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Abstract. Sodium channels of human small-cell lung 
cancer (SCLC) cells were examined with whole-cell and 
single-channel patch clamp methods. In the tumor cells 
from SCLC cell line NCI-H146, the majority of the volt- 
age-gated Na + channels are only weakly tetrodotoxin 
(TTX)-sensitive (Ka = 215 nM). With the membrane po- 
tential maintained at -60  to -80  mV, these cells pro- 
duced all-or-nothing action potentials in response to de- 
polarizing current injection (>20 pA). Similar all-or- 
nothing spikes were also observed with anodal break 
excitation. Removal of external Ca 2+ did not affect the 
action potential production, whereas 5 gM TTX or sub- 
stitution of Na + with choline abolished it. Action poten- 
tials elicited in the CaZ+-free condition were reversibly 
blocked by 4 mu MnC12 due to the MnZ+-induced in- 
hibition of voltage-dependent sodium currents (INa)" 
Therefore, Na + channels, not Ca z+ channels, underlie the 
excitability of SCLC cells. Whole-cell INa was maximal 
with step-depolarizing stimulations to 0 mV, and re- 
versed at +45.2 mV, in accord with the predicted Nernst 
equilibrium potential for a Na+-selective channel. INa 
evoked by depolarizing test potentials (-60 to +40 mV) 
exhibited a transient t ime course and activation/  
inactivation kinetics typical of neuronal excitable mem- 
branes; the plot of the Hodgkin-Huxley parameters, m= 
and h=, also revealed biophysical similarity between 
SCLC and neuronal Na + channels. The single channel 
current amplitude, as measured with the inside-out patch 
configuration, was 1.0 pA at -20  mV with a slope con- 
ductance of 12.1 pS. The autoantibodies implicated in 
the Lambert-Eaton myasthenic syndrome (LES), which 
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are known to inhibit/Ca and INa in bovine adrenal chro- 
maffin cells, also significantly inhibited INa in SCLC 
cells. These results indicate that (i) action potentials in 
human SCLC cells result from the regenerative increase 
in voltage-gated Na § channel conductance; (ii) funda- 
mental characteristics of SCLC Na § channels are the 
same as the classical sodium channels found in a variety 
of excitable cells; and (iii) in some LES patients, SCLC 
Na § channels are an additional target of the pathological 
IgG present in the patients' sera. 

Key words: Small-cell lung cancer cells - -  Voltage- 
gated sodium channels - -  Action potentials - -  Lambert- 
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ders 

Introduction 

Small-cell lung cancer is a highly malignant tumor that 
accounts for about 25% of lung cancers (Carney, 1992). 
A remarkable feature of SCLC is that it is the most 
commonly encountered form of neoplasm associated 
with a wide range of paraneoplastic neurological disor- 
ders (Anderson, Cunningham & Posner, 1987). Al- 
though the etiology whereby SCLC produces "remote 
effects" on the nervous system is not precisely known, 
evidence for autoimmunity is compelling in some para- 
neoplastic disorders. One of the most well-studied 
SCLC-associated neurological disorders is the Lambert- 
Eaton myasthenic syndrome (reviewed in Vincent, Lang 
& Newsom-Davis, 1989), a neuromuscular disease char- 
acterized by the insufficient release of acetylcholine 
from the motor nerve terminal (Elmqvist & Lambert, 
1968). It is now well established that the pathological 
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Table. Composition of internal and external solutions for patch clamp recordings 

External solution (mM) Internal solution (raM) 

I II III IV V VI VII 

NaC1 140 140 70 5 
KC1 2,8 2.8 2.8 2.8 129 129 
CaC1 z 2 2 1 1 1 
MgC12 2 2 2 2 2 2 2 
Choline Chloride 150 70 
CsC1 z 120 
CoC12 1 1 
TEA-C1 20 
NaOH-EGTA 11 
NaOH-HEPES 10 10 10 10 
KOH-EGTA 11 11 
KOH-HEPES 10 10 
HEPES 10 
pH adj, to 7.2 with: N a O H  N a O H  KOH N a O H  TEA-OH KOH KOH 

autoantibodies in LES cause the dysfunction of  voltage- 
gated Ca 2§ channels (Roberts et al., 1985; Kim & Neher, 
1988; Peers et al., 1990). These findings thus lead to the 
supposition that Ca 2+ channels in SCLC cells serve as the 
antigenic source for the production of  the antibodies. 
In addition, as demonstrated in lymphocytes (Decoursey 
et al., 1984) and tumors of  the nervous system (Lee, 
Weber  & Wurster,  1992), K + and Ca 2+ channels in SCLC 
cells may also play a role in cell proliferation (Pancrazio 
et al., 1991). In view of  the involvement of  SCLC ion 
channels as antigens in the paraneoplastic disease pro- 
cess, patch clamp characterization of  these ion channels 
would increase understanding of  their antigenic features. 

The purpose of  the present study is twofold. First, it 
is a imed at characterizing the voltage-dependent  Na § 
channels in these tumor cells using electrophysiological  
criteria and determining the putative role of  Na § and 
Ca 2+ currents in the production of  action potentials. Un- 
til recently, there has been a paucity of information on 
the vol tage-ga ted  ion channels expressed by human 
SCLC cells. Although recent patch clamp studies have 
identified the existence of  Na +, K +, and Ca 2+ channels in 
SCLC cell lines (Johansson et al., 1989; Pancrazio et al., 
1989; Pancrazio et al., 1991; Pancrazio, Oie & Kim, 
1992), a detailed biophysical  and pharmacological  char- 
acterization of  these ion channels has yet  to be estab- 
lished. Earlier studies (Tischler, Dichter & Biales, 1977) 
demonstrated that SCLC cells are neuroendocrine-l ike 
cells capable of producing action potentials. It has also 
been reported that action potentials in these tumor cells 
are caused by Ca 2+ and Ca2+-activated potassium cur- 
rents (McCann et al., 1981). However,  the patch clamp 
finding that SCLC cells possess voltage-dependent Na § 
channels (Johansson et al., 1989; Pancrazio et al., 1989) 
suggests the possible role of  Na + channels in action po- 
tential production and propagation, a function revealed in 
a variety of  classical excitable membranes.  

