPP amplitudes,
supports the view that ALS humoral factors act on
presynaptic calcium channels.

In the present study it was observed that HVA
Ca’" currents were significantly reduced and rapidly
inactivated by ALS sera. It is possible that ALS
antibodies targeted Ca’* channels, then further
blocked Ca’* channel opening, or reduced the num-
ber of Ca’* channels. These results agree with those
of a previous study showing that ALS IgG reduced
DHP-sensitive Ic, amplitude and charge movement in
rat extensor digitorum longus muscle (Delbono et al,
1991a, b). Our finding of the effects of ALS sera on
Ica activation and inactivation processes differed from
the findings of Delbono et al, which observed that Ic,
was slowly activated by ALS IgG and that the
inactivation process was unaltered. The observed
difference in activation and inactivation kinetics
between skeletal muscle fibers and DRG neurons
could be related to different characteristics of Ca’"
channel activation and inactivation. Another study
supported our results, in which ALS IgG reduced
mean channel open time and amplitude in mammalian
single skeletal muscle DHP-sensitive calcium activity
(Magnelli et al, 1993). In these studies, calcium entry
was reduced by IgG and sera from ALS patients. Our
study is consistent with the finding that Lambert-
Eaton myasthenia syndrome (LES) antibodies inhibit
Ic. in chromaffin cells (Kim & Neher, 1988) and

DRG cells (Garcia et al, 1996).

Enhancement of MEPP frequency, of nerve-evoked
EPP amplitude, and of quantal content, would be
expected to result in excitation, rather than inhibition,
of calcium entry. The apparent discrepancy between
these results rather suggests an unnoticed aspect of
pathophysiology of ALS. The same serum factor
could affect both motor and sensory system resulting
in opposite responses, which is determined by the
different expression of Ca’" channel subtypes.

The relevant Ca®>* channels at motor nerve terminal
are N-type and P-type, rather than L-type. Ca’* influx
through VDCCs is the trigger which releases
neurotransmitters from the nerve terminals (Katz,
1969; Llinas et al, 1993). The evoked release of
neurotransmitters was to be dependent on Ca’” influx
through N-type VDCC in sympathetic neurons from
the finding that ©-CgTX inhibited the release, and
DHP did not affect the release (Hirning et al, 1988).
Substance P release from DRG neurons (Perney et al,
1986), and catecholamine release from chromaffin
cells (Cena et al, 1983) are strongly inhibited by
DHP, which is consistent with the suggestion that
L-type Ca’" channels play a major role in this pro-
cess. Mammalian motor nerve terminals are, however,
normally insensitive to either w-CgTX or DHP
(Olivera et al, 1985; Atchison, 1989; Protti et al,
1991). Neurotransmitter release in mammalian syn-
apses was mediated by P-type Ca’" channels, and
was insensitive to N- or L-type Ca”" channel blockers
(Uchitel et al, 1992a; Araque et al, 1994). Another
study observed that N-type VDCCs mediated trans-
mitter release (Sierra et al, 1995). Furthermore, the
cytotoxic effect induced by ALS IgG also suggested
an increase of calcium entry, via N-type and/or P-type
channels (Smith et al, 1994). In the case of mouse
NM]J, these channels are primarily P-type (Uchitel et
al, 1992a; Kim et al, 1994). The notion that increased
quantal content and MEPP frequency are mediated by
increased current flow through P-type calcium chan-
nels is thus consistent with the results of the study
by Llinas et al (1993) that showed an increase of
P-type current in Purkinje cells treated with ALS Ig.
This work revealed that ALS antibodies act on
individual P-type calcium channels by prolonging the
open time of channel, not by increasing single
channel conductance or the frequency of channel
opening; it was further demonstrated that ALS Ig’s
increased calcium currents in a hybrid motoneuron
cell line, VSC4.1. These currents were blocked by the
polyamine funnel-web spider toxin FTX, which has
previously been shown to block Ca®" currents and
evoke transmitter release at mammalian motoneuron
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terminals (Mosier et al, 1995). These results suggest
that ALS antibodies might produce an increase in
calcium flux through P-type channels, could have the
opposite effect on calcium flux through L-type
channels, and could bind to all types of channel (P,
N, and L). Since the increased calcium flux occurred
through P type channels, these might represent the
main site of ALS antibodies which induce the entry
of calcium into motor neurons.

