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Article abstract-Objective: To examine the presence of anti-L-type calcium channel antibodies in the serum of ALS 
patients. Background: Autoimmunity has been hypothesized as one of the mechanisms underlying the pathogenesis of 
sporadic ALS. Previous studies reported that sera from patients with sporadic ALS contain antibodies against voltage- 
gated calcium channels (L-type and P-type), but others do not support these findings. Methods: Regulated secretion of 
tritiated dopamine ([3H]DA) in PC12 cells is mediated exclusively by calcium entry through L-type calcium channels. To 
examine whether purified ALS immunoglobulin G (IgG) inhibits [3H]DA release by interfering with calcium entry through 
L-type calcium channels, evoked release in PC12 cells was determined in the presence of ALS IgG. This functional assay 
provides a sensitive way to examine L-type calcium channel interaction with IgG from ALS patients. Results: A significant 
inhibition of depolarization-evoked [3H]DA release (32 ? 4%) was observed by purified IgG from ALS patients compared 
with control subjects (11 +. 2%; p < 0.01). Significant inhibition by IgG occurred in 79% (15/19) of the ALS patients 
compared with only 29% (5/17) in the control group ( p  < 0.01). The level of calcium channel inhibition by ALS IgG 
correlated positively with disease duration ( r  = 0.68; p < 0.01) and correlated negatively with age (r = -0.48; p < 0.05). 
Conclusions: These results confirm the presence of antibodies against the L-type calcium channel in the majority of sera 
from ALS patients, supporting their role in the pathogenesis of ALS. 
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ALS is a progressive and fatal neurodegenerative 
disorder that is due to specific degeneration of pyra- 
midal and lower motor neurons.' Different causes 
for the pathogenesis of sporadic ALS have been 
proposed, and there is accumulating evidence that 
suggests that  autoimmune mechanisms may be 
inv01ved.l.~ Antibodies recognizing voltage-sensitive 
Ca2+ channels (L-type and P-type) have been de- 
tected in the sera of ALS ~atients.~-l* Smith et al.9 
reported that 75% of ALS patients had increased 
levels of antibodies to L-type calcium channels puri- 
fied from rabbit muscle. Kimura et al.ll subsequently 
reported that the antibodies were directed specifi- 
cally against the a1 subunit of these L-type chan- 
nels. Although these findings suggest that antibodies 
to  the voltage-sensitive calcium channels may play 
an etiologic role in ALS, this view remains contro- 
v e r ~ i a l . ~ ~ - ~ ~  Recently, two reports15,16 have raised 
doubts about the existence of antibodies to the 
L-type calcium channels in ALS patients. Arsac et 
al.15 failed to detect antibodies to either L-type or 
N-type calcium channels in ALS sera by using immu- 
noassays (ELISA and immunoprecipitation), and Ny- 
ormoi16 suggested that proteases contaminating the 

ALS immunoglobulin G (IgG) preparation hydrolyze 
the epitope for the al-specific antibody, rather than 
inhibit its binding. 

To address this controversial issue we applied an 
in vitro functional assay using PC12 cells to examine 
the interaction of ALS IgG with the L-type (C class) 
Ca2+ channel. PC 12 cells, neuroendocrine cells origi- 
nating from rat pheochromocytoma, release cat- 
echolamines in response to membrane depolarization. 
Evoked catecholamine secretion in PC12 cells is depen- 
dent exclusively on calcium entry through the L-type 
calcium ~hanne1s.l~ This in vitro system was thought 
to be suitable as a novel approach for detecting anti- 
L-type channel antibodies in ALS sera. We therefore 
examined the effect of an externally applied purified 
preparation of ALS IgG on membrane depolarization 
evoked catecholamine release in PC12 cells. 

Methods. Patients. Nineteen patients with ALS were 
included in the study (mean age, 61 2 2.5 years). Diagno- 
sis was based on the research diagnostic criteria for ALS 
suggested at  the World Federation of Neurology Consensus 
Conference at El-Escorial, Spain.18 Each patient was eval- 
uated on the basis of medical history, neurologic examina- 
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tion, electromyography, and exclusionary clinical and 
biochemical studies. Seventeen patients served as control 
subjects. Of these 17 subjects, five were healthy and 12 
had the following disorders: PD (n = 3), epilepsy (n = 3), 
viral encephalitis (n = 11, multi-infarct state (n = l), idio- 
pathic spastic paraparesis (n = 11, lupu:3 erythematosus 
(n = 11, and diabetes mellitus (n = 2). Three additional 
patients with non-ALS motor neuron disease included two 
patients with pure lower motor neuron involvement and 
one patient with progressive bulbar palsy. 

