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Human small-cell lung carcinoma (SCLC) cells express 
neuronal-like voltage-operated calcium channels (VOCCs) and 
release mitogenic hormones such as serotonin (5HT). Opioid 
peptides, on the other hand, have been shown to reduce SCLC 
cell proliferation by an effective autocrine pathway. 

Here we show that in GLC8 SCLC cells, only &opioid recep- 
tor subtype mRNA is expressed. Consistently, the selective 
&opioid agonist [D-Pet-6Pen’]-enkephalin (DPDPE), but not p 
and K agonists, potently and dose-dependently inhibits high- 
threshold (HVA) VOCCs in these cells. As in peripheral neurons, 
this modulation is largely voltage-dependent, mediated by per- 
tussis toxin (PTX)-sensitive G-proteins, CAMP-independent, 
and mainly affecting N-type VOCCs. 

With the same potency and selectivity, DPDPE also antago- 
nizes the Ca’+-dependent release of [3H]serotonin ([3H]5-HT) 
from GLC8 cells. However, DPDPE inhibits not only the 

depolarization-induced release, but also the Ca2 ’ -dependent 
secretion induced by thapsigargin or ionomycin. This suggests 
that besides inhibiting HVA VOCCs, opioids also exert a direct 
depressive action on the secretory apparatus in GLC8 cells. 
This latter effect also is mediated by a PTX-sensitive G-protein 
but, contrary to VOCC inhibition, it can be reversed by eleva- 
tions of CAMP levels. 

These results show for the first time that opioids effectively 
depress both Ca’+ influx and Ca’+-dependent hormone re- 
lease in SCLC cells by using multiple modulatory pathways. It 
can be speculated that the two mechanisms may contribute to 
the opioid antimitogenic action on lung neuroendocrine carci- 
noma cells. 
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Modulation of neuronal excitability by opioids generally is linked 
to changes in ion channel properties (North, 1993). Activation of 
p-, K-, and S-opioid receptors can mediate the inhibition of 
neurotransmitter release from nerve terminals (MacDonald and 
Nelson, 1978; Konishi et al., 1979; Mudge et al., 1979; Illes, 1989) 
as well as catecholamine release from adrenal chromaffin cells 
(Kumakura et al., 1980). However, the ability of opioids to inhibit 
neurotransmitter and hormone secretion cannot be accounted for 
fully by the modulation of ion channels alone. Direct effects of 
opioids (Capogna et al., 1993; Rekling, 1993; Lupica, 1995) and 
other inhibitory hormones (Jones et al., 1987; Ullrich and Woll- 
heim, 1988; Man-Son-Hing et al., 1989; Dale and Kandel, 1990; 
Luini and De Matteis, 1990; Ullrich et al., 1990; Scholz and Miller, 
1992) on the secretory machinery also have been described. 

Human small-cell lung carcinoma (SCLC) cells contain secre- 
tory granules and release both amines and peptide hormones 
(Weynants et al., 1990; Wall, 1991). In particular, SCLC cells 
synthesize opioid peptides and express opioid receptors (Roth 
and Barchas, 1985; Maneckjee and Minna, 1990). SCLC cells also 
express heterogeneous voltage-operated calcium channels 
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(VOCC) subtypes, some of which are typically “neuronal” 
(DeAizpurua et al., 1988; Sher et al., 1990), like the w-conotoxin 
(o-CTx)-sensitive GVIA VOCC (N-type), that are ubiquitous in 
all SCLC cell lines tested (Sher et al., 1990). Recently, mRNA 
coding for class D (L-type), class B (N-type), and class A (P/Q- 
type) (Ye VOCC subunits has been detected in the GLCS SCLC 
cell line (Codignola et al., 1993). Agents selective for the three 
VOCC subtypes [dihydropyridines (DHPs)] for the L-type, o-CTx 
for the N-type, and o-agatoxin (w-Aga) IVA for the P/Q-type 
block separate components of the HVA Ca2+ currents and hor- 
mone release from these cells (Codignola et al., 1993). Thus, 
GLC8 cells represent an ideal preparation in which to test the 
relative contribution of Cazt channel modulation versus distal 
effects on the secretory apparatus in the overall control of secre- 
tion in neuroendocrine cells. 

Here we report that DPDPE potently inhibits HVA Ca’+ 
channels in SCLC cells, an effect mediated by 6 receptors, the only 
opioid receptor subtype detectable in these cells. The modulation 
is exerted primarily on N-type channels, with no effects on the 
L-type and small residual effects on non-L-, non-N-types. Ca2+ 
channel modulation typically is voltage-dependent and mediated 
by PTX-sensitive G-proteins. In parallel experiments, DPDPE 
was found to potently depress the release of [“HIS-HT induced by 
depolarizing concentrations of KCl. However, DPDPE also inhib- 
its the thapsigargin- and ionomycin-stimulated release of [“HI5 
HT with the same potency, suggesting that the opioid can act 
directly on the secretory apparatus downstream to Ca’+ influx. 
These opioid effects on the secretory machinery also are mediated 
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by PTX-sensitive G-proteins but, in contrast to VOCC inhibition, 
are reversed by increasing cellular CAMP levels, suggesting that 
multiple opioid inhibitory pathways coexist in SCLC cells. 

MATERIALS AND METHODS 
Cell lines. The human SCLC cell line GLC8 was kindly provided by Dr. G. 
Gaudino (Department of Biomedical Science and Oncology, Turin, Ita- 
ly). The cells were grown in suspension in RPM1 1640 medium supple- 
mented with 10% fetal calf serum, 100 IU/ml penicillin, 100 &ml 
streptomycin, in lo-cm-diameter Corning tissue culture dishes (New 
York, NY). The cells were incubated at 37°C in a humidified atmosphere 
of 5% CO, in air. 

RT-PCR analysis. First-strand cDNA was synthesized starting from 200 
ng of poly-At RNA extracted from GLCS cells and from rat brains, using 
the first strand synthesis kit (Stratagene, La Jolla, CA) and the supplied 
random examer primers. Five percent of the cDNA synthesized was 
amplified using Taq polymerase (Perkin-Elmer, Emeryville, CA). The 
PCR reactions (94°C for 30 set; 62°C for 1 min; 72°C for 45 set, 45 cycles) 
were performed in the presence of primers drawn on the sequences of 
human 6-, y-, and K-opioid receptors (Knapp et al., 1994; Mansson et al., 
1994; Wang et al., 1994). The primers were chosen to match on the 
corresponding rat sequences. The primers used were respectively Slop 
and AS20p for 6 receptors, S3op and AS40p for k receptors, SSop and 
AS60p for K receptors. PCR products were analyzed by agarose gel 
electrophoresis, and their identity was confirmed by restriction analysis. 

Primers were as follows: Slop: CTCTTCGCCAACGCCTCGGAC; 
AS20p: GTCACCGTGTCCCAGTACCAG; S3op: AACCCGAAAAGT- 
CTCGGTGCTC; AS4op:TTCAGCAGGTTTTCCCAGTACC;SSOp: 
CTGGAGCCCGCGCACATCTC; AS60p: TTCATGAAGAGGTCC- 
CACCAG. 