Another plausible explanation for the observed
prejunctional effect is that ALS antibodies may also
interfere with intracellular Ca** metabolism; the
increased concentration of intraterminal Ca’* ions
facilitates spontaneous neurotransmitter release. An
elevation in internal Ca’" concentration could be
caused by either increased external Ca’* ion influx
to the motor nerve terminal or the release of internal
Ca”" ions which are stored mainly in the endoplasmic
reticulum. One apparent possibility is that the ALS
serum factors may cause elevation of motor nerve
terminal [Ca®"J; by augmenting the release of Ca’*
from intracellular Ca’* stores. Such enhanced in-
traterminal Ca>" mobilization would manifest itself as
a marked rise in spontaneous, as well as evoked,
transmitter release. This explanation fits particularly
well with the observed increase in MEPP frequency,
a parameter which is not expected to change sig-
nificantly with the presumed insignificant opening of
voltage-gated Ca’* channels at non-depolarized rest-
ing membrane potential (Matthews & Wickelgren,
1977). Finally, it may be that ALS antibodies produce
NMJ effects by combined action on calcium channels
and the intracellular release of Ca’" jons.

ALS autoantibodies may also act on voltage-
dependent potassium channels to produce the func-
tional effects characterized in the present experiments.
It is well known that when applied to the NMJ, K™
channel blockers cause a distinctive rise in the
nerve-evoked release of ACh, but do not significantly
alter spontaneous discharge (Molgo et al, 1977; Kim
et al, 1980). This effect is caused by an increased
influx of Ca’* during action potential-induced de-
polarization of the motor nerve terminal membrane,
which is longer than normal due to the loss of their
hyperpolarizing effects by the blocked K™ channels.
It is noteworthy that fasciculation, a symptom of
ALS, may be due to the reduced potassium chanmnel
currents in motor neurons and that this blockade
could lead to the destruction of motor neurons via an
increased level of [Ca2+]i resulting from the depo-
larization of the motoneuron membrane (Bostock et
al, 1995). We did not, however, find evidence of
consistent depolarization of endplate membranes in

animals injected with ALS sera.

The present study found that sera from 14 out of
18 ALS patients tested on the NMJ produced a
significant effect on EPP quantal content. An increase
in calcium entry into the motor nerve terminals
produced by ALS Ig is consistent with the proposal
that calcium-mediated neurotoxicity is the cause of
sporadic ALS (Brown, 1994). The apparent lack of
effect in a small number of patients has yet to be
explained, though there are some possibilities. The
first is simply that in the remaining patients, the effect
is too subtle to be detected by the tests. Secondly, the
differential effects seen among various ALS patients
may correlate with the clinical severity and phase of
the disease. A lack of effect in some patients may
also indicate that an autoimmune response could be
only one of the several possible causes of the sporadic
form of ALS. This is quite possible, given that the
sporadic and familial forms of ALS already indicate
multiple causes of the disease (Younger et al, 1990).
The final possibility is that in the ALS patients,
autoimmune response is actually a secondary effect,
possibly mounted against the P-type calcium channels
of motor neurons that are being destroyed by the true
cause of disease.