The second objective was to examine the possibil i ty 
that LES antibodies cross-react with Na § channels in 
SCLC cells. Although the antibody-induced inhibition 
of  the presynaptic Ca 2+ channels is clearly the primary 
pathogenic mechanism underlying LES, a previous study 
of  INa in bovine adrenal chromaffin cells (Viglione, 
Creutz & Kim, 1992) revealed that in about 30% of 
patients with LES, the pathological  antibodies also re- 
duced INa. In LES associated with cancer, SCLC cells 
are l ikely to be the source of  antigenic stimulation. 
Thus, it is important to determine whether IN~ in SCLC 
cells is similarly reduced by LES IgG and to ascertain the 
reactivity of  the LES antibodies with Na + channels. 

M a t e r i a l s  a n d  M e t h o d s  

CELL CULTURE 

The human SCLC cell line NCI-H146 was established at the Navy 
Medical Oncology Branch of the National Cancer Institute (Bethesda, 
MD) and transferred to the University of Virginia. Cells were main- 
talned in RPMI 1640 media with 10% heat-inactivated fetal bovine 
serum (GIBCO, Grand Island, NY). Flasks containing cells were in- 
cubated at 37~ in 5% CO 2 and 95% air. Cells were subcultured by 
mechanical dissociation once per week. For each experiment, cells 
were triturated and then affixed to glass coverslips coated with poly- 
L-lysine (Sigma Chemical, St. Louis, MO). 

SOLUTIONS 

The Table lists the composition of solutions used in the pipette and 
external bath for all patch clamp experiments and action potential mea- 
surements. Specific solutions used in different types of measurements 
are indicated in the text and figure legends. For the experiments in- 
volving delivery or washout of drugs into the patch clamp recording 
chamber, a gravity perfusion system was used. 
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CURRENT-CLAMP EXPERIMENTS 

Data on transmembrane voltage and action potentials were obtained 
from current-clamped SCLC cells that were subject to the whole-cell 
recording configuration (Hamill et al., 1981) using a List EPC-7 patch 
clamp amplifier (List Electronic, Darmstadt, Germany). The resting 
membrane potential was determined 40 sec after achieving the whole- 
cell configuration to ensure the stability by allowing maximum diffu- 
sion of the pipette solution into the cell. Steady transmembrane cur- 
rent, generated by a Grass S-88 stimulator (Grass Instruments, Quincy, 
MA), was injected to hold the cell at about -80  mV. The cells were 
then stimulated with current pulses of 20 msec in duration at a rate of 
0.5 Hz, the amplitude of which ranged from 20 to 80 pA, sufficient to 
depolarize the cell membrane just above the action pot~ential threshold. 
The duration of the action potential was measured from the rising phase 
at threshold to the falling phase that crossed the threshold. In calcu- 
lating the maximum derivative of the action potential, the forward 
difference method was applied to the digitized signal, while the current 
measured at 20 mV depolarization from holding potential o f - 8 0  mV 
was used to calculate the input resistance R i of the cell. 

STUDIES OF T T X  SENSITIVITY 

A 0.25 mg/ml stock solution of tetrodotoxin (Sigma) was made in 
distilled water, stored at 4~ before use, and added to the bath to 
achieve the desired final concentration. In an attempt to determine the 
half-maximal blockade of INa by TTX, we fit the data with a one-to-one 
receptor binding model (Antoni, B6cker & Eickhorn, 1988): 

INa/IN . . . .  = 1/(1 + [TTX]/Ka) (1) 

where Kd is the dissociation constant of the TTX-receptor complex and 
[TTX] is the concentration of TTX. The result was then compared with 
a fit to the noncooperative, two-site model (Weiss & Sidell, 1991): 

INa[TTX][INa = Ks(1 - IR[1Na)/(K s + [TTX]) 
+ Kn(IdINo)/(Kn + [TrX]) (2) 

where INaCTTXj and INa are, respectively, the sodium current measured 
in the presence and absence of TTX. I n is the maximum TTX-resistant 
sodium current. K s and K n are the equilibrium dissociation constants 
for TTX-sensitive and TTX-resistant channels, respectively. 

WHOLE-CELL INa AND SINGLE N a  + CHANNEL CURRENTS 

Whole-cell and inside-out single-channel patch clamp recording con- 
figurations were used according to the method of Hamill et al. (1981). 
All experiments were conducted at room temperature (23 to 25~ 
The data acquisition and analysis method was the same as Pancrazio et 
al. (1989). Briefly, In a was recorded one minute after establishing the 
whole-cell configuration using a List EPC-7 patch clamp amplifier. 
The cells were stimulated with voltage pulses of 40 msec duration at a 
rate of 0.5 Hz from the holding potential of -80  mV. The Na § activa- 
tion parameters were studied using the pCLAMP software on an IBM 
PC compatible 386 computer equipped with a Labmaster DMA data 
acquisition system (Scientific Solutions, Solon, OH). Data were sam- 
pled at 50 kHz and analyzed later. Leakage subtraction was done on- 
line using a P/4 protocol. 

All single channel recordings were carried out using the inside- 
out membrane patches and analyzed by the pCLAMP software. Cur- 
rent records of 90 msec duration were obtained with the depolarizing 
command potentials at a rate of 0.5 Hz from a V h of -80  mV. The 
recorded data were multiplied by a digitized Gaussian filter with 1 kHz 
cutoff frequency before the analysis. 