Preparation of immunoglobulin. Plasma was collected 
from patients and control subjects after an overnight fast, 
and was prepared as described previously,lg with modifica- 
tions as follows. Twenty-milliliter samples (collected in 
ethylenediaminetetraacetic acid [EDTA] tubes) were cen- 
trifuged a t  1,500 g for 10 minutes, followed by centrifuga- 
tion for 20 minutes a t  15,000 g.  The supernatants were 
mixed with 0.1 M sodium citrate buffer (pH, 5.0) for 24 
hours, centrifuged at 10,000 g for 30 minutes, and titrated 
to a pH of 7.4. The IgG fractions were purified on 
Protein-A sepharose beads (Pharmacia , CL-4B). The 
plasma samples were applied to the column and washed 
extensively with Tris-HC1 buffer (pH, 7.4). IgG was eluted 
with 0.1 M glycine buffer (pH, 2.7) and collected in 1.5-mL 
tubes containing 1 M Tris-HC1 (pH, 9.01. Samples with 
high absorption (OD,,, > 1) were collected, dialyzed, and 
their protein content determined using Bradford reagent. 
IgG purity was determined by isoelectrofocusing (>95% 
IgG) and polyacrylamide gel electrophoresis. 

PC12 cells were provided by B. Cohen 
(Berkeley, CA). The growth medium consisted of Dulbec- 
CO'S Modified Eagle's Medium with high glucose (Beit- 
Haemek, Israel), supplemented with 10% horse serum, 5% 
fetal calf serum, 130 U/mL penicillin, and 0.1 mg/mL 
streptomycin. For assays, cells were removed using 1 mM 
EDTA, replated on collagen-coated 12-well plates, and as- 
sayed 24 hours later. 

Tritiated 
dopamine release from PC12 cells was determined as de- 
scribed previously.20 Briefly, cells are incubated for 1.5 
hours at 37 "C with 0.4 mL growth medium, 0.85 pL 
[3H]DA (57 CUmmol), 10 kg/mL pargyline, and purified 
IgG (1,500 pg), followed by extensive washings with me- 
dium (3 X 1 mL) and release buffer consisting of 130 mM 
NaCl, 5 mM KC1, 25 mM N-[2-Hydroxyethyllpiperazine- 
N'-[4-butansulfonic acid] (HEPES), 0.8 mM MgSO,, 10 
mM glucose, 1.8 mM CaCl,, and 1,500 pg IgG fraction. The 
spontaneous basal [3H]DA release was measured by col- 
lecting the buffer during the initial two successive 60- 
second incubation periods (figure 1, periods 1 and 2). The 
evoked r3H]DA release was monitored by collecting the 
third 60-second period (see figure 1, period 31, at which 
time the buffer was exchanged with high KC1 (70 mM 
NaC1,60 mM KC1,25 mM HEPES, 0.8 mM MgSO,, 10 mM 
glucose, and 1.8 CaC1,). The fourth 60-second period shows 
that the cells regained their normal spontaneous level of 
secretion (see figure 1, period 4). Net evoked release was 
calculated by subtracting the basal release from the 
evoked [3H]DA release, To correct for possible effects on 
the uptake mechanism, the remaining [3H]DA was ex- 
tracted from the cells by overnight incubation with 0.5 mL 
0.1 N HCl, and the net evoked release was expressed as a 
percentage of the total E3H]DA content of the cells. This 
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Figure 1. Inhibition of tritiated dopamine ([3HlDA) 
evoked release by ALS immunoglobulin G (IgG). Cells 
were preloaded with [3HlDA, washed, and stimulated by 
60 mM KC1 for a duration of 60 seconds in the absence (0) 

and in the presence (@) of 1.5 mg IgG fraction purified 
from the serum of a n  ALS patient. [3H]DA release is pre- 
sented as percent of  total [3HJDA taken up by the cells 
(see Methods). 

calculation takes into account the total amount of [3H]DA 
transported into the cells and stored in the vesicles, thus 
correcting for the number of cells and putative effects of 
IgG treatment on [3H]DA uptake. 

Results. Using PC12 cells that  display a neuronal L-type 
calcium channel, we assayed evoked [3H]DA release in the 
presence of equal protein concentrations of ALS and con- 
trol IgG, and determined the extent of inhibition as an 
index of channel blockade. Results of a typical experiment 
are shown in figure 1 during which cells are induced to 
release r3H]DA in response to membrane depolarization 
using a high KC1 concentration (60 mM) in the presence of 
purified IgG from ALS and control sera. Although mem- 
brane depolarization evoked release was affected strongly 
by the presence of ALS-purified antibodies (see figure 1, 
period 3), spontaneous release was similar in control, non- 
ALS, and ALS cells (see figure 1, periods 1 and 2; table). 