Electrophysiological recordings. Membrane currents were measured 
with the patch-clamp technique either in the whole-cell (Hamill et al., 
1981) or in the perforated-patch configuration (Horn and Marty, 1988). 
Stimulation, acquisition, filtering, and data analysis were carried out as 
described previously (Codignola et al., 1993; Poll0 et al., 1993). Step 
depolarizations (100-200 msec) of various amplitudes were applied every 
10 set to cells clamped at -60 to -90 mV holding potential (V,). 
Capacitive transients and leakage currents were cancelled by subtracting 
from on-line compensated currents the Cd*+-insensitive component, 
recorded after bath addition of 200 pM Cd2+. The external solution 
composition was (in mM): NaCl 125, BaCl, 10, MgCl, 1, 10 HEPES, and 
0.3 7TX. Solutions of higher Ba*+ concentration (50 mM) were prepared 
by reducing the NaCl concentration to maintain constant osmol&; (300 
mOsm1. The Dinette solution contained (in mM): CsCl, 110. TEA 30. 
EGTA 10, M&j, 2, HEPES 10, glucose i. Nifedipine, gay K’8644, and 
W-CTx were handled as described elsewhere (Codignola et al., 1993; Poll0 
et al., 1993). w-Aga was dissolved in distilled water and then diluted in the 
extracellular solution at the indicated concentrations (Magnelli et al., 
1995). Data are expressed as mean i SEM for it = number of cells. 

[3H]serotonin release. GLC8 cells were recovered from the dishes and 
passed through a Pasteur pipette to dissociate cell clusters. After centri- 
fugation (5 min, 800 rpm), the cells were resuspended in a Krebs-Ringer- 
Hepes (KRH) solution containing (in mM): NaCl 150, KC1 5, MgSO,-and 
KH,PO, 1.2, CaCl, 2, glucose 6, and Hepes-NaOH 25, pH 7.4. The 
medium also contained equal amounts (0.1 mgiml) of ascorbic acid and 
the monoamine oxydase inhibitor pargyline, plus [3H] 5-HT (final con- 
centration 500 nM‘I. After 30 min at 37°C. the cells were centrifuged (5 
min, 800 rpm), resuspended in KRH containing the 5-HT reiptace 
inhibitor Cl-imipramine (1 PM), and aliquoted in Eppendorf tubes con- 
taining the desired drug concentrations. To assay the effects of opioid 
agents, the cells were preincubated with the drugs 15 min before and 
during the stimulation period at 37°C. To test PTX effects, the cells were 
incubated with the toxin (100 @ml) overnight. At the end of the 
stimulation at 37°C (for 5 min or as indicated), the cells were washed 
three times with ice-cold KRH. Finally, the pellets were dissolved in 300 
~1 of N NaOH 1, resuspended in 5 ml of Ultima Gold scintillation fluid, 
and counted in a beta counter (Packard Tri Carb 2100TR, Groningen, 
The Netherlands) with an efficiency of 65% to quantify the radioactivity 
remaining associated with the cells. The amount of release is expressed as 
percent increase over basal, i.e., the release measured in parallel tubes 
incubated in buffer alone (see also Codignola et al., 1993). 

Materials. Cell culture supplements wereobtained from Seromed (Berlin, 
Germany) and Petri dishes from Corning. Pargyline, DPDPE, N6 2’0 
dibutyryladenosine 3’:5’- cyclic-monophosphate (Bt,cAMP,) PTX, ionomy- 
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Figure 1. Only S-opioid receptor mRNA is expressed in GLC8 cells. A, 
One tenth of each RT-PCR reaction specific for a-, w-, and K-opioid 
receptors was analyzed by agarosc gel electrophoresis. Only the amplifi- 
cation product (595 bp) corresponding to the &opioid receptor is visible 
by ethidium bromide staining in the lanes of GLC8 cells, whereas ampli- 
fication products corresponding to a-, p-, and K-opioid receptors are 
present in the lanes of rat brain (RB). Control reactions without reverse 
transcriptase were negative. Mol&ul& weight markers (M) were (in bp): 
2176. 1766. 1230. 1033. 653. 517. 453. 394. 298. 234. 220. and 154. B. 
Digestion of GLC8 6 receptor RT-PCR product with HincII restriction 
enzyme was performed to confirm its specificity. One fifth of RT-PCR 
product undigested (VC) and HincII digested (C)was analyzed on agarose 
gel electrophoresis. The band in lane UC (595 bp) is digested in lane C to 
give fragments of the expected size (390 and 205 bp). Molecular weight 
markers (A4) are as in A. 

tin, thapsigargin, EGTA, GTPyS, and GDP@ were purchased from Sigma 
(St. Louis, MO). w-CTx and w-Aga were from Peptides International (Lou- 
isville, KY). Cl-imipramine, U50488 [buns-(lS,2S)-3,4-dichloro-N-methyl-N- 
[(1-pyrrolidinyl)cyclohexyl]-benzeneacetamide hydrochloride], DAMGO 
[D-f%‘, MePhe“, Gly-o15]enkephalin), and naloxone hydrochloride [( -)iso- 
mer] were from RBI (Natick, MA). Bay K 8644 and nifedipine were kindly 
provided by Dr. Seuter (Bayer A.G., Wuppertal, Germany). [-7H]5-HT- 
creatinine sulfate (specific activity 10.1 Ciimmol) was from Amersham 
(Buckinghamshire, UK). All other salts were reagent grade and purchased 
from Merck (Darmstadt, Germany). 

RESULTS 

Expression of opioid receptor subtypes in GLC8 cells 
The sequences of human I*-, K-, and &opioid receptors have been 
determined recently (Knapp et al., 1994; Mansson et al., 1994; 
Wang et al., 1994). Using RT-PCR and primers specific for the 
three receptor subtypes, we checked for the expression of mRNA 
encoding these receptors in GLC8 cells. As shown in Figure L4, a 
product of the expected size (595 bp) corresponding to the 
&opioid receptor subtype was amplified from GLC8 cell mRNAs. 
No amplification products corresponding to p-opioid or K-opioid 
receptors were detectable. As a positive control, RT-PCR with the 
same primers was performed, following the same procedure, on 
rat brain mRNAs yielding specific amplification products for all 
three receptor subtypes (Fig. L4). The specificity of the GLC8 
S-opioid receptor (Fig. 1B) and of the rat brain 6-, F-, and 
K-opioid receptor amplification products (data not shown) was 
confirmed by restriction analysis. As shown in Figure lB, digestion 
of the GLC8 &opioid receptor amplification product with the 
H&II restriction enzyme resulted in two restriction fragments of 
390 bp and 205 bp, as expected from sequence analysis. 