In this study, we observed that in the wobbler
mouse, MEPP frequency and amplitude increased.
Recent studies on the functions of excitatory amino
acids, glutamate and aspartate, in the central nervous
system have led to the suggestion that disturbed
glutamate transmission may play a key role in the
pathophysiology of neurodegenerative diseases. There
is an increasing number of evidences that glutamate
dysfunction may also cause motor neuron degen-
eration in ALS patients (Jansen et al, 1990). Reduced
glutamate content has been observed in the spinal
cord of the wobbler mouse (Tomiyama et al, 1994),
and other investigation have shown that motoneuron
degeneration in the wobbler mouse is associated with
glutamine synthetase (GS) negativity (Blondet et al,
1995), thyrotrophin-releasing hormone (TRH) (Shi &
Vacca-Galloway, 1993), and acetyltransferase (ChAT)
activities (Yung et al, 1994). These factors (gluta-
mate, GS, TRH and ChAT) may play significant roles
in wobbler disease, possibly affecting motoneuron
terminals, and enhanced neuromuscular transmission
in the diaphragms of these mice.

The above results therefore suggest that ALS serum
factor affects neuromusculat transmission and may
play an important role in the early stage of ALS.
Furthermore, ALS serum factor may interact directly
or indirectly with the calcium channel in DRG cells.
Any calcium or other channels in DRG cells are
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targets for ALS serum factor, and interaction with any
receptor and changes in intracellular calcium which
trigger the process of motoneuron cell death in ALS
are currently under investigation.

ACKNOWLEDGEMENT

This work was supported by a grant from Seoul
National University Hospital Research Fund (No.
02-97-224).

REFERENCES

Alexianu ME, Mohamed AH, Smith RG, Colom LV,
Appel SH. Apoptotic cell death of a hybrid moto-
neuron cell line induced by immunoglobulins from
patients with amyotrophic lateral sclerosis. J Neuro-
chem 63: 2365—2368, 1994

Appel SH, Engelhardt JI, Garcia J, Stefani E. Immuno-
globulins from animal models of motor neuron disease
and from human amyotrophic lateral sclerosis patients
passively transfer physiological abnormalities to the
neuromuscular junction. Proc Natl Acad Sci USA 88:
647651, 1991

Araque A, Clarac F, Buno W. P-type Ca’" channels
mediate excitatory and inhibitory synaptic transmitter
release in crayfish muscle. Proc Natl Acad Sci USA
91: 42244228, 1994

Atchison WD. Dihydropyridine-sensitive and -insensitive
components of acetylcholine release from rat motor
nerve terminals. J Pharmacol Exp Ther 251: 672—
678, 1989

Blondet B, Hantaz-Ambroise D, Ait-Ikhlef A, Cambier
D, Murawsky M, Rieger F. Astrocytosis in wobbler
mouse spinal cord involves a population of astrocytes
which is glutamine synthetase-negative. Neurosci Lett
183: 179—182, 1995

Bostock H, Sharief MK, Reid G, Murray NM. Axonal
ion channel dysfunction in amyotrophic lateral scle-
rosis. Brain 118 (Pt 1): 217 —25, 1995

Bradley WG. Animal models of amyotrophic lateral
sclerosis. In: Serratrice G, Cros D, Desnuelle, Gastaut
JL, Pellissier JF, Pouget J, Schiano A. (Eds.), Neuro-
muscular Disease Raven Press, New York, pp. 341 —
346, 1984 ;

Brahic M, Smith RA, Gibbs CJ Jr, Garruto RM,
Tourtellotte WW, Cash E. Detection of picornavirus
sequences in nervous tissue of amyotrophic lateral
sclerosis and control patients. Ann Neurol 18(3): 337 —
43, 1985

Brown DW. Amyotrophic lateral sclerosis: hypothetical
pathogenesis. Med Hypotheses 42: 393—394, 1994

Cena V, Nicolas GP, Sanchez-Garcia P, Kirpekar SM,
Garcia AG. Pharmacological dissection of receptor-

associated and voltage-sensitive ionic channels in-
volved in catecholamine release. Neuroscience 10(4):
1455—62, 1983

Delbono O, Garcia J, Appel SH, Stefani E. IgG from
amyotrophic lateral sclerosis affects tubular calcium
channels of skeletal muscle. Am J Physiol 260: C1347 -
1351, 1991a