The residual [3H]DA extracted from the cells at the end 
of the assay did not differ in control and non-ALS-treated 

Table Spontaneous and evoked PHlDA release in  PC12 cells i n  
the presence of purified IgG from the plasma of ALS patients 
(n = 19), non-ALSpatients (n  = 121, and matched control 
subjects (n = 5) 

Spontaneous 
I"H1DA KC1-evoked Residual 

release, % release, % [3HlDA, % Cell type 

Control 3.3 i- 0.2 36.4 i- 0.4 59.3 t 0.35 

Non-ALS IgG 3.7 t 0.3 35.4 t 1.1 60.5 5 1.1 

ALS IgG 3.5 t 0.5 26.9 5 2.5 69.0 ? 2.3 

L3H1DA = tritiated dopamine; IgG = immunoglobulin G. 
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Figure 2. Inhibition of tritiated dopamine ( [ 3 H p A )  
evoked release by immunoglobulin G (IgG) from U S  pa- 
tients and control subjects. Purified IgG was added in 
equal concentrations to PC12 cells and depolarized by 60 
mM KC1 for a duration of 60 seconds. Inhibition of evoked 
P'HPA release is presented for control (n = 51, non-ALS 
(n = 121, and ALS ln = 19) subjects. 

cells but was significantly higher for ALS IgG-treated cells 
(see the table). 

As expected, less ["HIDA was released in response to  
membrane depolarization in ALS IgG-treated cells; there- 
fore, more ["HIDA was retained by the cells ( see the table). 
These results indicate no change in r3H]DA uptake during 
incubation of the cells in the presence of the ALS IgG. 

IgG from ALS patients caused a significant inhibition of 
evoked [3H]DA release (32 5 4%; n = 19) compared with 
11 t 2.5% in non-ALS diseases ( p  < 0.0005; n = 12) and 
healthy control subjects (9 5 1%; p < 0.01; n = 5; figure 2). 

In the three patients with non-ALS motor neuron dis- 
ease, the percent of inhibition was in the range of the 
control subjects (14.5%, p < 0.6). Although the concentra- 
tion of IgG used in the assay is probably higher than that 
exposed to CNS neurons, the exposure time to circulating 
IgG in vivo is considerably longer and thus might have 
compensated for the larger dose used in the assay. Com- 
parison between disease duration and the level of calcium 
channel inhibition by ALS IgG showed a positive correla- 
tion ( r  = 0.68, p < 0.01). In contrast, a significant negative 
correlation was found between the age of the ALS patients 
and the percentage of the IgG inhibitory effect ( r  = -0.48, 
p < 0.05). Younger patients had a higher percentage of 
["IDA release inhibition. 

Discussion. In PC 12 cells, membrane depolariza- 
tion evoked release is blocked entirely by selective 
L-type channel blockers17 indicating the essential 
role played by these channels in providing Ca2+ for 
the evoked secretion. To determine whether antibod- 
ies against the L-type calcium channel are present in 
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ALS sera, we examined whether purified IgG from 
ALS patients, by interacting with an  L-type calcium 
channel, would affect [3H]DA release in PC12 cells. 
The current study shows that a high proportion of 
patients with ALS (79%) have serum IgG that block 
the L-type calcium channel, in turn inhibiting 
[3H]DA release compared with control subjects 
(11%). These results confirm those of Smith et al.9 
that strongly support the presence of anti-L-type cal- 
cium channel antibodies in ALL3 patients. The pres- 
ence of such antibodies suggests a possible role of 
autoimmune mechanisms in the pathogenesis of mo- 
tor neuron degeneration in ALS. IgG from ALS sub- 
jects was demonstrated to cause physiologic and 
ultrastructural changes in motor neurons,21,22 an in- 
crease in calcium alterations in neuromus- 
cular transmission,21 toxic damage to  a cultured 
motor neuron cell line in a calcium-dependent man- 
ner,23 and induction of neuronal apoptosis in v i t r ~ . ~ ~  
Furthermore, a passive transfer of IgG fractions 
from ALS sera to mice caused physiologic and struc- 
tural changes of motor axon terminals resembling 
those observed in ALS patients.22 A recent studyz5 
showed that sera from ALS patients injected into 
mice reduced high-voltage activated Ca2+ currents in 
dorsal root ganglion neurons. 

Although there was a significant effect on evoked 
release (see the table), there was no effect of ALS 
IgG on dopamine uptake, suggesting that the ALS 
antibodies were generated specifically against the 
L-type channel. However it cannot be excluded that 
the presence of these antibodies could be second- 
ary-a byproduct, rather than a causative factor of 
the degenerative process. 

Monitoring evoked [3H]DA release in PC12 cells 
incubated with externally applied protein A purified 
ALS IgG is a sensitive way to establish the presence 
of anti-ALS antibodies in plasma. This assay could 
provide an additional tool for the diagnostic workup 
of patients with sporadic ALS-a fatal disease for 
which there is, as yet, no laboratory marker. 
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