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Abstract

 

Background.

 

Voltage-gated calcium chan-
nels in small-cell lung carcinomas may initiate autoimmu-
nity in the paraneoplastic neuromuscular disorder Lam-
bert–Eaton syndrome. The calcium-channel subtype that
is responsible is not known.

 

Methods.

 

We compared the effects of antagonists of
L-type, N-type, and P/Q-type neuronal calcium channels
on the depolarization-dependent influx of calcium-45
in cultured carcinoma cells. Serum samples from pa-
tients with various disorders were tested for reactivity
with P/Q-type channels solubilized from carcinoma and
cerebellar membranes and N-type channels from cere-
bral cortex.

 

Results.

 

P/Q-type calcium-channel antagonists were
the most potent inhibitors of depolarization-induced 

 

45

 

Ca
influx in cultured small-cell carcinoma cell lines. Anti–P/Q-
type calcium-channel antibodies were found in serum
from all 32 patients with the Lambert–Eaton syndrome

and a diagnosis of cancer and in 91 percent of the 33 pa-
tients with the Lambert–Eaton syndrome without cancer.
Anti–N-type calcium-channel antibodies were found in 49
percent of the 65 patients with the Lambert–Eaton syn-
drome. Lower titers of anti–P/Q-type and anti–N-type cal-
cium-channel antibodies were found in 54 percent of 70
patients with a paraneoplastic encephalomyeloneuro-
pathic complication of lung, ovarian, or breast carcinoma,
24 percent of 90 patients with cancer but no evident neu-
rologic complications, 23 percent of 78 patients with spo-
radic amyotrophic lateral sclerosis, and less than 3 per-
cent of 69 patients with myasthenia gravis, epilepsy, or
scleroderma.

 

Conclusions.

 

The high frequency of P/Q-type calci-
um-channel antibodies found in patients with the Lam-
bert–Eaton syndrome implies that antibodies of this spec-
ificity have a role in the presynaptic pathophysiology of
this disorder. (N Engl J Med 1995;332:1467-74.)
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P

 

ARANEOPLASTIC syndromes are most often as-
sociated with small-cell lung carcinoma, a relatively

common neuroendocrine neoplasm. The autoimmune
neurologic syndromes may reflect host immune re-
sponses against neuron-like components of the tumor
cells

 

1

 

 (Fig. 1). An example is the Lambert–Eaton syn-
drome, a disorder of neuromuscular transmission caused
by antibodies that impair the presynaptic release of
acetylcholine.

 

10,11

 

Acetylcholine is released from storage vesicles in the
nerve ending in response to an action potential. This
mechanism requires the regulated influx of calcium
through voltage-gated channels in nerve terminals. In
the Lambert–Eaton syndrome, these calcium channels
are the target of pathogenic autoantibodies.

 

10,11

 

 Cul-
tured small-cell lung carcinoma cells exhibit voltage-
activated calcium-channel activity.

 

12

 

 A report that IgG
from patients with the Lambert–Eaton syndrome inter-
feres with this activity

 

13

 

 focused attention on subtypes
of calcium channels in small-cell lung carcinoma.

 

2-4,14,15

 

The subtype of a calcium channel depends on its 

 

a

 

1

 

subunit (Fig. 2), which contains the voltage sensor, an-
tagonist-binding sites, and cation pore. Auxiliary sub-
units include 

 

a

 

2

 

d

 

 and 

 

b

 

 (also 

 

g

 

 for L-type channels of
muscle and “95 K” for N-type channels).

 

16-19

 

 The calci-

um channels in small-cell carcinomas were initially
reported to be L-like

 

13-15

 

 and N-like,

 

4,14,15

 

 because of
pharmacologic sensitivities to dihydropyridines and a
snail-derived neurotoxin, 

 

v

 

-peptide G

 

VI

 

A. A molecular
classification of calcium channels, based on DNA se-
quences of 

 

a

 

1

 

 subunits,

 

16

 

 led to the detection of RNA
transcripts for L, N, and P/Q subtypes of calcium chan-
nels (Fig. 2) in small-cell carcinomas.

 

2-4

 

 The variety of
calcium channels in tumors might provoke a diversity
of autoantibodies that react with a particular channel
subtype or several subtypes. Antibodies against extra-
cellular segments of calcium channels in neurons could
potentially cause neurologic syndromes.

Toxins from various venoms are useful for analyzing
the diverse calcium channels that initiate the release
of neurotransmitters.

 

18,20,21

 

 The P/Q subtype is proba-
bly the predominant mediator of neuromuscular trans-
mission. In mice, evoked acetylcholine release is
blocked at the P/Q type of synapse by a cone-snail

 

v

 

-peptide called M

 

VII

 

C

 

21

 

 and a funnel-web–spider poly-
amine called FT

 

X

 

.