Delbono O, Garcia J, Appel SH, Stefani E. Calcium
current and charge movement of mammalian muscle:
action of amyotrophic lateral sclerosis immuno-
globulins. J Physiol (Lond) 444: 723—742, 1991b

Donnenfeld H, Kascsak RJ, Bartfeld H. Deposits of IgG
and C; in the spinal cord and motor cortex of ALS
patients. J Neuroimmunol 6: 51—57, 1984

Duarte F, Binet S, Lacomblez L, Bouche P, Preud’-
homme JL, Meininger V. Quantitative analysis of
monoclonal immunoglobulins in serum of patients with
amyotrophic lateral sclerosis. J Neurol Sci 104: 88 —
91, 1991

Duchen LW, Strich SJ: An hereditary motor neurone
disease with progressive denervation of muscle in the
mouse: the mutant ‘wobbler’. J Neurol Neurosurg
Psychiat 31: 535542, 1968

Eisen A, Krieger C. Pathogenic mechanisms in sporadic
amyotrophic lateral sclerosis. Can J Neuro Sci 20: 286 —
269, 1993

Engelhardt J, Joo F. An immune-mediated guinea pig
model for lower motor neuron disease. J Neuro-
immunol 12(4): 279—90, 1986

Engelhardt JI, Appel SH. IgG reactivity in the spinal cord
and motor cortex in amyotrophic lateral sclerosis. Arch
Neurol 47: 1210--1216, 1990

Engelhardt JI, Tajti J, Appel SH. Lymphocytic infiltrates
in the spinal cord in amyotrophic lateral sclerosis. Arch
Neuol 50: 30—36, 1993

Fatt P, Katz B. An analysis of the endplate potential
recorded with an intracellular electrode. J Physiol
(Lond) 115: 320—370, 1951

Garcia KD, Mynlieff M, Sanders DB, Beam KG,
Walrond JP. Lambert-Eaton sera reduce low-voltage
and high-voltage activated Ca®* currents in murine
dorsal root ganglion neurons. Proc Natl Acad Sci USA
93: 9264 —9269, 1996

Gibbs CIJ Jr, Gajdusek DC. An update on long-term in
vivo and in vitro studies designed to identify a virus
as the cause of amyotrophic lateral sclerosis, parkin-
sonism dementia, and Parkinson’s disease. Adv Neurol
36: 34353, 1982

Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow
CY, Alexander DD, Caliendo J, Hentati A, Kwon YW,
Deng HX, et al. Motor neuron degeneration in mice
that express a human Cu, Zn superoxide dismutase
mutation. Science 264: 1772—1774, 1994

Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FI.
Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane
patches. Pflugers Arch 391: 85—100, 1981



116 HD Yan et al.

Himing LD, Fox AP, McCleskey EW, Olivera BM,
Thayer SA, Miller RJ, Tsien RW. Dominant role of
N-type Ca’' channels in evoked release of nor-
epinephrine from sympathetic neurons. Science 239: 57
—~61, 1988

Jansen KL, Faull RL, Dragunow M, Waldvogel H.
Autoradiographic localization of NMDA, quisqualate
and kainic acid receptors in human spinal cord.
Neurosci Lett 108: 53—57, 1990

Katz B. The Release of Neural Transmitter Substances,
Liverpool. Liverpool University. 1969.

Kim YI, Goldner MM, Sanders DB. Facilitatory effects
of 4-aminopyridine on normal neuromuscular trans-
mission. Muscle Nerve 3: 105—111, 1980

Kim YI, Longacher JM, Viglione MP. Evidence for
P-type calcium channels at the mammalian neuro-
muscular junction: a study with w-agatoxin IVA, -
conotoxin GVIA, nimodipine and autoantiboies.
Biophys J 66: Al6, 1994

Kim YI, Neher E. IgG from patients with Lambert-Eaton
syndrome blocks voltage-dependent calcium channels.
Science 239: 405—408, 1988