INCUBATION OF S C L C  CELLS WITH L E S  SERUM AND IgG 

The use of human plasma and the procedures for obtaining serum and 
isolating IgG have been described previously (Kim & Neher, 1988; 
Vigilione et al., 1992). Plasma and sera were obtained from three 
patients who were clinically and electromyographically diagnosed as 
having LES. The disorders of Patients 1 and 2 were associated with 
SCLC, while Patient 3 had no evidence of malignancy. 

STATISTICS 

Where appropriate, results are presented as the mean +_ SEM and the 
number of cells tested. To compare currents between different groups, 
currents were normalized by the cell capacitance first to eliminate the 
variability of cell size. The significant difference between groups was 
determined using Student's t-test. A P value of <0.05 was considered 
significant. 

Results 

TRANSMEMBRANE VOLTAGE AND ACTION POTENTIALS 1N 
H146 CELLS 

When physiological concentrations of Na +, K +, and Ca 2+ 
ions were used in both the extracellular and intracellular 
solutions (see the Table, solutions I and VI), the resting 
membrane potential of the SCLC H146 cells was -43.7 
+ 1.5 mV (n = 14 cells, C m = 7.3 _+ 1.3 pF) with an input 
resistance of 5.9 +_ 1.7 Gf2 (n = 12). The membrane 
potential was found to be more negative than that re- 
ported by Johansson et al. (1989) and McCann et al. 
(1981) for the cell lines U1690 (-29 mV) and [)MS 53 
(-32.8 mV), respectively. 

Figure 1A displays the representative changes in 
transmembrane potential occurring at different levels of 
current injection for an H146 cell. Injection of sub- 
threshold current (<25 pA) produced a graded response 
characteristic of the electronic potential. With supra- 
threshold current, all-or-nothing action potentials were 
elicited, which rose from the clamped potential of -78.8  
+ 2.4 mV and rapidly surpassed 0 mV, peaking at 19.2 + 
4.6 mV; dV/dtm~ x was 41.0 + 7.8 V/sec. The estimated 
threshold for generating the action potentials was -35.2 
+ 2.8 mV (n = 14). Of 29 H146 cells injected with 
suprathreshold depolarizing current, all-or-nothing-type 
spiking could be observed in 27 cells; the remaining 2 
cells exhibited spontaneous action potentials. In all cells 
tested, we found no evidence that the repolarizing phase 
of the spikes had a discernible plateau, a characteristic of 
calcium spikes frequently observed in cardiac ventricular 
cells (Isenberg & K16ckner, 1982). 

Role of  Na + and Ca 2+ Currents in Action 
Potential Generation 

The work of McCann et al. (1981) concludes that the 
action potentials of DMS 53 SCLC cells are attributable 
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Fig. 1. Transmembrane voltage responses of NCI-H146 cells in nor- 
mal and Ca2+-free bath. (A) Voltage records produced by the injection 
of depolarizing currents, 10, 20, 25, and 35 pA, 20 msec in duration. 
The membrane potential was clamped to -74  mV. Current was injected 
at a rate of 0.5 Hz. Currents greater than 20 pA triggered an action 
potential. Solution I (see Table) was used in the bath and solution VI 
was used inside the pipette. (B) The action potential before (Control) 
and after (77"~ the addition of 5 gM TTX. Membrane potential was 
maintained at -66  mV before the action potential. (C) In Ca2+-free bath 
containing 1 mM CoC12 (solution II), a depolarizing current elicited an 
action potential (Control) which is abolished by 5 pa~ TTX (T/X). 
Clamped membrane potential was -72  inV. 

to the activation of voltage-gated Ca 2+ channels and 
Ca2+-activated K + channels. However, a more recent 
study of another SCLC cell line, U 1690, does not support 
this notion (Johansson et al., 1989). In view of these 
conflicting observations, we examined the identity of 
currents and ions responsible for the generation of action 
potentials in H146 cells. 

When added to the bath, TTX (5 or 15 gM) com- 
pletely abolished action potentials (n = 15), regardless of 
the presence of extracellular Ca 2+ ions (Fig. 1B and C). 
Replacing Na + with choline in the bath (solution III) 
similarly inhibited action potentials (n = 3). Conversely, 
action potentials persisted in cells exposed to bath solu- 
tion without Ca 2+ and with 1 rn_M CoC12 (Fig. 1C). Under 
this condition, spikes elicited had a threshold of -36.3 + 
1.8 mV, with a peak appearing at 15.4 + 3.5 mV, and 
dV/dtm~ x of 34.5 -+ 4.9 V/sec (n = 13). These values were 

not significantly different from those measured using 
physiological solutions as described above. It is also 
noteworthy that the stimulated response observed after 
TTX or 0 Na + treatment did not demonstrate any recog- 
nizable spike component other than the passive electro- 
tonic potentials. 

Prior to the measurements of the action potentials, 
we also recorded the macroscopic whole-cell currents 
from each cell. In all cells that had evoked action po- 
tentials, a large transient inward current (INa) followed 
by a large outward current (mostly potassium current, Ii,:) 
was consistently conserved (see Fig. 3A). Removal of 
extracellular Ca 2+ ions had negligible effect on these 
currents, further supporting the notion that the primarily 
ionic carriers in the excited SCLC cell membrane are 
Na + and K +. 

These findings led us to conclude that the voltage- 
dependent activation of INa, along with the presumed 
delayed activation of I K, is sufficient to produce trans- 
membrane action potentials in SCLC H146 cells and that 
extracellular Ca 2+ ions are not essential. 