 

20

 

 Antagonists of L-type and N-type
channels have no effect.

We report evidence that small-cell lung carcinoma
cell lines from patients with or without neurologic au-
toimmunity have high-affinity receptors for M

 

VII

 

C,
a P/Q-type calcium-channel antagonist.

 

18,21-24

 

 Almost
all the patients with the Lambert–Eaton syndrome,
whether or not they had evidence of cancer, had serum
antibodies to these high-affinity receptors for M

 

VII

 

C.
About half the patients also had antibodies to recep-
tors for the N-type calcium-channel antagonist G

 

VI

 

A.
Antibodies against calcium channels were also found,
at lower frequencies and titers, in patients with para-
neoplastic encephalomyeloneuropathies associated with
lung, ovarian, and breast cancers; in a minority of pa-
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Figure 1. Antibody Assay and Model for the Induction of the Neu-
rologic Spectrum of Autoimmunity.

Small-cell lung carcinomas have antigens in the plasma mem-
brane, nucleus, and cytoplasm that are normally found in neu-
rons of the peripheral and central nervous systems. Examples
include the P/Q, N, and L subtypes of voltage-gated calcium
channels2-4 and neuronal nuclear and cytoplasmic proteins (e.g.,
HuD,5 NOVA,6 and related RNA-binding proteins). The latter are
antigens for paraneoplastic marker antineuronal nuclear auto-
antibodies type 1 and 2 (ANNA-1 and ANNA-2, also known
as anti-Hu and anti-Ri, respectively).1,7,8 The focal necrosis that
is characteristic of small-cell carcinomas releases tumor proteins
and DNA to cells with antigen-presenting potential.9 Helper
T lymphocytes activated in this fashion might therefore initiate
the production of autoantibodies against a macromolecular com-
plex of self-proteins. The assay shown detects anti–P/Q-type
calcium-channel antibodies in all patients with paraneoplastic
Lambert–Eaton syndrome. Antibodies directed at extracellular
epitopes may explain the pathogenicity of serum IgG prepara-
tions that impair the depolarization-induced release of acetylcho-
line at neuromuscular synapses when injected into mice.10,11 No
causal role is yet ascribed to antibodies against other calcium-
channel subtypes. Calcium-channel antibodies complement
ANNA-1 and ANNA-2 as markers for encephalomyeloneuropa-
thies that occur with small-cell carcinoma. They also comple-
ment ANNA-2 and type 1 anti–Purkinje-cell antibodies as mark-
ers for encephalomyeloneuropathies that occur with breast and
ovarian carcinomas. The implication, yet to be proved, is of a
common immunobiologic basis for all these disorders, which
may constitute a spectrum of pathophysiology. Commonly affect-

ed regions of the neuraxis are indicated by red dots.
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tients with cancer without evident neurologic dysfunc-
tion; and in patients with sporadic amyotrophic lateral
sclerosis.

 

M

 

ETHODS

 

Small-Cell Lung Carcinoma Cell Lines

 

The small-cell lung carcinoma cell lines SCC-9 and SCC-15 were
established in the neuroimmunology laboratory of the Mayo Clinic
and have been characterized in earlier studies.

 

14,25-27

 

 Cells were grown
in RPMI-1640 medium supplemented with 10 percent calf serum.

 

Calcium-45 Influx Assays

 

The depolarization-dependent influx of 

 

45

 

Ca, assayed as described
elsewhere,

 

26

 

 was determined for each specified condition by exposing
tumor cells to 90 mM potassium chloride for one minute at 37

 

°

 

C.
Base-line 

 

45

 

Ca influx in 4.7 mM potassium chloride was subtracted
from influx in 90 mM potassium chloride.

 

Calcium-Channel Antagonists

 

The 

 

v

 

-peptide M

 

VII

 

C was synthesized, labeled with iodine-125,
and characterized as described previously

 

22

 

; 

 

v

 

-peptides G

 

VI

 

A and

Aga-

 

IV

 

A were obtained from Peninsula Laboratories (Belmont, Cal-
if.) and the Peptide Institute (Osaka, Japan). Nifedipine, a dihydro-
pyridine antagonist of L-type calcium channels, was obtained from
Sigma (St. Louis).

 

Serum Samples

 

The study protocol was reviewed and approved by the institutional
review board at the Mayo Clinic. Patients gave oral consent for their
serum to be used in studies of antineuronal antibodies. Serum was
obtained from patients with specified neurologic or autoimmune dis-
orders or cancer and from equal numbers of consecutive normal
subjects, some of whom had a history of tobacco use, and stored
at 

 

�

 

20

 

°

 

C.

