
namely with identical enrichment of frac- 
tions containing synaptic membranes (8, 
17). Finally the selective increase in ce- 
rebral enkephalinase activity after long- 
term administration of morphine (other 
enkephalin-hydrolyzing enzymes are not 
affected) could reflect the participation 
of the enzyme in the long-term control of 
enkephalinergic transmission (3, 7). 

Enkephalinase inhibition in vivo 
should result in a facilitated enkephalin- 
ergic transmission reminiscent, for in- 
stance, of the enhanced cholinergic ac- 
tivity that follows administration of ace- 
tylcholinesterase inhibitors. In support 
of this hypothesis, it has recently been 
observed that thiorphan displays nalox- 
one-sensitive antinociceptive activity in 
rats and mice (13). 
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Calcium Spike Electrogenesis and Other Electrical Activity in 
Continuously Cultured Small Cell Carcinoma of the Lung 

Abstract. Spike electrogenesis, local depolarizing and hyperpolarizing responses, 
spontaneous rhythmic firing, and alternating resting potentials were measured in 
cells from a continuously cultured small cell carcinoma of the lung. Spike generation 
was blocked by MnC12. In view of this evidence for calcium-spike electrogenesis and 
previous evidence of secretory activity in these cells, this cell line (DMS 53) can 
provide a model for the study of excitation-secretion behavior in human neoplastic 
cells. 

Calcium-spike electrogenesis appears 
to be a widely occurring membrane-me- 
diated process that participates in the 
initiation and regulation of excitation- 
secretion coupling. Endocrine and other 
secretory cells in both invertebrates and 
mammals generate Ca2+ spikes to signal 
the release of hormones and other chem- 
ical substances (1-8). We have studied 
cells of the highly malignant tumor 
known as small cell carcinoma of the 
lung (SCCL) because of their functional 
and growth characteristics (9, 10). These 
include the synthesis and secretion of 
estrogens and peptide hormones and the 
presence of cytoplasmic dense core vesi- 
cles, which have been associated with 
the synthesis and storage of peptide hor- 
mones. Although spike electrogenesis 
has been reported in cells isolated from a 
primary tumor SCCL (I l ) ,  neither the 
ionic mechanism nor other electrical DO- 

Table I. Switching between two levels of 
membrane resting potential. Data were ob- 
tained during a prolonged impalement of DMS 
53 cell 5/16/80D. The 12 observed epochs of 
decreased resting potential occurred as four 
discrete periods interspersed with periods of 
normal resting potential. N is the number of 
150-msec observation epochs. 

- 

Class of resting 

Resting potential measurement 

potential 
Normal Spontaneously 

(mV) 
( N  = 15) decreased 

( N  = 12) 

Average - 32.8 - 21.3 
Median - 32.0- - 19.2 
S.D. 2 3.5 2 4.6 

tentials were described. We have now 
determined the types of electrogenic ac- 
tivity that are present in long-term con- 
tinuous cultures and report that extracel- 
lular calcium ions carry a major portion 
of depolarizing transmembrane current. 

Cells of a continuous SCCL line ( D M S  

53) were trypsinized for subculture with 
0.25 percent trypsin in calcium- and mag- 
nesium-free Hanks balanced salt solu- 
tion (9). The cells (2.5 x lo6) were plat- 
ed in 35-mm Falcon plastic petri dishes 
in 5 ml of Waymouth's MB 75211 medi- 
um containing 20 percent fetal calf serum 
and 25 mM Hepes buffer. Cultures were 
examined 4 days after plating; at this 
time the monolayer was approximately 
half confluent. The culture dish was 
mounted on a temperature-controlled 
(35 ? 1°C) stage of a Zeiss inverted 
phase-contrast microscope. Microelec- 
trodes. filled with 3M KC1 and having 
resistances of 45 to 55 megohms, were 
coupled to a bridge circuit to allow intra- 
cellular injection of constant-current 
pulses. Recordings of transmembrane 
potential and injected current were ob- 
tained from a cathode-ray oscilloscope 
with a Polaroid camera or were directly 
led into an Able-40 (New England Digi- 
tal) computer for analysis. Software for 
real-time data acquisition and analysis 
were developed specifically for this proj- 
ect. 

Resting potentials recorded in these 
cells displayed two significant character- 
istics: (i) relatively low values and (ii) a 
switching back and forth between two 
values (Table 1). There is a tendency to 
dismiss low-voltage membrane poten- 
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tials on the basis of ionic leak resulting 
from membrane injury from the impale- 
ment, but the persistence of the main- 
tained potential differences and the high 
input impedances (> 250 megohms) sug- 
gest that these cells do maintain only a 
low-voltage transmembrane potential. 
Similar low-voltage potentials have been 
reported for various cells in culture, par- 
ticularly secretory cells ( 1 4 ,  12). In 
some experiments, the resting potential 
abruptly changed from about -32 mV to 
-20 mV and then just as abruptly re- 
turned to the original level (13). Such 
switching behavior has been reported in 
cultured macrophages (12). 