Effects of MnC1 e on Iua, Ica and Action Potentials in 
SCLC Cells 

Mn 2+ has been used as a specific blocker of Ca 2+ chan- 
nels in SCLC cells (McCann et al., 1981); however, 
Mn 2+ is also known to affect Na + channel conductance in 
m y e l i n a t e d  f ibers  of  X e n o p u s  laev is  (Arh em,  
1980). Therefore, we first assessed the possible inhibi- 
tory effect of Mn 2+ on INa of H146 cells. Both INa and 
Ic~ were measured in response to a depolarization to -10  
mV from a V h of -80  mV (Fig. 2A). The bath was then 
perfused with solution containing 4 m_M MnC12. Results 
from four cells showed that 4 mM MnC12 reduced INa by 
30.9 + 8.0% and/Ca by 76.8 -+ 5.2%. Thus, Mn 2+ not 
only inhibited Ic~ but also significantly compromised the 
INa of SCLC cells. 

Based on these findings, we surmised that the 
MnC12-induced failure in action potential generation 
could be the consequence of reduced IN~, rather than/Ca" 
TO test this possibility, we exposed H146 cells to Ca 2+- 
free solution and examined the blocking action of 4 rnM 
MnC12 on action potentials. In these experiments, we 
used anodal break excitation to produce the spike, the 
same method used by McCann et al. (1981). As illus- 
trated in Fig. 2B, action potentials could be evoked in a 
Ca2+-free bath (solution II) at the end of the hyperpolar- 
izing stimulating current pulse. Shortly after the cell was 
perfused with CaZ+-free solution containing 4 mM 
MnC12, action potentials were no longer observed. 
Spikes reappeared when the cell was washed with the 
CaZ+-free solution devoid of MnC12. 

These results clearly indicate that Ca  2+ channels are 
not required for the action potential generation; rather, as 
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Fig. 2. Effects of 4 mM MnC12 on /Na, /Ca and the action potentials 
produced by anodal break excitation in H146 ceils. (A) Whole-cell 
membrane currents of 40 msec duration occurring in response to a -10  
mV depolarizing test potential from a V h of -80  mV. IN, and/ca  were 
measured before (Control) and after the cell was exposed to 4 mM 
MnC12 for 1 min and 20 sec. Solutions I and V were used in the bath 
and inside the pipette, respectively. (B) From a different cell perfused 
with caa+-free external solution, a hyperpolarizing current of 38 pA 
was given for 56 msec duration to generate an action potential (first 
trace). Solution II was used for the bath and the pipette contained 
solution VII. While continuously peffusing the cell with the same Ca 2+- 
free solution, 4 mM MnC12 was applied to the bath. The action potential 
disappeared within 4 min after the MnC12 treatment (second trace). 
Four minutes after washing the bath with control Ca2+-free solution, the 
action potential response to anodal break currents was restored (third 
trace). 

in many other neuronal and endocrine excitable mem- 
branes, the regenerative increase in Na + channel conduc- 
tance is a key event underlying the spiking behavior of 
SCLC cells. 

PROPERTIES OF VOLTAGE-DEPENDENT SODIUM CURRENT IN 
H146 CELLS 

In view of the essential role of Na + channels in the tu- 
mor-cell action potential generation, we further charac- 
terized the biophysical and pharmacological behavior of 

the Na § channels in SCLC cells and compared the results 
with those demonstrated in typical excitable membranes. 

Whole-cell Iua 

Figure 3 illustrates a family of whole-cell currents of 
voltage-clamped SCLC cells occurring in response to 
step depolarizations ranging from -40 to +90 mV (V h = 
-80 mV). As in typical neuronal and muscle cells, a 
rapid inward current was followed by a delayed outward 
current which appeared at more positive depolarizing 
potentials (>-20 mV) (Fig. 3A). The outward currents 
disappeared when CsC1 and tetraethylammoniurn (TEA) 
were applied internally, indicating that they are mainly 
carried by K § ions (Fig. 3B). The inward currents thus 
obtained consistently exhibited two components clearly 
distinguishable by different inactivation phases; a rapid 
transient component preceded a steady-state component 
with little inactivation. The size of the noninactivating 
current increased with elevated extracellular calcium 
concentration ([Ca2§ while the current could be to- 
tally eliminated with the exposure to either Ca2+-free or 
CoC12-containing solution. This indicated that this 
steady-state current was carried by Ca 2+ ions. 

The notion of Na § as the ionic carrier of the remain- 
ing inward current (Fig. 3 C), measured in the presence of 
Cs § TEA and under Ca2+-free conditions, was supported 
by the following: (i) time elapsed for complete activation 
and inactivation of the current was less than 15 msec; 
(ii) the current exhibited strong voltage dependence with 
its peak around 0 mV; (iii) reversal potential for this 
current, VNa, closely coincided with the Nernst ,equilib- 
rium potential for Na§ (iv) 5 gM TTX completely 
blocked this current; (v) when Na § was partially replaced 
by choline, the size of the resulting current was reduced 
with the corresponding negative shift of Vya; and (vi) as 
explained earlier, all-or-nothing action potentials fail to 
occur in the absence of this current. 

The macroscopic whole-cell Iy a exhibited a transient 
time course in which the currents rapidly increased to 
peak (1.7 + 0.2 msec at 0 mV) and then declined expo- 
nentially to the baseline within 15 msec. Such temporal 
behavior is characteristic of sodium currents in neurons 
(Carbone & Lux, 1986; Barres, Chun & Corey, 1989), 
endocrine cells (Fenwick, Marty & Neher, 1982; Plant, 
1988), and muscle fibers (Antoni et al., 1988). 