Other RT-PCRs were performed with different primers specific 
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Figure 2. Selective and dose-dependent action of DPDPE on whole-cell Bazt currents in GLCS cells. A, InAI, Ba2+ currents at +30 mV were recorded 
before (C), during (DPDPE), and after application of 0.3 pM DPDPE in 50 mM Ba*+. Inil andA3, the action of the CL-opioid-selective agonist DAMGO 
(1 pM) and the K-opioid-selective agonist U50488 (1 pM) on Ba*+ currents is compared with that of DPDPE (0.1 FM) on the same cell in 50 mM Ba’+. 
The sequential recordings were control (C), DPDPE, and the second agonist. In A4, the action of DPDPE (0.1 FM) was fully prevented by subsequent 
addition of the nonselective opioid antagonist naloxone (1 PM). Test depolarizations were to +30 mV from V,, -90 mV in all four panels. B, Effects of 
increasing doses of DPDPE (0.1, 0.3, 1, and 10 nM) on the Ba*+ currents of the same cell bathed in 10 mM Ba*+. Test depolarizations to +20 mV 
from I’,, -90 mV. C, Percentage of Ba’+ current inhibition as a function of log [DPDPE] expressed in molar concentrations. Data points were 
collected from 20 GLC8 cells and plotted as mean 2 SEM for n values as indicated. The solid line is a curve fit using equation: I,,;, inhibition (%) 
= 72/(1 + IC,,,/[DPDPE]), with I?,, = 0.64 nM. 

for each receptor subtype, confirming the above results in both 
GLC8 and rat brain (data not shown). Furthermore, 45 supple- 
mentary cycles with nested primers were performed on the pre- 
vious amplification products to both increase the sensitivity of the 
assay and confirm the identity of the PCR products. The results 
still confirmed the previous evidence. 

Therefore, although different SCLC cell lines have been shown 
to coevpress multiple opioid receptor subtypes (Maneckjee and 
Minna, 1990) GLC8 cells represent a suitable model system in 
which to study &opioid receptor mechanisms in isolation. 

Opioid inhibition of HVA Ca2+ channels in GLC8 cells 

As reported previously (Codignola et al., 1993), GLC8 cells ex- 
press only HVA VOCCs that can be studied easily under condi- 
tions in which Na+ and K+ channels are blocked effectively, and 
Ba2’ is used as charge carrier at high concentrations (lo-50 mM). 
In 50 mM Ba’+ and V,, -80 mV, inward HVA Ba2+ currents 
activated around 0 mV, reached maximal amplitude at approxi- 
mately +30 mV, and reversed above +70 mV. The ability of 
opioid agonists to affect HVA Ba2+ currents was tested at +30 
mV. Figure 2AI shows the typical inhibition of Ba2+ currents 
induced by saturating doses of the &opioid agonist DPDPE (300 
nM). The current depression was accompanied by a marked slow- 

down of channel activation and fully reversed at washing. Except 
in a few cases, DPDPE caused reversible inhibitions that ranged 
between 48 and 87% measured at the time corresponding to the 
peak of the control current (69.4 i- 0.9, II = 87). Repetitive 
exposures to saturating concentrations of DPDPE over lo-12 min 
gave comparable HVA current depressions, suggesting that de- 
sensitization of DPDPE action was either absent or occurred 
slowly during our recording conditions (data not shown). 

DPDPE action was mediated by &opioid receptors. Both the 
p-selective agonist DAMGO (1 FM, II = 7) and the K-selective 
agonist U50488 (1 PM, II = 14) proved to be ineffective in GLC8 
cells that normally responded to a subsequent application of 300 
nM DPDPE (Figs. 2A2, 3). DPDPE action was fully prevented by 
the nonselective opioid antagonist naloxone (1 FM, y1 = 16) which 
had no effect on its own on the time course and size of the Ba2+ 
currents (Fig. 244). DPDPE action was dose-dependent when 
tested on the same cell (Fig. 2B) or on different cells (Fig. 2C). 
Significant inhibitions were evident with doses as low as 0.1-0.3 
nM DPDPE, whereas saturating effects were reached at doses 
above 10 nM. The dose-response curve was best fitted by a 
one-to-one agonist-receptor stoichiometry with an IC,,, of 0.64 
nM and a maximal inhibition of 72% (n = 20) (solirt line in Fig. 
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Figure 3. Voltage dependency of DPDPE action on HVA Ba2+ currents.il, BaZt currents recorded with the perforated patch-clamp method in a GLCS 
cell bathed in 50 mM Ba’-+. The two traces in each panel were recorded before (C) and during application of 0.3 pM DPDPE (open circles) at the potential 
indicated. V,, -90 mV. Inset, I-V curves in 50 mM Ba2+ recorded using a depolarizing ramp of 1.2 mV/msec from -90 mV holding potential before and 
during exposure to 1 pM DPDPE. B, Facilitation of DPDPE-inhibited BaZt currents induced by conditioning prep&es in whole-cell clamp recordings. 
The two overlapping traces in each panel were recorded on test depolarizations to +30 mV without (truce a) and with (truce b) a 50 msec conditioning 
prepulse to +90 mV. The double-pulse protocol was delivered before (top) and during (bottom) application of DPDPE with 6 set interval between pulses. 
Vertical URNS indicate the time of peak control current at which DPDPE inhibition is estimated during test pulses. Horizontal arrows indicate the current 
amplitude reached at the test potential (+30 mV) soon after the prepulse. 

2C). On the basis of these data, we conclude that S-opioid recep- 
tors are very efficient in inhibiting HVA VOCCs in GLCS cells. 

Voltage-dependent inhibition and facilitation of HVA 
VOCCs by DPDPE 
Opioid inhibition of Ca2+ channels in GLC8 cells possesses all the 
features of the voltage-dependent VOCC inhibition by neuro- 
transmitters reported in most neurons and neurosecretory cells 
(for review, see Carbone et al., 1996). At moderate potentials 
(+30 mV in 50 mM Ba’+), the inhibition was stronger at the peak 
of the control current and weaker at the end of the pulse (73 vs 
54% in Fig. 3A), suggesting a substantial time-dependent recovery 
from inhibition. At higher voltages, the inhibited currents acti- 
vated more quickly and the percentage of removal of inhibition 
increased markedly. At the end of the +50 mV pulse, for instance, 
the percentage of inhibition was 34%, i.e., less than half the 
maximal inhibition at +30 mV. Voltage dependency of opioid 
inhibition also is evident from the I-I/relationships obtained with 
ramp commands (inset in Fig. 3A). Maximal block by DPDPE 
occurs at +20 mV (62%) and is reduced gradually with increasing 
voltages (30% at +60 mV and <15% above +70 mV). 

The presence of a marked voltage dependency in the modula- 
tory action of DPDPE also was demonstrated by the marked 
current facilitation induced by strong conditioning prepulses ap- 

plied in the continuous presence of DPDPE (truce b in Fig. 3B). 
Prepulses of 50 msec to +90 mV were sufficient to recover >80% 
of the current amplitude that was depressed by DPDPE. This 
suggests that as in other cells (Tsunoo et al., 1986; Bean, 1989; 
Kasai, 1992; Rhim and Miller, 1994; Rusin and Moises, 199.5), 
opioid modulation in GLC8 cells is largely V-dependent. 
V-independent modulation also was evident and accounted for 
20-30% of the total modulation (Fig. 3A,B) (also data not 
shown). We found, however, no indications that the two processes 
could be mediated by different receptors or G-proteins or directed 
against different VOCC subtypes (see below). Interestingly, in 
20% of the cells not exposed to DPDPE, the conditioning pre- 
pulse induced a small but significant (lo-50%) facilitation of 
Ba*+ currents. This suggests that as in sympathetic neurons 
(Ikeda, 1991) and chromaffin cells (Fenwick et al., 1982; Albillos 
et al., 1995), a “tonic inhibition” also is present in GLC8 cells, 
possibly attributable to a feedback inhibition caused by the hor- 
mones released by the cells themselves (Doupnik and Pun, 1994). 