 

Preparation and Assays of Receptors for v

 

-Peptides M

 

VII

 

C 
and G

 

VI

 

A

 

Membranes from homogenized small-cell lung carcinoma cell
lines

 

25

 

 and human cerebellar

 

28

 

 and cerebral cortical

 

29

 

 tissues ob-
tained at autopsy were solubilized for two hours at 4

 

°

 

C in buffer con-
taining digitonin (4.5 percent), HEPES (50 mM), glycerol (20 per-
cent), aprotinin (1 kallikrein inhibitory unit per milliliter), pepstatin
A (0.1 

 

m

 

g per milliliter), and phenylmethylsulfonyl fluoride (2 mM),
pH 7.5. The formation of complexes with radioligand, quantitation by

 

Figure 2. Classification of Mammalian High-Voltage–Activated Calcium Channels.
The subtype of a calcium channel is determined by its 

 

a

 

1

 

 subunit, which is approximately 2000 amino acids long and contains the
channel’s voltage sensor, antagonist-binding sites, and cation pore. Auxiliary subunits include 

 

a

 

2

 

d

 

 and 

 

b

 

 (also 

 

g

 

 for L-type channels
of muscle and “95 K” for N-type channels).

 

16-19 

 

The dendrogram was adapted from Zhang et al.

 

17

 

 The degree of homology between
any pair of 

 

a

 

1

 

 subunits is indicated as the percentage of sequence identity for that pair at a branch point.
The selectivity of 

 

v

 

-peptides G

 

VI

 

A and M

 

VII

 

C for the N and P/Q subtypes depends on assay conditions. 

 

125

 

I-labeled M

 

VII

 

C has a higher
affinity for P/Q-type channels than for N-type channels under the conditions used in our study for binding and immunoprecipitation of
channels solubilized from human-brain tissue. A rat monoclonal antibody against a variable-region peptide of 

 

a

 

1

 

 class B sequence
immunoprecipitated 100 percent of G

 

VI

 

A receptors, but less than 0.002 percent of an equivalent amount of solubilized M

 

VII

 

C receptors
(unpublished data). By adding excess unlabeled G

 

VI

 

A peptide to solubilized receptors before introducing 

 

125

 

I-labeled M

 

VII

 

C, we ensured
that the antibodies designated as having specificity for P/Q-type channels in patients with the Lambert–Eaton syndrome were not

immunoprecipitating N-type channels that potentially bind 

 

125

 

I-labeled M

 

VII

 

C.
Class E- or R-type channels are the most recently discovered and least characterized of the high-voltage–activated calcium-channel
subtypes. They are resistant to blockade by specific antagonists of the other types of calcium channels. Their physiologic role remains
obscure. Dihydropyridines are calcium-channel blockers, such as nifedipine and nicardipine, used to treat hypertension. Data were
obtained from Sher et al.,

 

15

 

 Oguro-Okano et al.,

 

2,3

 

 Codignola et al.,

 

4

 

 Birnbaumer et al.,

 

16

 

 Olivera et al.,

 

18

 

 Uchitel et al.,

 

20

 

 Sugiura et
al.,

 

21

 

 Hillyard et al.,

 

22

 

 and Kristipati et al.

 

23

Structural Homology of Classes
of a1 Subunit Genes

Channel Subtypes

Expression Sites Selective
Antagonists

Amino Acid Sequence Identity (%)
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A

B

E

C

D

S L

L

L

R 

N

P/Q

Neurons (not neuromuscular 
junction), pancreatic beta
cells, small-cell lung cancer

Neurons (including
neuromuscular junction),
small-cell lung cancer

Neurons

Neurons, heart, lung, aorta

Neurons, endocrine,
small-cell lung cancer

Skeletal muscle

MVIIC, Aga-IVA, FTx

GVIA, MVIIC 

None known

Dihydropyridines

Dihydropyridines

Dihydropyridines
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glass-fiber filtration, and immunoprecipitation have been described
elsewhere.

 

30

 

 Receptors that formed complexes with 

 

125

 

I-labeled
M

 

VII

 

C or 

 

125

 

I-labeled G

 

VI

 

A (20 pM and 150 pM, respectively) were
incubated for 16 hours at 4

 

°

 

C with patients’ serum samples (5 

 

m

 

l, or
10-fold dilutions) in duplicate in a final volume of 320 

 

m

 

l, before goat
antiserum against human immune globulins was added for immuno-
precipitation.