Shown in Fig. 4A are a family of the rapidly acti- 
vating inward currents at different depolarizations of an 
H146 cell. The corresponding current to voltage (I-V) 
relationship appears in Fig. 4B. At a V h o f - 8 0  rnV, /Na 

was elicited from test potentials of -60 to +60 inV. The 
peak INa in 18 H146 cells averaged 482.5 + 74.4 pA (n 
= 18, C m = 6.8 _+ 0.5 pF) and occurred between -10 and 
10 mV. The reversal potential for Na § was 45.2 + 1.5 
mV (n = 18). Given the intracellular and extracellular 
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Fig. 3. Macroscopic whole-cell currents in 
voltage-clamped H146 cells. V~ for all cells were 
-80 mV. (A) Inward and outward current traces 
evoked with depolarizing test potentials from -40 
to +90 with 10 mV increments, in the presence of 
high K + in the pipette (solution VII) and solution I 
in the bath. (B) When internal K + ions were 
replaced with CsC1 and TEA-C1 (solution V), the 
outward currents were eliminated. The bath 
solution contained 10 mM Ca 2+. Test potentials 
were -30 to +10 mV. (C) Removal of external 
Ca 2+ ions (solution II) resulted in abolishment of 
the steady-state current component, leaving only 
the transient Na + currents. Test potentials were 
--40 to +10 inV. 

Na § ion concentrations of  26.9 and 142.7 rnM, respec- 
tively, this value is close to that predicted by the Nemst 
equation (42.2 mV). This indicates a high degree of  ion 
selectivity for H146 Na § channels. Reducing the extra- 
cellular Na § ion concentration to 72.7 rnM decreased the 
peak IN~ to 110.3 + 25.8 pA (n = 9) and shifted the I-V 
curve to the left such that the peak INa occurred between 
- 3 0  and 0 mV (Fig. 4B). Likewise, the VN a was shifted 
to 17.1 + 1.4 mV (n = 9), which deviated somewhat from 
the estimated Nernst equilibrium potential, 25.1 mV. 

Sensitivity of  INa to TTX 

Our next experiments were aimed at determining wheth- 
er Na + channels in SCLC cells are of  the TTX-sensitive 
or TTX-resistant type. Externally applied TTX sup- 
pressed INa in a dose-dependent manner (Fig. 5), with a 
complete blockade observed at 5 BM. Figure 4 displays a 
family of  Na + current traces and the corresponding I-V 
curve from an H146 cell before and after the application 
of  100 nM TTX. Data were fit with Eqs. (1) and (2). 
The least square error criteria determined that the opti- 
mum fit was found with Eq. (1), representing the one- 
to-one receptor binding scheme. The calculated K d 
based on Eq. (1) was 215 riM, one to two orders of  mag- 
nitude higher than the values found for TTX-sensitive 
Na + channels (Weiss & Horn, 1986; Weiss & Sidell, 
t991; Ogata & Tatebayashi, 1992). This K d suggests 
that SCLC Na + channels are only modestly sensitive to 
TTX and may be classified as "TTX-resistant" (Weiss 
& Sidell, 199i; O g a t a &  Tatebayashi, 1992). 

Activation and Inactivation Kinetics Of lNa 

Similar to Na + channels in neuronal preparations, gya 
increased,with increasing depolarization, and reached a 
maximum at 0, mV. In contrast, the time to peak, tp, 
decreases with increasing depolarization, declining from 
2.3 to 0.7 msec between - 3 0  and +30 inV. The rising 
phase of  IN~ was best described with the third power of  

an exponential equation (see Fig. 6). Figure 6A depicts 
that "c m decreased from 0.3 to 0.08 msec between -30  and 
+40 mV of  depolarization. Likewise, INa inactivated 
with a single exponential time constant, %, of 11.9 msec 
at - 3 0  mV and progressively declined to 0.8 msec at +30 
mV of depolarization (Fig. 6A). 

The Hodgkin-Huxley steady-state activation param- 
eter m= (Hodgkin & Huxley, 1952) and inactivation pa- 
rameter, h=, were constructed in Fig. 6B. The half- 
activated potential, V1/z, ranged from -23.0  to -38.8 mV 
with an average o f - 3 0 . 1  _+ 1.1 mV (n = 15) and a m 
varied from 10 to 20 mV with an average of  14.0 + 1.0 
mV. The steady-state inactivation curve estimated the 
average V1/2 and a h from six cells to be -42.8 _+ 2.1 and 
7.4 _+ 0.9 mV, respectively. 

Characteristics of  Single Na + Channels 

Using a pipette solution free of  Ca 2+ and an external 
solution containing Cs + and TEA, single Na + channel 
currents were studied in the inside-out membrane patch 
configuration. At - 8 0  mV, no channel openings were 
observed during the 90 msec sampling period. Occa- 
sional openings for test pulses greater than -80  and less 
than -50  mV could be recorded with openings becoming 
more frequent with more positive depolarizations. As 
shown in Fig. 7A, the opening of  Na + channels occurred 
shortly after the onset of  depolarizations and subse- 
quently disappeared. Addition of  5 BM TTX to the bath 
completely inhibited the openings of  these channels. 
The amplitude, open time and closed time of  the single 
channel  events were computed  f rom the idealized 
records. The amplitude histogram of unitary Na + cur- 
rents was characterized by a Gaussian distribution (Fig. 
7B), with its mean amplitude at - 20  mV of 1.0 _+ 0.06 pA 
(n = 4). Analysis of  the single channel currents mea- 
sured between - 3 0  and 0 mV yielded the average slope 
conductance, 12.1 +_ 3.3 pS (n = 4). The open time his- 
togram (Fig. 7C) was best described by a single expo- 
nential function. At a depolarization of  - 2 0  mV, the 
average channel open time was 0.6 + 0.1 msec (n = 4). 
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Fig. 4. Voltage-dependent sodium currents (IN,) recorded from H146 
cells. (A) Whole-cell currents were evoked from depolarizing test po- 
tentials of 40 msec duration, varying from -30 to +10 mV with 10 mV 
increments (Control). V h was -80 mV. The pipette was filled with 
solution V and the bath had solution II. The right panel illustrates Na + 
current traces obtained from a cell treated with 100 nM TTX. (B) Peak 
current-voltage (I-V) plot of whole-cell 1N, evoked with the test poten- 
rials o f - 6 0  to +60 mV with 10 mV increments. Solutions were the 
same as in A except for the Choline cell which was exposed to solution 
IV. I -V  curves represent IN~ elicited in normal bath solution (open 
circles, 140 mM Na+), with reduced [Na+]o (filled circles, 70 mM Na + 
and 70 mM choline), and after the cell was treated with 100 mM TTX 
(open triangles, 140 mM Na+). 

