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ABSTRACT

Addition of the neuropeptidc galanin to small cell lung cancer (SCI.C)
cells loaded with the fluorescent Ca2+ indicator fura-2-tetraacetoxyme-

thylester causes a rapid and transient increase in the intracellular con
centration of Ca2+(|Ca!*|Â¡)followed by homologous desensitization. Gal
anin increased |<'a''], in a concentration-dependent fashion with half-

maximum effect (ECso) at 20-22 n.M in H69 and H510 SCLC cells.
Galanin mobilized Ca!+ from intracellular stores since its effects on |Ca:+|Â¡
were not blocked by dictation of extracellular Ca!*. Pretreatment with
pertussis toxin (200 ng/ml for 4 h) did not prevent galanin-induced <;i ''

mobilization. In contrast, direct activation of protein kinase C with
phorbol esters attenuated the Ca!+ response induced by galanin. The

effects of galanin could be dissociated from changes in membrane poten
tial: galanin did not increase membrane potential in SCLC cells loaded
with bis(l,3-diethyltiobarbiturate)-trimethineoxonol and induced Ca2+

mobilization in depolarized SCLC cells, i.e., in cells suspended in a
solution containing 145 HIMk' instead of Na+. Galanin also caused an

increase in the formation of inositol phosphates in a time- and dose-
dependent manner (ECso 10 n.M).A rapid increase in the inositol tris-
phosphate fraction was followed by a slower increase in the inositol
monophosphate fraction. Galanin stimulated clonal growth of both (169
and 11510 cells in semisolid (agarose-containing) medium. This growth-
promoting effect was sharply dependent on galanin concentration (ECso
20 nM) and markedly inhibited by |Arg6,D-Trp''',MePhe*|substance P, a

recently identified broad spectrum neuropeptide antagonist. The results
show for the first time that galanin receptors are coupled to inositol
phosphate and |( 'Â¡i''|,responses in SCLC cells and, in particular, that

this neuropeptide can act as a direct growth factor for these human cancer
cells.

INTRODUCTION

It is increasingly recognized that neuropeptides act as molec
ular messengers in a complex network of information exchange
by cells throughout the body. Galanin, a 29-amino acid peptide
(1), has widespread distribution and occurs in central and
peripheral neurones (2). It elicits a variety of rapid biological
responses including modulation of the release of several hor
mones (3), stimulation of smooth muscle contractility, and
inhibition of neuronal excitability (4). Since galanin may play
an important role in the regulation of endocrine, neuronal, and
smooth muscle function, its mechanism of action is attracting
considerable attention.

In the endocrine pancreas and in pancreatic /3-cell models in
vitro, galanin inhibits the release of insulin (for review see Ref.
5). Galanin activates an ATP-sensitive K+ channel, hyperpolar-

izes the plasma membrane (6, 7), and thereby inhibits the
activity of voltage-dependent Ca2+ channels (8, 9). In this man
ner, galanin reduces Ca2+ influx and blocks the activity of

various agents that increase the intracellular concentration of
Ca2+ ([Ca:+]Â¡)in the pancreatic /3-cell. These effects are induced

via a pertussis toxin-sensitive G protein (7). In myenteric neu
rons, galanin also hyperpolarizes the plasma membrane and
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blocks Ca2+ influx via voltage-gated Ca2+ channels (2, 10).

Furthermore, galanin inhibits muscarinic agonist-stimulated
breakdown of inositol phospholipids in tissue slices of ventral
hippocampus (11). To date, galanin has been found to neither
stimulate inositol phosphate production or Ca2+ mobilization

from internal stores in target cells nor act as a direct regulator
of proliferation in any cell type.

Evidence is rapidly accumulating that neuropeptides acting
through distinct receptors and signal transduction pathways
can control the proliferation of a variety of cell types (12-14).
SCLC2 cells are known to produce and respond to a variety of
neuropeptides (15-19). Bombesin-like peptides including GRP
induce a rapid increase in [Ca2+]Â¡and act as autocrine growth

factors for certain SCLC cell lines (15, 16). Recently, it has
been shown that multiple neuropeptides stimulate Ca:+ mobi

lization in a variety of SCLC cell lines (17, 18, 20). Although
the precise role of [Ca2+]Â¡in the control of cell proliferation

remains undefined, this ionic response is part of a mitogenic
signaling cascade identified in Swiss 3T3 cells (12-14), a cell
line that has provided a model system for the response of SCLC
to neuropeptides. In view of the fact that galanin opposes Ca2+

signals and modulates the action of other neuropeptides in
various cellular systems (see above), it was important to deter
mine whether galanin could reduce [Ca2+]Â¡and antagonize the
Ca:+-mobilizing effects of other neuropeptides in SCLC cell

lines. Surprisingly, a preliminary result indicated that galanin
increased rather than decreased [Ca2+]Â¡in certain SCLC cell

lines (17). Hence, the elucidation of the signal transduction
pathways activated by galanin in SCLC cell lines warranted
further experimental work.

In the present study we demonstrate that galanin stimulates
a rapid mobilization of Ca2+ from intracellular stores and

induces an increase in the production of inositol phosphates in
SCLC cell lines. Furthermore, we also show that galanin is a
growth factor for responsive SCLC cell lines, stimulating clonal
growth in semisolid medium.

MATERIALS AND METHODS

SCLC Cell Culture. SCLC cell lines H345 and H510 were the kind
gift of Dr. Adi Gazdar (National Cancer Institute. Bethesda, MD). H69
was purchased from the American Type Culture Collection. Stocks
were maintained in RPMI 1640 medium supplemented with 10% (v/v)
fetal bovine serum (heat inactivated at 57Â°Cfor 1 h) in a humidified
atmosphere of 10% CO2:90% air at 37Â°C.They were passaged every 7

days. For experimental purposes, the cells were grown in RPMI 1640
medium with HITESA (21).