DPDPE inhibition is mediated by PTX-sensitive G- 
proteins and is independent of CAMP 
In some neurons and neurosecretory cells, Cazt channel modu- 
lation by opioids is mediated by PTX-sensitive G-proteins (Hes- 
cheler et al., 1987; Kasai, 1992; Taussig et al., 1992; Albillos et al., 
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Figure 4. Ba*+ current inhibition by opioids is mediated by PTX-sensitive G-proteins. Top, Intracellular GTPyS (100 pM) mimics and preserves the 
inhibitory action of DPDPE in a GLCS cell already inhibited tonically from the start of the whole-cell recordings (t = 15 set) (&f). The recordings 
consisted of a double-pulse protocol similar to that in Figure 3B, which allows the determination sequentially of the degree of inhibition and facilitation 
(filled circles) either present at control (left and middle panels) or induced by the opioid (right panels). After 3 min of internal perfusion, GTPyS preserved 
both the tonic (middle) and the 0.5 FM DPDPE-induced (right) inhibition. The more pronounced kinetics slowing induced by DPDPE was preserved after 
washout of the agonist, suggesting that GTPyS makes irreversible the usually reversible effect of DPDPE. Middle, Intracellular GDPpS (500 WM) rapidly 
removed both tonic and DPDPE-induced inhibition. The GLC8 cell was inhibited tonically at the start of internal dialysis (t = 10 set) (left). After 2 min 
of internal perfusion with GDP/%$ the inhibition was abolished completely (middle), and subsequent application of DPDPE (0.5 PM) had no effects (right). 
Bottom, Cell preincubation with PTX (100 &ml, 15 hr) prevented fully the Baa+ current inhibition by opioids. The PTX-treated cell exhibited no sign 
of tonic inhibition after 15 set (left) and 1 min (middle) from the beginning of intracellular perfusion and was insensitive to 0.5 PM DPDPE (r+$rt). Note 
the total absence of voltage-dependent facilitation of Ba*+ currents in this PTX pretreated cell. The slight decrease of current amplitude observed during 
exposure to DPDPE (right) was not reversible and was probably attributable to partial channel rundown. 

1995), very likely through direct membrane-delimited pathways 

(Shen and Suprenant, 1991). This also was the case for Cazt 
channel inhibition in GLC8 cells. 

In cells showing slowly activating Ba2+ currents soon after the 
establishment of the whole-cell configuration (tonic inhibition) 
(Ikeda, 1991), intracellular application of GTPyS via the patch 
pipette (100 PM, y1 = 6) preserved the initial kinetic slowing (Fig. 
4, top left). This current kinetics modification persisted after 3 min 
of perfusion and could be largely reversed by conventional pre- 
pulses (fop middle). Application of DPDPE after 4-5 min caused 
a slightly increased prolongation of the activation kinetics (top 
rigl?t) that persisted after washout of the agonist (data not shown). 
On the contrary, in cells with Ba2+ currents inhibited tonically at 
the start of the recordings, DPDPE action could be prevented 

completely by 1-2 min cell dialysis with GDP/3S (500 PM, n = 18). 
In the example of Figure 4 middle, GDP&S could both remove the 
initial tonic inhibition (middle left) and prevent the voltage- 
dependent action of DPDPE after 3 min (middle right). Overnight 
cell incubation with PTX (100 ngiml, 15 hr at 37°C) also was very 
effective in preventing both the tonic inhibition of Ba2+ currents 
and DPDPE action (Fig. 4 bottom). In 9 of 11 cells, PTX treat- 
ment abolished completely the DPDPE-induced inhibition; BaZt 
currents were fast-activating and showed no sign of initial tonic 
inhibition. In the two remaining cells, a small effect (-20% of 
inhibition) still was present. All this confirms that Ca2+ channel 
modulation by opioid in GLC8 cells is mediated primarily by 
PTX-sensitive G-proteins. 

PTX inactivates both Gi- and G,-proteins. G,-proteins are 
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F@ue 5. DPDPE (O-1.0) FM inhibition of Ca’+ channels is not CAMP- 
dependent. A, Effects of DPDPE @lied circles) on Bazf currents (IO mM) 
recorded in the whole-cell patch-clamp configuration at the potential 
indicated. The cell was preincubated with 1 mM Bt,cAMP for 4 hr and 
dialyzed internally with the standard Cs/EGTA solution containing 1 ITIM 
CAMP. Holding potential -90 mV. B, Effects of DPDPE (jilled circles) on 
Ba2+ (50 mM) currents recorded with the perforated patch-clamp 
method at the potential indicated. The cell was preincubated for 4 hr with 
1 mM CAMP to ensure the loading of the CAMP analog inside the cell. 
V, -90 mV. 

likely to couple the opioid receptor directly to the channels via a 
membrane-delimited pathway (Hille, 1994), whereas G,-proteins 
may affect the channels indirectly by inhibiting the activity of 
adenylate cyclase. To test whether Ca2+ channel inhibition by 
opioid receptor activation derives from a decrease of cytoplasmic 
CAMP levels, we assayed the effects of DPDPE in GLCS cells that 
were preincubated with the permeant analog Bt,cAMP (1 mM) 
and perfused intracellularly with CAMP (1 mM) in the whole-cell 
configuration, or preincubated with Bt,cAMP and studied in the 
perforated-patch configuration to preserve the cytoplasmic con- 
tent. In both cases, Bazt currents were found similarly sensitive to 
DPDPE action. Their activation was delayed at potentials of 
maximal inhibition (+lO mV in 10 mM BaZt and +30 mV in 50 
mM Ba2+) (Fig. 5A1@1), and the percentage of inhibition de- 
creased with increasing voltages (mean depression 64.0 i- 3.5% at 
+30 mV and 43 5 4.5% at +60 mV in 50 mM Ba2+, n = 5). This 
suggests that as in other cells (Schultz et al., 1990; Hille, 1994), 
Ca2+ channel inhibition by opioids is not mediated by reductions 
of CAMP levels (Hescheler et al., 1987; Taussig et al., 1992). On 
the contray, the fast onset and offset of channel inhibition would 
rather suggest a direct, membrane-delimited interaction between 
G-proteins and Ca*+ channels, as proposed previously (Hescheler 
et al., 1987; Taussig et al., 1992; McEnery et al., 1994; Georgoussi 
et al., 1995; Wilding et al., 1995) (see also Hille, 1994). The 
persistence of opioid action in perforated patches (Fig. 5B) also 
excludes the possibility that cell dialysis may affect significantly 
the size and voltage dependency of opioid inhibition (Merinery 
et al., 1994). 