"10 a) 
N 
0 

0 
Z 

1.2" 

1.0 

0.8- 

0.6- 

0.4- 

0.2- 

0.0 
0.001 

& 

I I r n 
0.01 0.1 I 

]-fX Concentration (~M) 

10 

Fig. 5. The dose-response curve illustrating TTX inhibition of the 
voltage-dependent sodium currents in human small-cell lung cancer 
cells. The normalized peak IN~ is plotted against the concentration of 
TTX. Each data point is expressed as mean __ SEM of measurements 
from 18-68 H146 cells. The smooth curve is a fit to a one-to-one 
receptor binding model (Eq. 1), which yields a K d of 215 nM. 

A 

15 �84 

12 

E 

o 6-  

B 

0.4 

I ! 

3" 0 

0 t t t 
--40 --30 --20 - - I 0  

~m 
t 

Th ~ 
0 

0 0 0 
I I I I I 
0 10 20 30 40 

Voltage (mV) 

,0,3 

.0,2 

0,1 

0.0 
50 

1.o, 

o.6- 

0.6-  

0.4 

0.2 

o.o 
-11o-9o -'~o -50 -~o --~-o I'o 3o 

Voltage (mV) 

E 
v 

E 

Fig. 6. Activation and inactivation kinetics of Na + current in SCLC 
cells. (A) Time constants of activation and inactivation of INa. The 
rising phase of IN~ was fit with the third power exponential function: 

l(t) = A[1 - exp(-t]T,m)]P (6) 

where I(t) is the current amplitude as a function of time, A is a constant, 
%, is the activation time constant and p is an integer. The decaying 
current was conformed to a single exponential function from which the 
inactivation time constant, zh, was determined. The filled circles rep- 
resent "c,~ (mean + SEM) from 15 ceils and the open circles describe "c h 
from eighteen H146 cells. (B) The Hodgkin-Huxley steady-state acti- 
vation, m=, and inactivation, h=, parameters of INa. rn~ (filled circles) 
was determined by first applying 15 command pulses of 20 msec du- 
ration in 10 mV increments from -60 to +80 mV to the cell and then 
calculated from the equation: 

m= = (gNa/gN . . . . .  ) 1/3 = [1 + exp(Vi/2 - W)/am] -1 (7) 

where gN~ is the peak conductance at voltage V, gNa . . . .  is the maxi- 
mum peak conductance, V~/2 is the half-activated potential, and am is 
the slope factor. Each data point represents mean _+ SEM (n = 15 cells) 
and the continuous line is a plot of the above equation with the aver- 
aged V1/z and am. In characterizing the steady-state inactivation, h= 
(open circles), prepulse potentials ranging from -110 to -8 mV in 6 
mV increments for 50 msec, followed by a 40 msec test pulse to 0 mV, 
were applied to the cell. Normalized peak current was then plotted 
against prepulse potential and data were approximated by a Boltzmann 
function (Eq. 8) to obtain the half-inactivated potential V1/2 and the 
slope factor, ah: 

h= = I/lma x = [1 + exp(V-  Vl/2)/a~,] -1 (8) 

V~/2 and a h were averaged from six cells and used to construct the 
continuous line. 
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Fig. 7. Inside-out recording of an SCLC H146 single Na§ 
current at -20  mV from a holding potential of - 80  mV. (A) Five 
representative single channel traces are displayed. The bottom trace is 
the ensemble average of 126 traces. (B) The amplitude histogram 
shows a Gaussian distribution with a mean of 0.8 pA. (C) The open 
time histogram was fit with a single exponential. The time constant was 
found to be 1.0 msec. Internal and external solutions were V and II, 
respectively. 

INHIBITION OF ]Na BY L E S  ANTIBODIES 

Previously, it had been demonstrated that approximately 
30% of LES patients produce antibodies that inhibit both 
INa and/Ca in bovine adrenal chromaffin cells (Viglione 
et al., 1992). As SCLC cells are implicated in the disease 
process, we assessed whether LES serum or IgG could 
inhibit INa in the tumor cells. To test this hypothesis, we 
studied the effects of LES serum or IgG from three pa- 
tients: Patient l ' s  IgG is known to inhibit both/Ca and INa 
from our previous chromaffin cell study (Viglione et al., 
1992), IgG from Patient 2 inhibited only/ca in bovine 
adrenal chromaffin cells, and serum from Patient 3 had 
not been previously tested. After 24 hr of exposure to 
serum from Patient 1 (1 mg/ml IgG), INa from H146 cells 
was significantly reduced from 53.8 + 7.6 pA/pF (n = 35) 
to 31.5 +_ 3.7 pA/pF (n = 37, P < 0.05), a decrement of 
41% (Fig. 8C). The I-V curves and the corresponding 
current traces at +10 mV depolarization of a control and 
a LES serum-treated cell are shown in Fig. 8A and B, 
respectively. The reduction observed after 24 hr of in- 
cubation with the LES serum appeared to be maximal, as 
increasing the exposure time to 72 hr produced a reduc- 

tion of 36% (control INa: 60.7 + 6.6 pA/pF, n = 22, vs. 
LES Iia: 38.4 + 5.1 pA/pF, n = 22, P < 0.05). To de- 
termine which component(s) of the serum is bringing 
about the inhibition of the Na § channels, we repeated the 
previous experiments with IgG isolated from the serum 
of Patient 1. In contrast to the reduction observed after 
24 hr with the serum, 1 mg/ml IgG did not significantly 
reduce INa. With 72 hr of incubation in the IgG, how- 
ever, the currents declined from a control value of 59.1 + 
7.8 pA/pF (n = 16) to 41.3 + 4.0 pA/pF (n = 16, P < 0.05) 
(Fig. 8C). Thus, it may be that the LES serum contains 
additional factors which speed the antibody-mediated in- 
hibition of the Na § channels (for example, see Kim & 
Neher, 1988). 