Depolarizing pulses of constant cur- 
rent evoked local potentials (Fig. 1A) 
followed by steady-state plateaus (14). 
Overshooting action potentials were elic- 
ited by anodal break excitation (Fig. 1B). 

The amplitude and rate of rise of the 
spikes were directly related to the dura- 
tion (Fig. 1C) and intensity (Fig. ID) of 
the stimulus pulse. Latency and over- 
shoot of the active response varied inde- 
pendently. 

The spike response was followed by a 
brief phase of hyperpolarization (Fig. 1, 
B-D). Postspike hyperpolarization has 
been studied in a number of mammalian 
neurons where it has been related to an 
electrogenic ion pump, to prolonged po- 
tassium conductance, or to a combina- 
tion of these factors (15, 16). A phase of 
hyperpolarization, seen as an under- 
shoot, occurs when injected depolarizing 
current is switched off (Fig. 1A). The 
mechanism and significance of this re- 
sponse after hyperpolarization in the 
SCCL are unknown. Another class of 
responses sometimes observed during 

injection of hyperpolarizing current oc- 
curs as an early change in hyperpolariz- 
ing potential in response to the hyperpo- 
larizing current pulse (Figs. 1F and 2A). 

Spontaneous firing was encountered in 
a cell that, despite a low (-15 mV) 
resting potential, produced rhythmic (50 
Hz), small (10 mV) potentials (Fig. lE,  
upper trace) that increased both in ampli- 
tude (40 mV) and frequency (320 Hz) 
when a hyperpolarizing current was in- 
jected (Fig. IE,  lower trace). The fre- 
quency of firing was greater after such 
pulsing. Although repetitive firing could 
be a "rebound response" to hyperpolari- 
zation, this cell was firing before cur- 
rents were injected. These frequencies 
are much faster than those reported in 
mammalian endocrine cells (4) or in cul- 
tured macrophages (12). Unlike cells that 
function as pacemakers, in which hyper- 

Fig. 1 (left). Responses of DMS 53 cells to injected current pulses. In each record, intracellular potentials are displayed on the upper trace, and in- 
jected current is shown on the lower trace. Resting potential in (A) to (D) was -41 mV. (A) Local response to a depolarizing current pulse. Rates 
of rise and fall for the local membrane response were + 13.5 and - 13.9 Vlsec, respectively. (B) A spike triggered by anodal break excitation after 
injection of a hyperpolarizing current pulse. Rates of rise and fall for the anodal break spike were +67.1 and -24.7 Vlsec, respectively. (C) 
Positive relation between the amplitude of the active membrane response to anodal break and increasing stimulus duration. The rate of rise during 
the active response increased with its magnitude. (D) Positive relation between amplitude of anodal break response and magnitude of 
hyperpolarizing current pulse. As before, the rate of rise is positively related to the magnitude of the stimulus. The maximum dVldt during the ac- 
tive responses of these cells ranged from 0 to +67 Vlsec. (E) Spontaneous rhythmic firing in a DMS 53 cell. In the upper record, an injected hy- 
perpolarizing current produced an accelerated discharge rate and an increased amplitude of potentials. In the lower record, the normal discharge 
rate was greater than before. and again acceleration and potentiation were seen in response to injection of a hyperpolarizing current. (F) 
Nonovershooting anodal break response in a cell with low resting potential. The dotted line indicates 0 mV; in the left margin, the upper mark is at 
+ 30 mV and the lower mark is at - 100 mV. Current injection was - 0.52 nA. These two traces were displayed data from an experiment recorded 
by computer on a flexible disk. Successive points represent measurements taken every 200 wsec. Fig. 2 (right). Effects of 4 mM MnC1, on 
active membrane responses to injected current, displayed as in Fig. 1. (A) Anodal break spike before manganese was added to the bath. (B) Five 
seconds after adding the MnC12, the anodal break response was delayed and diminished. (C) Ten seconds after adding MnCl,, the spike wag 
abolished. (D) Successive sweeps show recovery of spike after its abolition by MnCI,. (E) The local response to depolarizing current included an 
invariant early potential followed by a variable repolarization. (F) In the presence of MnCI,, the repolarization component of the local response 
was abolished. 
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polarization slows the inherent rate of 
discharge, this cell increased its rate of 
spontaneous firing when it was hyperpo- 
larized. Such behavior seems paradoxi- 
cal but may be related to excessive inac- 
tivation of inward current at a low rest- 
ing potential, which is then relieved by a 
hyperpolarizing pulse. 