DPDPE does not affect L-type Ca2+ channels in 
GLC8 cells 

GLCX cells express several HVA Ca2+ channels, namely the N-, 
the L-, and a “non-L-, non-N-type” sensitive to high concentra- 
tions of w-Aga (P/Q) (Codignola et al., 1993). To identify the 
Ca2+ channels targeted by the 6-opioid-activated G-proteins, the 
action of DPDPE was tested in combination with agents selec- 
tively affecting each one of the channel subtypes. 

We first assayed the sensitivity of L-type channels to DPDPE by 
using the DHP agonist Bay K 8644. Results from two represen- 
tative cells are shown in Figure 6A and B. In one case, 1 FM Bay 
K 8644 doubled the currents at -10 mV, caused no changes at 
+20 mV, and prolonged the Ba2’- current deactivation on return 
to -50 mV (traces with filled circles in AZ, A3). On the contrary, 
DPDPE had a mild action at -10 mV (A2), caused a marked 
inhibition at +20 mV (A4), and showed little or no effects on the 
slow component of the tail current at -50 mV associated to Bay 
K 8644-modified L-type channels (inset in Fig. (v24). Most of the 
depressive action of DPDPE was indeed on the fast-tail current 
component associated to the non-L- type cl~anncls activating 
above 0 mV in 10 mM Ba” (Codignola et al., 1003; Polio ct al., 
1993). The fast tails (-rfast 0.96 msec) were depressed by 42% by 
the &opioid agonist. In the second cast (Fig. 6R), the cell showed 
a remarkably high sensitivity to Bay K 8644 at -20 mV, indicative 
of a prevalence of L-type channels at this potential and in this 
particular cell (lefl). DPDPE, however, had no clear etfects on the 
Bay K 8644-modified currents both at -20 mV and on return to 
-50 mV (right). Little or no effects of DPDPE on L-type channels 
also were suggested by experiments with cells that were preincu- 
bated with 3 PM nifedipine to block L-type Ca2+ channels com- 
pletely or with cells that exhibited little sensitivity to the DHP 
antagonist (Fig. 6C, left). In both cases, DPDPE still was able to 
induce a marked depression of the Ba2+ currents (71.6 -t 1.2% 
inhibition in 25 nifedipine-treated cells), which was largely re- 
moved by double-pulse protocols (Fig. 6C, right). This confirms 
that opioid modulation in GLCS cells is selective for the recently 
described non-L-type Ca2+ channels of these cells (Sher et al., 
1990; Codignola et al., 1993). 

DPDPE action is primarily on N-type VOCCs in 
GLC8 cells 

The N-type VOCC is the most abundant Ca2+ channel of GLCX 
cells (Sher et al., 1990; Codignola et al., 1993). It is expressed 
variably from cell to cell and accounts for 50-85% of the total 
current. Given its predominance, we expected that most of the 
DPDPE inhibition (70-75% of the total current) was exerted on 
this channel subtype. The contribution of the N-type channel to 
the DPDPE modulation thus was assayed by testing the opioid 
action before and after the application of saturating doses of 
o-CTx (3 PM), which selectively block this channel subtype (Sher 
and Clementi, 1991). Nifedipine (3 pM) also was present in all the 
solutions. 

As shown in Figure 7, short applications of o-CTx (60 set) in 2 
mM Cazf were sufficient to maximally block the N-type current in 
GLC8 cells (Fig. 7A). Subsequent additions of the toxin caused no 
additional current reductions (traces b, c in Fig. 7A; traces e, h in 
Fig. 8B). o-CTx had marked blocking effects on the total Ba2+ 
current (69.5 i 2.9% block in 17 cells) and caused a comparable 
reduction of the DPDPE inhibition (71.7 * 5.6%; n = 10) that 
was calculated by comparing the DPDPE current inhibition be- 
fore (AZ, in Fig. 7AI) and after toxin application (AZ:, in Fig. 7A2). 
Thus, as in peripheral neurons, 6-opioid inhibition of HVA cur- 
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Figclre 6. DPDPE acts primarily on DHP-resistant Ca” channels. A, Effects of DPDPE (0.3 pM) on Bay K 8644-modified Ba’+ currents in 10 rnM Ba’ ’ 
Control (C) and Bay K 8644.modified currents at -10 mV and +20 mV are shown in Al and A3. Notice the increased current amplitude at - 10 mV, 
the prolonged time course of tails at -50 mV (filled circles), and the unchanged current size at +20 mV in the presence of 1 FM Bay K 8644 (Bay K). 
Contrary to the Ca” agonist, DPDPE had a marked inhibitory effect at +20 mV (A4) and nearly no effects on the amplitude and time course of the 
slow-tail component associated to L-type channels (open circles in A2, A4). Inset, Analysis of Bay K 8644-modified-tail currents on a more expanded time 
scale. The two tails, without (filled circles) and with (open circles) DPDPE were best fitted by double exponentials with the following time constants 7raS, 
and ~~~~~~ and amplitude coefficients I, and I,: 7.01 msec (- 139 PA) and 0.97 msec (- 1071 PA) (jilled circles); 7.32 msec (- 117 PA) and 0.94 msec (-488 
PA) (open circles). B, DPDPE has nearly no effect on GLC8 cells containing almost exclusively L-type channels. Control currents in 10 mM BaZt (C) 
increase markedly at -20 mV and deactivate monoexponentially at -50 mV in the presence of 1 FM Bay K 8644 (BuyK) (filled circles). Addition of 
DPDPE (0.3 PM) causes no sizable change to Bay K 8644-modified L-type currents (open circles). C, Nifedipine does not affect DPDPE action. Leftpanel, 
Control currents at +20 mV in 10 mM Ba’+ (C) are affected little by exposure to 3 PM nifedipine (nife); DPDPE (0.3 PM) preserves its strong inhibitory 
effect on the nifedipine-resistant current (nife + DPDPE). Rightpanel, On the same cell, the time- and voltage-dependent inhibition of nifedipine-resistant 
BaZ+ current by DPDPE (noisy trace n) is facilitated effectively by a double pulse protocol (noisy truce b). Overlapped dashed traces (a, b) indicate the 
nearly absent facilitory action of preconditioning pulses in control conditions. 

rents in GLC8 cells is directed primarily on the N-type channel. In 
some cells, however, DPDPE also exerted significant modulatory 
effects on residual DHP- and w-CTx-insensitive currents, suggest- 
ing also that non-L-, non-N-type channels can be modulated by 
the opioid agonist. This effect was quite variable. Figure 7 shows 
two extreme cases. In A, DPDPE preserved most of its efficacy 
after w-CTx application (65% inhibition after toxin treatment vs 
75% inhibition before application) (compare 7Al and A2). In B, 
the S-opioid inhibition decreased from 77% (truce b) to 20% (truce 
e). On the average (n = lo), DPDPE action decreased from 69.8 
? 2.3% before toxin treatment to 39.2 ? 4.9% after toxin 
application. 