Kimura F, Smith RG, Delbono O, Nyormoi O, Schneider
T, Nastainczyk W, Hofmann F, Stefani E, Appel SH.
Amyotrophic lateral sclerosis patients antibodies label
Ca’" channel @) subunit. Ann Neurol 35: 164—171,
1994

Lampson LA, Kushner PD, Sobel RA. Major histocom-
patibility complex antigen expression in the affected
tissues in amyotrophic lateral sclerosis. Ann Neurol 28:
365—372, 1990

Lennon VA, Kryzer TJ, Griesmann GE, O’Suilleabhain
PE, Windebank AJ, Woppmann A, Miljanich GP,
Lambert EH. Calcium-channel antibodies in the Lam-
bert-Eaton syndrome and other paraneoplastic syn-
dromes. N Engl J Med 332: 1467 —1474, 1995

Llinas R, Sugimori M, Cherksey BD, Smith RG, Delbono
O, Stefani E, Appel S. IgG from amyotrophic lateral

sclerosis patients increases current through P-type’

calcium channels in mammalian cerebellar Purkinje
cells and in isolated channel protein in lipid bilayer.
Proc Natl Acad Sci USA 90: 1174311747, 1993

Magnelli V, Sawada T, Delbono O, Smith RG, Appel
SH, Stefani E. The action of amyotrophic lateral
sclerosis immunoglobins on mammalian single skeletal
muscle Ca?' channels. J Physiol (Lond) 461: 103—
118, 1993

Matthews G, Wickelgren WO. On the effect of calcium
on the frequency of miniature end-plate potentials at
the frog neuromuscular junction. J Physiol (Lond) 266:
91101, 1977

Molgo J, Lemeignan M, Lechat P. Effects of 4-amino-
pyridine at the frog neuromuscular junction. J
Pharmacol Exp Ther 203: 653—663, 1977

Mosier DR, Baldelli P, Delbono O, Smith RG, Alexianu
ME, Appel SH, Stefani E. Amyotrophm lateral
sclerosis immunoglobulins increase Ca>" currents in a

motoneuron cell line. Ann Neurol 37(1): 102—9, 1995

Olivera BM, Gray WR, Zeikus R, McIntosh JM, Varga
J, Rivier J, de Santos V, Cruz LJ. Peptide neurotoxins
from fish-hunting cone snails. Science 230(4732): 1338
—43, 1985

O’Shaughnessy TJ, Kim YI. A computer program for the
study of synaptic transmission at the neuromuscular
junction. Comput Methods Programs Biomed 46: 79 —
90, 1995

Perney TM, Hirning LD, Leeman SE, Miller RI. Multiple
calcium channels mediate neurotransmitter release
from peripheral neurons. Proc Natl Acad Sci USA
83(17): 6656—9, 1986

Protti DA, Szczupak L, Scomik FS, Uchitel OD. Effect
of w-conotoxin GVIA on neuromuscular junction.
Brain Res 557: 336—339, 1991

Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp
P, Hentati A, Donaldson D, Goto J, O’Regan JP, Deng
HX, et al. Mutation in Cu/Zn superoxide dismutase
gene are associated with familial amyotrophic lateral
sclerosis. Nature 362: 59—62, 1993

Rothstein JD, Martin' LJ, Kuncl RW. Decreased glu-
tamate transport by the brain and spinal cord in
amyotrophic lateral sclerosis. N Engl J Med 326(22):
1464 -8, 1992

Rowland LP, Ten central themes in a decade of ALS
research. Adv Neurol 56: 3—23, 1991

Shi J, Vacca-Galloway LL. Thyrotrophin-releasing hor-
mone (TRH) neurons sprout in cervical spinal cord of
Wobbler mouse. Brain Res 626: 83—89, 1993

Shy ME, Rowland LP, Smith T, Trojaborg W, Latov N,
Sherman W, Pesce MA, Lovelace RE, Osserman EF.
Motor neuron disease and plasma cell dyscrasia.
Neurology 36: 1429—1436, 1986