Spike electrogenesis was blocked by 
the addition of 4 mM MnC12 to the bath 
(Fig. 2, A-C), suggesting that these ac- 
tion potentials are ca2+  spikes. Calcium 
spike electrogenesis appears to be a fre- 
quent correlate in cells that exhibit se- 
cretory behavior, cells as diverse as 
Aplysia bag cells (5) and rat pituitary 
cells (1). A gradual inactivation of the 
repolarizing current after a local depolar- 
izing response (Fig. 2E) appeared when a 
depolarizing pulse of constant current 
and constant duration was repeated at a 
rate of 1 Hz. The depolarizing local 
potential elicited by the first pulse repo- 
larized rapidly, and then the slope of the 
repolarization phase diminished step- 
wise with each of about six pulses, after 
which the repolarization phase became 
extinguished. The repolarization phase 
could be reactivated either by condition- 
ing pulses of hyperpolarizing current or 
by a rest period. The process of inactiva- 
tion of the repolarization phase was 
greatly accelerated in the presence of 
MnC12 (Fig. 2F). This suggests that a 
Ca2+-activated K+ gate may be involved 
in this process (17) or that the local 
response consists of a fast and a slow 
potential, the latter being dependent on 
readily available calcium. These two 
time-related phenomena-the switch- 
ing of membrane potential and the inacti- 
vation of repolarization of the local re- 
sponse-may be examples of a dynamic 
electrophysiological state that exists in 
certain cells (12). 

Although spike electrogenesis was 
long held to be peculiar to nerves and 
muscle, new investigations reveal the 
presence of electrogenesis in cells that 
are clearly not nerve or muscle. Our 
findings demonstrate the presence of a 
mechanism for spike generation, impli- 
cate calcium ions as the major charge 
carrier, and provide evidence for other 
forms of electrical activity in these lung 
tumor cells. 
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Divalent Cation Ionophores Stimulate Resorption and 
Inhibit DNA Synthesis in Cultured Fetal Rat Bone 

Abstract. Two divalent cation ionophores, A23187 and Ionomycin, which are 
selective for calcium, stimulated the resorption of fetal rat long bones in organ 
culture at 0.1 to 1 micromolar but not at higher concentrations. Both agents inhibited 
DNA synthesis at concentrations that stimulated resorption. These results might 
explain the differences in ionophore effects on bone previously reported, and they 
imply that cell replication is not required for osteoclast formation in fetal rat long 
bone cultures. 

Dziak and Stern (I) have shown that, 
like parathyroid hormone (PTH), the di- 
valent cation ionophore A23187 stimu- 
lates resorption in cultured fetal rat long 
bones, enhances intracellular calcium 
entry, and increases adenosine 3'3'-mo- 
nophosphate (cyclic AMP) in cells isolat- 
ed from fetal rat calvaria. Dietrich and 
Paddock (2) found that both A23187 and 
PTH inhibited the incorporation of triti- 
ated proline into collagen in cultured 
newborn rat calvaria. However, in cul- 
tured newborn mouse calvaria, Ivey et 
al. (3) found that A23187 acts only as an 
inhibitor of bone resorption and has no 
effects on the accumulation of cyclic 
AMP in the medium. Differences be- 
tween the action of PTH and A23187 
have also been described in the rat. 
Hahn et al. (4) showed that calcitonin did 
not inhibit resorption stimulated by 
A23187 in fetal rat long bones, while 
Dietrich and Paddock (2) found that de- 
spite the similarities of their effects on 
collagen synthesis in fetal rat calvaria, 
A23187, unlike PTH, inhibited noncolla- 
gen protein synthesis and incorporation 
of tritiated thymidine into DNA. We 
have used 19-day fetal rat long bone 
cultures to compare the effects of PTH, 
A23 187, and Ionomycin (5). Ionomycin, 
which is a divalent cation polyether iono- 
phore previously untested on bone, is 
more selective for calcium than is 
A23 187. 

Bone resorption was assessed by mea- 
suring the release of previously incorpo- 
rated 45Ca (6). DNA and protein syn- 
thesis were assessed by measuring the 
incorporation of tritiated thymidine and 
tritiated amino acids, respectively. Long 
bone shafts labeled in utero with 45Ca 
were cultured in 0.5 ml of modified BGJ 
medium (Gibco) supplemented with 5 
percent fetal calf serum (Gibco) that was 
treated with dextran-coated charcoal to 
reduce endogenous bone resorbing activ- 
ity (7). During the last 2 hours of culture, 
1.5 pCi of tritiated thymidine or tritiated 
amino acid mixture (New England Nu- 
clear) was added to each dish. At the end 
of the experiments bones were extracted 
in 5 percent trichloroacetic acid (TCA). 
The radioactivity from the 45Ca was 
counted in the medium and TCA extract; 
the 3H was counted in the TCA extracts 
and the bones after they were digested 
with NCS (Amersham). The 3~ counts 
were divided by the total 45Ca counts of 
each bone to normalize for differences in 
fetal bone size. In most experiments, 
bones from the fetuses of a single litter 
were used to minimize variation caused 
by any nonuniformity of 45Ca labeling. 
In some experiments the activity of the 
lysosomal enzyme p-glucuronidase was 
measured in the medium (8). For his- 
tologic studies the bones were placed in 
Millonig's fixative for 2 to 4 days and 
then dehydrated and embedded in meth- 
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