 

R

 

ESULTS

Pharmacologic Profile of Calcium-Channel Antagonists

As reported previously,13,14,26 brief exposure to high
concentrations of potassium chloride stimulates the in-
flux of 45Ca into cultured small-cell carcinoma cell
lines. Figure 3 shows the pharmacologic sensitivity of de-
polarization-dependent 45Ca influx for SCC-9, a proto-
typic small-cell lung carcinoma cell line, and SCC-15,
a cell line from a patient with the Lambert–Eaton syn-
drome. The v-peptide MVIIC, at micromolar concen-
trations, reduced potassium chloride–evoked calcium
influx by 60 to 90 percent. Micromolar concentrations
of another v-peptide, Aga-IVA, reduced the depolariza-
tion-dependent influx of 45Ca by 60 percent in these cell
lines. GVIA, an v-peptide antagonist of N-type chan-
nels, reduced stimulated 45Ca influx minimally (20 to
40 percent at 100 mM), contrary to earlier reports that
it had a potent inhibitory effect on small-cell carcino-
ma calcium channels.4,14 Nifedipine reduced stimulated
45Ca influx only at millimolar concentrations, well
above the submicromolar concentrations that specifi-
cally block L-type channels.31 These results suggest
that calcium channels with P/Q-type properties ac-
count for most of the depolarization-dependent influx
of calcium in small-cell carcinoma cell lines, regardless
of whether the patient from whom the cells originated
had a neurologic syndrome.

Quantitation and Immunoprecipitation of v-Peptide 
Receptors

To optimize our assay for detecting antibodies
against P/Q-type calcium channels,28,32 we first tested
solubilized membranes from small-cell lung carcino-
mas and human cerebellum for receptors for MVIIC
using a filtration assay to quantitate binding sites for

125I-labeled MVIIC. SCC-9 membranes yielded approx-
imately 2 fmol of receptors per milligram of protein,
and cerebellar membranes approximately 1300 fmol
per milligram. The apparent dissociation constant
(Fig. 4) (the MVIIC concentration required to saturate
50 percent of specific receptors) was 75 pM for digito-
nin-solubilized human cerebellar membranes, a value
consistent with the dissociation constant for intact rat
and bovine cerebellar membranes.23 A serum reactive
with P/Q-type calcium channels (from a patient with
the Lambert–Eaton syndrome, identified in our pre-
liminary studies28,32) immunoprecipitated receptors
from both small-cell lung carcinoma and cerebellum.
Despite an approximately 50 times greater preference
for P/Q-type calcium channels,23 MVIIC can bind to
both P/Q-type and N-type channels. At the concentra-
tions of radiotracer used in our experiments (approx-
imating the dissociation constant for P/Q channels),
virtually all 125I-labeled MVIIC binding was predicted
to be to P/Q-type channels.23 To determine whether
N-type calcium channels with a low affinity for 125I-
labeled MVIIC were detected in the immunoprecipita-
tion assay, we retested in duplicate serum samples
from 56 patients with the Lambert–Eaton syndrome
that immunoprecipitated 125I-labeled MVIIC receptor
complexes, using a receptor preparation containing a
1400-fold excess of unlabeled GVIA to render N-type
channels inaccessible for radiolabeling by 125I-labeled
MVIIC. Immunoprecipitation of 125I-labeled MVIIC–
receptor complexes was not significantly reduced (the
mean [�SE] value obtained with pretreatment was
91�1 percent of the mean value obtained without pre-
treatment). This indicated specific immunoprecipita-
tion of P/Q-type calcium channels.

Frequency of Anti–P/Q-Type and Anti–N-Type Calcium-
Channel Antibodies

We used cerebellum as the source of P/Q-type chan-
nels to screen serum samples from the patients (Fig.
5 and Table 1) because of its high density of MVIIC
receptors. N-type channels (GVIA receptors) were
obtained from human cerebral cortical membranes.29

Figure 3. Pharmacologic Sensitivity of Depolarization-Dependent 45Ca Influx in Two Lines of Small-Cell Lung Carcinoma Cells.
SCC-9 (Panel A) is from a 60-year-old man without paraneoplastic neurologic complications; SCC-15 (Panel B) is from a 59-year-old
woman with the Lambert–Eaton syndrome and serum antibodies reactive with neuronal receptors for the v-peptides MVIIC (titer, 49
pM) and GVIA (titer, 133 pM). Each point represents the mean value of three to seven experiments done in duplicate, expressed as
the percentage of potassium-stimulated 45Ca influx (i.e., influx at 90 mM potassium chloride minus influx at 4.7 mM potassium chloride)

in the absence of drug. DMSO denotes dimethylsulfoxide, which was used as a vehicle for nifedipine.
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