Sierra F, Lorenzo D, Macadar O, Buno W. N-type Ca**
channels mediate transmitter release at the electro-
motoneuron-electrocyte synapses of the weakly electric
fish Gymnotus carapo. Brain Res 683: 215—220, 1995

Smith RG, Alexianu ME, Crawford G, Nyormoi O,
Stefani E, Appel SH. Cytotoxicity of immunoglobulins
from amyotrophic lateral sclerosis patients on a hybrid
motoneuron cell line. Proc Natl Acad Sci USA 91:
33933397, 1994

Smith RG, Hamilton S, Hofmann F, Schne1der T,
Nastainczyk W, Birbaumer L, Stefani E, Appel SH.
Serum antibodies to L-type calcium channels in
patients with amyotrophic lateral sclerosis. New Engl
J Med 327: 1721—1728, 1992

Spencer PS, Nunn PB, Hugon J, Ludolph AC, Ross SM,
Roy DN, Robertson RC. Guam amyotrophic lateral
sclerosis-parkinsonism-dementia linked to a plant
excitant neurotoxin. Science 237(4814): 517—22, 1987

Tomiyama M, Kannari K, Nunomura J, Oyama Y,
Takebe K, Matsunaga M. Quantitative autoradio-
graphic distribution of glutamate receptors in the
cervical segment of the spinal corde of the wobbler
mouse. Brain Res 650: 353—357, 1994



ALS Serum on Neuromuscular Junction and DRG Cells 117

Uchitel OD, Appel SH, Crawford F, Sczcupak L.
Immuoglobulins from amyotrophic lateral sclerosis
patients enhance spontaneous transmitter release from
motor-nerve terminals. Proc Natl Acad Sci USA 85:
7371—7374, 1988

Uchitel OD, Protti DA, Sanchez V, Cherksey BD,
Sugimori M, Llinas R. P-type voltage-dependent cal-
cium channel mediates presynaptic calcium influx and
transmitter release in mammalian synapses. Proc Natl
Acad Sci USA 89: 3330—3333,-1992a

Uchitel OD, Scornik F, Protti DA, Fumberg CG, Alvarez
V, Appel SH. Long-term neuromuscular dysfunction
produced by passive transfer of amyotrophic lateral
sclerosis immunoglobulins. Neurology 42: 2175—
2180, 1992b

Umemiya M, Berger AJ. Properties and function of
low-and high-voltage activated Ca’* channels in
hypoglossal motoneurons. J Neurosci 14: 5652 — 5660,
1994

Viola MV, Lazarus M, Antel J, Roos R. Nucleic acid
probes in the study of amyotrophic lateral sclerosis.

Adv Neurol 36: 317—29, 1982

Yan HD, Lim W, Lee KW, Kim J. Sera from amyo-
trophic lateral sclerosis patients reduce high-voltage
activated Ca’" currents in mice dorsal root ganglion
neurons. Neurosci Lert 235(1-2): 69—72, 1997

Younger DS, Rowland LP, Latov N, Hays AP, Lange DJ,
Sherman W, Inghirami G, Pesce MA, Knowles DM,
Powers J. Lymphoma, motor neuron diseases, and
amyotrophic lateral sclerosis. Ann Neurol 29: 78 —86,
1991

Younger DS, Rowland LP, Latov N, Sherman W, Pesce
M, Lange DJ, Trojaborg W, Miller JR, Lovelace RE,
Hays AP. Motor neuron disease and amyotrophic
lateral sclerosis: relation of high CSF protein content
to paraproteinemia and clinical syndromes. Neurology
40: 5951599, 1990

Yung KK, Tang F, Vacca-Galloway LL. Alterations in
acetylcholinesterase and choline acetyltransferase acti-
vities and neuropeptide levels in the ventral spinal cord
of the Wobbler mouse during inherited motoneuron
disease. Brain Res 638(1-2): 337—42, 1994