We had previously demonstrated that IgG from Pa- 
tient 2 was not able to significantly inhibit INa in chro- 
maffin cells (Viglione et al., 1992). Consistent with this 
observation, IgG from Patient 2 did not inhibit INa in 
SCLC cells; however, the antibodies were capable of 
reducing /ca (Viglione & Kim, 1993; Viglione, 
O'Shaughnessy & Kim, 1994). Serum from Patient 3, 
likewise, had been shown to be effective in reducing/Ca 
in SCLC cells. However, after 48 hr of incubation in 
serum from this patient, a reduction in SCLC INa was not 
seen. Therefore, these results confirm and extend the 
previous conclusion (Viglione et al., 1992) that hetero- 
geneity of antibodies exists among different LES pa- 
tients, leading to the differential cross-reactivity of the 
pathogenic IgG with voltage-dependent Na § channels. 

D i s c u s s i o n  

Small-cell lung cancer was previously thought to origi- 
nate from the Kulchitsky cells of the bronchial mucosa 
(Havemann et al., 1985), but recent reports suggest that 
SCLC is derived from the primitive endodermal cells 
which differentiate into neuroendocrine cells (Pietra, 
1990). SCLC cells contain dense-core granules which 
may relate to the production and release of ectopic hor- 
mones such as adrenocorticotropic hormone, gastrin- 
releasing peptide and antidiuretic hormone. Recent 
patch clamp studies of human SCLC cells (Pancrazio et 
al., 1989) revealed the presence of voltage-dependent ion 
channels, including calcium channels that participate in 
Ca2+-dependent exocytosis by these tumor cells (Kim, 
Pancrazio & Viglione, 1989). 

Voltage-gated Na § channels are found in many ex- 
citable cells and play a primary role in the generation of 
action potentials. In this study of human small-cell lung 
cancer cells, we have investigated the ionic component 
which contributes to the spiking electrical behavior and 
examined the biophysical and pharmacological proper- 
ties of the voltage-activated sodium channels. Addition- 
ally, we have examined whether Na § channels in these 
tumor cells are affected by antibodies from patients with 
LES. 
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ROLE OF Na + AND C a  2+ CURRENTS 1N THE SPIKING 

ELECTRICAL BEHAVIOR 

Three observations from our study lead to the conclusion 
that Na y current in SCLC H146 tumor cells is primarily 
responsible for the generation of action potentials: (i) the 
all-or-nothing action potentials were blocked by 5 gM 
TTX in all cells examined, with no detectable change of 
transmembrane potentials; (ii) likewise, the spikes could 
not be evoked in a NaY-free bath; and (iii) in contrast, 
full-size action potentials persisted in Ca2+-free bath so- 
lution containing 1 mM CoC12. Data presented by Jo- 
hansson et al. (1989) are in agreement with the observa- 
tions presented in this study. 

The results of our MnC12 experiments further sup- 
port the conclusion that Na y channels are responsible for 
action potentials in these tumor cells. In their previous 
work on DMS 53 small-cell lung cancer cells, McCann et 
al. (1981) used MnC12 to block the putative Ca 2+ spikes 
and interpreted their data as indicating that Ca 2y ions 
were the primary ions responsible for action potential 
generation. We ascertained that MnC12 also caused a 
significant reduction in INa in SCLC cells (Fig. 2A). Fur- 
thermore, in a Ca2+-free external environment, we were 
able to reproduce the spike-inhibiting action of MnC12. 
Despite the absence of external Ca 2y, action potentials 
that appeared upon anodal break excitation were revers- 
ibly blocked by 4 mM MnC12. These results suggest that 
the diminution of the anodal break response in these 
experiments is the direct result of the blockade of Na y 
channels, rather than Ca 2+ channels. 

It could be argued that the heterogeneity of electrical 
characteristics governing the production of action poten- 
tials may exist among different SCLC cell lines such that 
the impulses in DMS 53 cells and H146 cells are initiated 
via characteristically different ionic conductance mech- 
anisms. Although it is true that the relative expression of 

Na + and C a  2+ channels differ markedly from one SCLC 
cell line to the other (Pancrazio et al., 1989; Pancrazio et 
al., 1992), Ca 2y channel density in all cell lines tested so 
far appears to be relatively low. Of the six cell lines 
(H69, H82, H128, H146, H187, and H209) from which 
we have measured/Ca (unpublished observations), H146 
cells exhibit the largest Ic~, and in a given cell, the am- 
plitude of Ic~ (122.4 + 6.2 pA, n = 131, as measured 
using 10 mM Ca 2+ external solution) is consistently 
smaller than that OflN~ (for example, see Fig. 3B). These 
findings also support the notion that SCLC cells are un- 
likely to exhibit Ca2+-spike electrogenesis. It should be 
noted, however, that we do not know what the resting 
potential of SCLC cells is in vivo. In our system, the 
resting potential is approximately -44 mV, a level suf- 
ficient to inactivate most of the Na + channels. Therefore, 
caution is warranted in predicting what the action poten- 
tial behavior of these cells is in vivo. 