To further identify the Ca2+ channel subtypes responsible for 
the DPDPE inhibition of o-CTx-resistant currents, we tested the 
effects of the S-opioid agonist on cells pretreated with nifedipine 
to block L-type channels and high concentrations of o-Aga to fully 
block P-type channels (Mintz et al., 1992). In cells pretreated with 
250 nM w-Aga for 17 min in 2 mM Ca’+, and in the presence of 
nifedipine, o-CTx blocked a slightly larger component of current 
(79 ? 3.1%; n = 5) than in control cells. Currents resistant to 
nifedipine, o-CTx, and w-Aga, and thus deprived of L-, N-, and 
P-type channels, contributed to -Y-20% of the total and were 

variably depressed by DPDPE (Fig. sA,B). In seven cells pre- 
treated with o-Aga, nifedipine, and w-CTx, the S-opioid de- 
pressed the residual current by 38 ? 7.5%, i.e., about half of the 
inhibition of N-type channels. In conclusion, DPDPE inhibition of 
HVA Cazt channels in GLC8 cells appears selective for non-L- 
type channels, with a predominant effect on N-type and a reduced 
action on residual “non-L-type, non-N-type, and non-P-type” 
channels. 

DPDPE inhibits depolarization-induced 
[3H]5-HT release 
DPDPE also was tested for its ability to inhibit the depolarization- 
induced release of [“HIS-HT from GLC8 cells. KCl-induced 
[“HIS-HT release from GLCS cells recently was shown to be 
attributable to VOCC activation, being completely blocked by 
Cd2+, DHPs, w-CTx, and o-Aga (Codignola et al., 1993). 

Figure 9 shows that DPDPE dose-dependently inhibits KC1 (50 
mM)-induced [“HIS-HT release, with an IC,,, of 90 PM and a 
maximal inhibition of 72 ? 0.5%. Furthermore, the effects of 
DPDPE on KCl-induced [3H]5-HT release were antagonized by 
naloxone but not mimicked by p and k agonists (Fig. 9, inset), 
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Figure 7. w-CTx-GVIA removes a large proportion of DPDPE inhibition in nifedipine-treated cells. A, Comparison of 0.3 pM DPDPE action before 
(I) and after (2) two acute applications of 3 pM o-CTx in 2 mM Ca’+. On the left diagram, the dots represent peak BaZi currents recorded at +30 mV 
every 12 set from V,, -90 mV. All bath solutions contained 3 FM nifedipine. Lowerbars mark the time of toxin application (shadowed bars) and the interval 
in which DPDPE action was tested (filled bars). Upper bars indicate the Ba2+ and Ca*+ concentrations of external solutions (in mM). On the right are the 
current traces recorded at the times (a<) and intervals (I, 2) labeled on the left. A&, and AZ, indicate the amount of DPDPE inhibition before and after 
the two toxin applications. B, Same as in A, but from a cell containing a higher density of N-type channels as proven by the potent block of Ba*+ currents 
by w-CTx (truces c, d). The strong inhibitory effect of DPDPE before toxin application (traces a~) is partially preserved on residual o-CTx-resistant 
currents. 

confirming the selective involvement of 6 receptors also in the 
modulation of release. 

The potency of DPDPE in inhibiting [3H]5-HT release de- 
pended on the KC1 concentration, being more effective at higher 
KC1 (Fig. l&4). A very similar trend has been shown for morphine 
inhibition of KCl-stimulated acetylcholine release from Torpedo 
nerve terminals (Michaelson et al., 1984). One possibility is that 
stronger depolarizations recruit VOCC subtypes, which are more 
sensitive to opioid modulation. We have shown previously that the 
N- and P/Q-type VOCCs (opioid-sensitive) have a higher thresh- 
old of activation than the L-type VOCC (opioid-insensitive) (see 
above) in GLC8 cells (Codignola et al., 1993). In line with this 
hypothesis, we have found that DPDPE does not inhibit the 
selective component of Bay K 8644-induced release of [“HIS-HT, 
which instead is completely antagonized by nifedipine (Fig. 1OB). 

A second possibility, however, is that opioids inhibit (irrespec- 
tive of VOCC modulation) (see below) one or more steps of 
exocytosis, such as granule translocation or docking, that need 
higher or more diffuse intracellular Ca2+ levels achieved only at 
the higher KC1 concentrations. In line with this second hypothesis, 
we have found that when [‘HIS-HT release is stimulated by the 
simultaneous addition of Bay K 8644 and a low (25 mM) concen- 

tration of KC1 (neither alone inhibited by DPDPE), the release is 
not only higher, presumably attributable to an increase in Ca2+ 
influx, but it is now inhibited by DPDPE (Fig. 1OC). 

DPDPE inhibits thapsigargin- and ionomycin- 
stimulated [3H]5-HT release 
We have shown previously that thapsigargin and ionomycin 
stimulate dose-dependently [‘HIS-HT release from GLCS cells, 
both in the presence and in the absence of extracellular Ca’+ 
(Codignola et al., 1993). This form of Ca”‘-dependent secre- 
tion clearly bypasses VOCC activation, and when studied in 
Ca2+-free buffers, is attributable to Ca2+ release from intra- 
cellular stores. 

Interestingly, DPDPE also potently blocked this form of Ca”- 
dependent release. Figure 11 shows the dose dependency of 
DPDPE inhibition of thapsigargin-induced release. Both the IC,,, 
(20 PM) and the maximal inhibition (73 +- 2%) are very similar to 
those obtained in cells in which [‘HIS-HT release was stimulated 
with KC1 (see above). 

Ionomycin-stimulated release also was strongly inhibited by 100 
nM DPDPE both in the presence (Fig. llB, inset, u, b) and in the 
absence (c, d) of external Ca*-*. 
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Figure 8. Effects of W-CTx on DPDPE action in w-Aga and nifedipine-treated cells. The two cells of A and B were preincubated with w-Aga (250 nM) 
for 15 min in Tyrode’s solution (2 ITIM Ca’+) and tested with bath solutions containing 3 FM nifedipine. In A, a short application of 3 PM w-CTx blocked 
almost all the currents resistant to w-Aga and DHPs (truces d, e), suggesting that nearly all the inhibitory action of DPDPE (traces a-c) is on N-type 
channels. In B, w-CTx blocks only 70% of the w-Aga- and DHP-resistant currents (tnrces d, e, h), and DPDPE preserves a strong voltage-dependent action 
on the residual current that is not N-, L-, or P-type. Test depolarizations to +30 mV from V,, ~90 mV. Bars and symbols are as in Figure 7. 

These data suggest that opioid peptides still inhibit Ca’+- 
dependent hormone release even when intracellular Ca2+ is in- 
creased by very unspecific means. 

DPDPE effects on secretion are G-protein-mediated 
and CAMP-modulated 
Similarly to the inhibition of VOCCs, DPDPE inhibition of both 
KCl- and thapsigargin-induced release was mediated by a PTX- 
sensitive G-protein. 

As shown in Figure la, PTX (100 ngiml, 12 hr at 37°C) 
completely prevented DPDPE inhibition of both KCl-induced 
secretion and thapsigargin-induced secretion without affecting, by 
itself, either the spontaneous release of [3H]5-HT or that stimu- 
lated by the two secretagogues (data not shown). 

At variance with VOCC modulation, however, DPDPE modu- 
lation of both KCl- and thapsigargin-stimulated release was coun- 
teracted completely by incubating the cells in 1 mM Bt,cAMP 
(Fig. 12A). Bt,cAMP was equipotent when applied for 2-4 hr or 
for as few as 5 min. 

Bt,cAMP (1 mM) did not stimulate [‘HIS-HT release on its own 
(Fig. 12B) nor did it synergize with KCl-induced secretion over 
the time scale of these experiments (Fig. 12B, inset). A time- 
dependent stimulatory effect of Bt,cAMP on [‘HIS-HT release, 
however, was observed at a 10 mM Bt,cAMP concentration 
(Fig. 11B). 

Regardless of the exact mechanism of Bt,cAMP action, its 
differential effects help in discriminating between two distinct 
S-opioid inhibitory pathways: one on the VOCCs (which is CAMP- 
independent) and one on the secretory apparatus (which is 
CAMP-modulated). 

DISCUSSION 
Activation of adenosine (DeAizpurua et al., 1988) and muscarinic 
(Williams and Lennon, 1990) receptors has been reported previ- 
ously to inhibit KCl-stimulated 4sCa’+ influx in SCLC cells. We 
show here, for the first time, that opioids also are potent inhibitors 
of Ca2+ fluxes through HVA VOCCs in isolated SCLC cells and 
of hormone release from cell populations. 

Opioid receptor subtypes in GLC8 cells 
We found a selective expression of S-opioid receptor mRNA in 
GLCS cells. It has been shown previously that different SCLC cell 
lines can express various combinations of the different opioid 
receptor subtypes (Maneckjee and Minna, 1990). It is known, 
furthermore, that p- and K-opioid receptor subtypes also can 
inhibit Ca2+ channels and secretion in other neuronal prepara- 
tions (North, 1993). On the other hand, our results suggest that 
GLC8 cells can provide a cellular system in which “pure” S-opioid 
receptor effects can be evaluated. 
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Figure 9. DPDPE selectively inhibits KCI-stimulated [‘HIS-HT release 
from GLC8 cells. DPDPE inhibits KCI (50 mM)-induced [3H]5-HT rclcasc 
from preloadcd GLCX cells in a dose-dcpcndcnt manner. The IC,,, is W 
PM, and the maximal inhibition -72%. Inset, Neither F.-opioid (DAMGO) 
(b) nor K-opioid (U50488) (c) agonists inhibit the KCI-stimulated rclcasc 
of [‘HIS-HT. The opioid antagonist naloxonc, which alone (cl) dots not 
have any effect, totally prevents DPDPE action on secretion (e). Cells were 
loaded and release-assayed as dcscrihed in Materials and Methods. Each 
point in the curve, as well as each column in the inset, represents the mean 
k SEM of five experiments, each performed in quintuplicate. 

Opioid inhibition of VOCCs 

As shown previously in other cell types, the opioid modulation of 
HVA VOCCs in GLC8 cells is mainly voltage-dependent (Tsunoo 
et al., 1986; Kasai, 1992; Rhim and Miller, 1994) and G-protein- 
mediated (Hescheler et al., 1987; Kasai, 1992; Taussig et al., 
1992). The G-protein involved is PTX-sensitive (G,-G, family), 
but a reduction of CAMP levels is not the mechanism by which the 
modulation is exerted. 

The modulation by opioids primarily affects N-type VOCCs 
(Figs. 6, 7), which are the most abundant in GLCS cells 
(Codignola et al., 1993). On the other hand, opioid agonists had 
no effects on L-type VOCCs. We found also that the non-L-, 
non-N-type channels (P/Q) are modulated effectively by DPDPE. 
However, their small contribution to the total current (20-25%) 
in GLCS cells and the subtle differences distinguishing P- from 
Q-type channels make it difficult to evaluate the relevance of these 
VOCC subtypes to the overall Ca2+ channel modulation by opi- 
oids. A voltage-dependent inhibitory action of opioids on N- and 
P/Q-type channels without affecting L-type channels has been 
reported in CNS (Rhim and Miller, 1994) and dorsal root gan- 
glion (Rusin and Moises, 1995) neurons. This selectivity also is 
present in NG108 neuroblastoma cells (Kasai, 1992), but not in 
bovine chromaffin cells in which the marked voltage-dependent 
inhibition of non-L-type channels is accompanied by a significant 
voltage-independent inhibition of L-type channels (Albillos 
et al., 1995). 

Opioids effects on [3H]serotonin release 

KCl-stimulated [‘HIS-HT release from GLCS cells was strongly 
inhibited by DPDPE. The easiest explanation of this expected 
result is that the inhibition of KCl-stimulated [“HIS-HT release is 
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F@re 10. DPDPE inhibition is related to KCI concentrations. A, The 
ability of DPDPE (100 nM) to inhibit [‘HIS-HT release from GLC8 cells 
increases with increasing KCI concentrations. B, DPDPE (100 nM) does 
not inhibit the release of [‘HIS-HT, which is stimulated by 1 WM Bay K 
8644 at basal KCI concentrations (c), whereas this was antagonized com- 
pletely by 1 PM nifedipinc (b). C, DPDPE (100 nM) does not inhibit the 
release stimulated by low KCI alone (25 mM) (u. b) or BayK8644 alone (I 
PM) (c, d), but does inhibit the increased release obtained with the two 
secretagogues together (e, f). GLCS cells were loaded and the release 
assayed as described in Materials and Methods. Each point in the curve, 
as well as each column, represents the mean -t SEM of four experiments, 
each performed in quintuplicate. 

a direct consequence of VOCC modulation. However, DPDPE 
was found to inhibit also the “VOCC-independent”, 
thapsigargin-, and ionomycin-stimulated [‘HIS-HT release in a 
PTX-sensitive manner. 

Opioid action on [“HIS-HT release in GLCS cells, therefore, is 
more complex than expected; it includes the inhibition of Ca2+ 
influx caused by Ca2+ channel modulation and the inhibition of 
additional, still undefined, distal steps of Ca2+-dependent secre- 
tion. Although novel for SCLC cells, the presence of multiple 
mechanisms by which hormones inhibit secretion has been re- 
ported previously in other preparations. Several hormones, such 
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&IU~ Il. DPDPE inhibits thapsigargin- and ionomycin-stimulated 
[?H]S-HT release. DPDPE dose-dependently inhibits the release of [“HIS- 
HT from GLCS cells stimulated with 1 FM thapsigargin in a Ca’+-free 
medium. The IC,,, is 20 PM, and the maximal inhibition 73 f 2%. Inset, 

ionomycin (1 pM) stimulates [‘HIS-HT release in both the presence (a, b) 
and absence (c, d) of extracellular Ca’+. DPDPE (100 nM) blocks 
ionomycin-stimulated release under both conditions. Cell-loading and 
-release assays were performed as described in Materials and Methods. 
Each point in the curve and the values of the columns represent the mean 
? SEM of four experiments, each performed in quintuplicate. 