TTX SENSITIVITY 

TTX is a specific Na + channel blocker and is used as a 
probe for voltage-dependent Na + channels in various cell 
types. Based on the degree of TTX sensitivity, a number 
of studies have identified the existence of two popula- 
tions of Na + channels in neurons (Ogata & Tatebayashi, 
1992), cancer cells (Flamm, Birnberg & Kaczmarek, 
1990; Weiss & Sidell, 1991), muscle cells and their pre- 
cursors (Frelin et al., 1984; Weiss & Horn, 1986). The 
most distinguishing parameter for identifying the two 
types of Na + channels is the TTX affinity or K d, derived 
from the dose-response relationship of TTX and channel 
inhibition. There is now general agreement that TTX- 
sensitive channels have a K d in the low nanomolar level 
(<20 riM), whereas TTX-resistant types have a Ka in the 
high nanomolar and low micromolar range (100 nM to I0 



162 J.K.W. Blandino et al.: INa in Human Lung Cancer Cells 

gM). The wide disparity in the Kas of these two channel 
subtypes is reflected in the shape of the TTX dose- 
response curve; a biphasic curve signifies the presence of 
more than one type of Na § channel, while a sigmoidal 
curve indicates a single population of Na § channels. 

We found that the overall shape of the TTX dose- 
response curve obtained from human SCLC cells was 
sigmoidal, lacking a distinctive biphasic characteristic. 
The curve was better fit with a one-site model (Eq. 1) 
than the two-site, noncooperative model (Eq. 2). This 
finding is interpreted as indicating that SCLC cells ex- 
press a single population of Na § channels, which are only 
weakly sensitive to TTX (K d = 215 riM). The activation 
and inactivation kinetics found in SCLC H146 cells are 
similar to those found in the "TTX-resistant" channels 
of rat dorsal root ganglion cells (Ogata & Tatebayashi, 
1992). 

WHOLE-CELL INa IN S C L C  CELLS 

There are vast discrepancies in the amplitude of the Na § 
currents among SCLC NCI cell lines. Cells from NCI- 
H82 and H209 cell lines have considerably smaller INa 
than that measured in H146 cells (unpublished observa- 
tion). Similar findings were reported by Pancrazio et al. 
(1989) who studied NCI-H69 and NCI-H128 cell lines. 
IN~ was observed in only 30% of H69 cells, and in H128 
cells, IN~ was 3.2 _+ 0.4 pA/pF, a more than 20-fold 
difference from the Na + currents recorded in H146 cells 
(73.19 +_ 9.8 pA/pF). These differences reflect a hetero- 
geneous expression of voltage-dependent Na + channels 
in small-cell tumor cells. 

A commonly observed biophysical characteristic of 
IN~ is that it activates rapidly and inactivates in a single 
or double exponential time course depending on the cell 
type. The time constant of inactivation decreases with 
increasing depolarization. In H146 lung cancer cells, we 
have likewise demonstrated these properties typical of 
Na + channels, similar to other cancer cell lines (Johans- 
son et al., 1989; Pancrazio et al., 1989), endocrine cells 
(Fenwick et al., 1982; Plant, 1988) and excitable cells 
(Carbone & Lux, 1986; Barres et al., 1989). 

The single Na § channel conductance ranges from 8.7 
pS in rat brain cells (Kirsch & Brown, 1989) to 27.8 pS 
in cardiac cells from neonatal rats (Cachelin et al., 1983). 
Most cell types have Na § conductances between 10 to 20 
pS regardless of the recording conditions (Carbone & 
Lux, 1986; Barres et al., 1989). The Na § channel con- 
ductance in H146 cells is 12.3 pS, well within the re- 
ported range of conductances for Na + channels. In con- 
clusion, the voltage-gated Na § channels in human small- 
cell lung cancer cells possess electrophysiological 
characteristics which are very similar to those found in 
many excitable Cell types. 

CLINICAL PERSPECTIVE 

The autoantibodies directed against voltage-dependent 
Ca 2+ channels have been identified as a key pathogenic 
factor underlying the Lambert-Eaton myasthenic syn- 
drome. IgG from patients with LES is known to inhibit 
the function of Ca 2+ channels in bovine adrenal chromaf- 
fin cells (Kim & Neher, 1988), rodent neuroblastoma 
cells (Peers et al., 1990) and human small-cell lung can- 
cer cells (Viglione & Kim, 1993; Viglione et al., 1994). 
As the majority of LES patients manifest the concurrent 
development of SCLC, the role played by the tumor cells 
in the etiology has attracted particular attention. The im- 
munological event in which the Ca 2+ channels expressed 
by SCLC cells act as the putative stimulatory antigens in 
this disorder is supported by our recent observation that 
LES antibodies react with Ca 2+ channels in SCLC cells 
and block their function (Viglione & Kim, 1993; Vigli- 
one et al., 1994). It is interesting to note that the obser- 
vations with serum or IgG from Patients 1 and 2 on 
SCLC cells are similar to our observations with chro- 
maffin cells (Kim & Neher, 1988; Viglione et al., 1992). 
Both patients' antibodies reduced Ica in both cell types, 
but only IgG from Patient 1 affected INa in chromaffin 
and SCLC cells. Since Ca 2+ and Na § channels have 
rather conserved structural similarity (Catterall, 1988), 
one may speculate that LES IgG recognizes the same 
antigenic site shared by both Na + and Ca ~+ channels. 
Thus, a single species of antibodies could mediate the 
inhibition of both/ca and INa. The serum/IgG from each 
of the patients used in this study has been previously 
shown to inhibit Ic~ in SCLC cells. As demonstrated 
here, despite the inhibitory action of/ca,  two of the pa- 
tients' antibodies did not reduce INd. Therefore, another 
possibility is that the autoantibodies mediating the ef- 
fects on Na + channels are a population distinct from 
those affecting Ca 2+ channels. In this case, Na + chan- 
nels, such as those characterized in the present work, are 
clearly the antigenic candidate. 
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