as adrenaline, FMRFamide, adenosine, serotonin, and somatosta- 
tin, inhibit secretion using multiple mechanisms that include ion 
channel modulation and distal effects on the secretory apparatus 
(Jones et al., 1987; Ullrich and Wollheim, 1988; Man-Son-Hing et 
al., 1989; Dale and Kandel, 1990; Luini and DeMatteis, 1990; 
Ullrich et al., 1990; Scholz and Miller, 1992). Opioids, in partic- 
ular, have been shown to exert direct inhibitory effects on the 
secretory apparatus of GABA-releasing hippocampal interneu- 
rons (Capogna et al., 1993; Rekling, 1993; Lupica, 1995). The 
target(s) of this distal, G-protein-mediated inhibition still are 
unknown. An inhibition of vesicle translocation to release sites 

and/or a reduction in the Cazt sensitivity of already releasable 
vesicles represent possible mechanisms. More is known about the 
classes of G-proteins involved in mediating the distal effects on 
secretion. G,,-proteins are present in the membrane of secretory 
granules (Toutant et al., 1987), and G,, antibodies are able to 
antagonize G-protein-mediated effects on secretion from perme- 
abilized chromaffin cells (Ohara-Imaizumi et al., 1992; Vitale et 
al., 1993). Recent data on pancreatic p-cells show that both Gi and 
G, are involved in mediating the adrenaline inhibition of insulin 
release from permeabilized cells (Lang et al., 1995) 
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Figure 12. DPDPE effects on secretion are mediated by a PTX-sensitive 
G-protein and are counteracted by Bt,cAMP. A, The release of [‘HIS-HT 
from GLCS cells stimulated by either 50 IIIM KCI (opera columrrs) or 1 KM 

thapsigargin (filled columns) is inhibited by 100 nM DPDPE in control cells 
as shown above (Figs. 9, 11). However, DPDPE dots not inhibit the 
stimulated release of [“HIS-HT in cells pretreated with either PTX (100 
@ml, overnight at 37°C) or with Bt,cAMP (1 mM, 15 min at 37°C). B, Two 
concentrations of Bt,cAMP [(l mM (filled syuares) and 10 mM (fiNed 
circles)] were tested for their ability to stimulate [‘HIS-HT in the absence 
of other secretagogues. Whereas 1 mM Bt,cAMP is ineffective, IO mM 
Bt,cAMP stimulates a substantial release over several hours. Inset, 1 mM 
Bt,cAMP (filled columns) does not synergize with either 25 mM (a, b) or 
50 mM (c, d) KCI in the stimulation of [“HIS-HT release. GLCS cells were 
loaded and drug-treated, and the release assayed as described in Materials 
and Methods. Each point in the curves and each column represent the 
mean C SEM of three experiments, each performed in quadruplicate. 

Opioid modulation of Ca’+ channels in GLC8 cells is not affected On the other hand, the PTX-sensitive, G-protein-mediated, 
by changes in CAMP levels. This is in agreement with most opioid inhibition of secretion in GLC8 cells is reversed completely 
literature on hormone-induced VOCC modulation and that of in the presence of Bt,cAMP, suggesting that inhibition of [‘H&5- 
opioid modulation, in particular (Schultz et al., 1990; Carbone et HT secretion by S-opioid receptors may result from a receptor- 
al., 1996). mediated reduction in intracellular CAMP levels. 
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The involvement of CAMP in mediating the inhibitory effects of 
opioids on secretion still is controversial. In most cells studied, the 
inhibitory effects of opioids are not counteracted by increasing 
CAMP levels (Schoffelmeer et al., 1986; Johnson, 1990; Heijna et 
al., 1992; Lupica, 1995) but in the enkephalin-releasing nerve 
terminals of the myenteric plexus, this clearly is the case (Xu et al., 
1989; Gintzler and Xu, 1991; Wang and Gintzler, 1994). CAMP 
potentiates hormone release in neurons and endocrine cells, and 
also in GLC8 cells, it can stimulate [“HIS-HT release. CAMP is 
suggested to increase the Cazt -sensitivity of the secretory appa- 
ratus in other endocrine cells such as pancreatic p-cells (Ammala 
et al., 1993). An opioid-induced reduction in CAMP levels could 
affect the same distal target in an inhibitory way. 

A second attractive hypothesis is that the opioid inhibition of 
the secretory apparatus is not caused by an opioid-induced reduc- 
tion in CAMP levels, but it occurs via an independent biochemical 
pathway. This being the case, the Bt,cAMP counteracting effects 
could be attributable to a CAMP-dependent phosphorylation of 
one element of this pathway with consequent “uncoupling” of the 
inhibitory mechanism. It has been shown, for example, that de- 
sensitization of &opioid receptors can be caused by receptor 
phosphorylation, although BARK-like kinases, and not PKA, 
seem to be implicated primarily (Pei et al., 1995). The different 
sensitivity to CAMP of the two inhibitory opioid pathways de- 
scribed here (VOCC inhibition vs secretory machinery inhibition) 
suggests that the two transducing pathways are distinct and, pos- 
sibly, independent of each other. 

Physiological relevance of VOCC modulation versus 
inhibition of the secretory apparatus 

As discussed above, B&AMP is able to counteract the opioid 
inhibition of both KCl- and thapsigargin-induced [“HIS-HT re- 
lease. Because VOCC modulation by opioids is not counteracted 
by Bt,cAMP, these results suggest that also in the case of KCl- 
induced release, the inhibitory effects of DPDPE are primarily 
exerted directly on the secretory apparatus, and are not a conse- 
quence of VOCC modulation. 

This raises the question of the physiological role of the HVA 
VOCC modulation here described: if opioids block secretion by 
acting downstream to Ca ‘+ influx, what is the need of VOCC 
modulation? We know that Ca*+ influx through HVA VOCCs is 
an important trigger of hormone release from GLC8 cells, as 
evidenced by the blockade of KCl-induced [‘HIS-HT release by 
Cd’+ or other Ca*+ channel antagonists (Codignola et al., 1993). 
However, the inhibitory effects of the opioids on HVA VOCCs 
are different from those of the Ca*+ antagonists, especially in 
terms of kinetics and voltage dependency. VOCC modulation by 
opioids could be relevant under conditions in which Cazf chan- 
nels are activated transiently as, for example, during the sponta- 
neous, Ca*+-dependent action potentials occurring in these cells 
(McCann et al., 1981). On the other hand, when SCLC cells are 
depolarized more intensively or repetitively, or with long-lasting 
exposures to KC1 as in our conditions, the modulation of the 
channels might become less important, primarily because of the 
voltage- and time-dependent relief of hormone inhibition of HVA 
VOCCs (Bean, 1989; Poll0 et al., 1992) (this paper). Under these 
conditions, however, SCLC cells still have an efficient, distal 
“checkuoint” at which owioids can act to inhibit secretion. 

By acting on some distal step of the secretory process, opioids also 
can prevent this form of Ca*+-dependent release. 

CONCLUSIONS 

The work reported here is a first step in understanding, at the 
cellular and molecular levels, the complex mechanisms of opioid 
action in SCLC cells and suggests some pathways (a reduction of 
Cazt influx plus a reduction of released mitogens) by which 
S-opioids could selectively inhibit GLC8 cells proliferation as well 
(Codignola et al., 1994). 
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