Determination of |Ca2*|Â¡Concentration. Aliquots of 4-5 x 10" SCLC

cells, cultured in HITESA for 3-5 days, were washed and incubated for
2 h at 37Â°Cin 10 ml fresh HITESA medium. Then, l Â¿IMfura-2 AME

: The abbreviations used are: SCLC. small cell lung cancer: GRP. gastrin-

releasing peptide: HITESA. 10 n\t hydrocortisone. 5 pg/ml insulin. 10 jig/ml
transferrin, 10 n\t estradici. 30 nM selenium, and 0.25rÃbovine serum albumin:
AME, tetraacetoxymethylester; Hepes. 4-(2-hydro\yethyl)-l-pipera/ineethane-
sulfonic acid; EGTA. ethyleneglycol bis(/i-aminoethyl cther)-iV,iV,A",A''-tetraa-
cetic acid: bis-oxonol. bis(1.3-diethyltiobarblturatc)-trimelhineoxonol: TCA, tri-
chloroacetic acid: FPLC. fast protein liquid chromatography: InsP. inositol
phosphate: EC,,,, half-maximum stimulation: PBt>. 12.13-dibutyrate.
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from a stock of 1 HIMin dimethyl sulfoxide was added, and the cells
were incubated for a further 5 min. The cell suspension was centrifuged
at 2000 rpm for 15 s, and the cells were resuspended in 2 ml of
electrolyte solution containing 140 mM NaCl, 5 irmi KCI, 0.9 IHM
MgCl;, 1.8 HIMCaCI;, 25 mM glucose. 16 niM Hepes, 6 mM Tris, and
a mixture of amino acids at pH 7.2. transferred to a quartz cuvette, and
stirred continuously. Fluorescence was recorded continuously in a
Perkin-Elmer LS5 luminescence spectrometer with an excitation wave
length of 336 nm and an emission wavelength of 510 nm. [Ca2+)Â¡was

calculated using the formula (22. 23):

n\i = - n
where F is the fluorescence at the unknown [Ca:*]Â¡,fmaxis the fluores

cence after the trapped fluorescence is released by the addition of 0.02%
Triton-\-100. and Fâ€žâ€žâ€žis the fluorescence remaining after the Ca2+ in
the solution is chelated with 10 mM EGTA. The value of A"was 220

for fura-2 (22).
Measurement of Membrane Potential. Membrane potential was mon

itored with the lipophilic fluorescent dye bis-oxonol (22). Cells cultured
in HITESA were washed and incubated for 2 h in fresh H1TESA. The
cells were then resuspended in 2 ml electrolyte solution (see above),
placed in a quartz cuvette, and stirred continuously. Bis-oxonol was
added at a final concentration of 100 nM from a stock solution of 1
mM in dimethyl sulfoxide to the cell suspension in electrolyte solution
at 37Â°Cfor 5 min before starting the experiment. Fluorescence was
monitored in a Perkin-Elmer Ls5 luminescence spectrometer at 37Â°C.

Excitation and emission wavelengths were 540 and 580 nM. respectively
(22).

Accumulation of Inositol Phosphates. The SCLC cell line H69 was
maintained in culture as previously described. Cells (2 x IO7) were
labeled in 20 ml HITESA with 10 MCi/ml myo-['H]inositol for 24 h.

For determination of the production of total inositol phosphates, cells
were washed twice in HITESA 0.02 M-Hepes-Na. pH 7.2. at 37Â°C.
Approximately 1.5 x IO*cells were resuspended in 1 ml HITESA plus

Hepes and incubated with 20 niM LiCl for 20 min prior to the addition
of galanin at the concentrations and times as indicated. Following the
incubation at 37Â°Cthe cells were lysed using 200 p\ 18% perchloric
acid and left at 4Â°Cfor 30 min. The supernatant was collected after

centrifugation and neturalized with 0.5 M KOH-25 mM Hepes-10 m.M
EDTA using 0.01 '"<phenol red as an indicator. The precipitated salts

were removed by centrifugation. The supernatant was diluted in water
and loaded on Dowex columns which were subsequently washed four
times with water, and the total inositol phosphates were eluted using 5
ml 0.1 M formic acid and l Mammonium formate (24). Aliquots ( 1 ml)
of eluates were transferred to scintillation vials containing 10 ml
Picofluor and radioactivity was determined in a Beckman Â¿-Counter.

Separation of Inositol Phosphate by FPLC. Cells were maintained in
culture as previously described, washed at 3-5 days postpassage, and
labeled in HITESA with 50 nCi/ml myo['H]inositol for 24 h. Cells
were then washed twice in HITESA at 37Â°C,pH 7.2, and 3-5 x 10"

cells were resuspended in I ml electrolyte solution and 20 m\i LiCl for
20 min before addition of galanin (100 nM). The cells were then
incubated at 37Â°Cfor various times as indicated. The cells were then
lysed with 250 ^1 25% TCA. cooled rapidly on ice, and left at 4Â°Cfor

30 min. The extract was centrifuged and the TCA in the supernatant
was removed by six extractions with water-saturated ether. Excess ether
was blown off under nitrogen and the sample was diluted to 10 ml with
buffer A (10 mM Hepes-100 ^M EDTA. pH 7.4). The Â¡nositolphos
phates were separated by anion-exchange chromatography using a
Mono Q column fitted in a Pharmacia FPLC system (24). The inositol
phosphates were eluted with a gradient of sodium sulfate at a flow rate
of 1 ml/min at pH 7.4. The gradient used was from 0 (buffer A) to 0.5
M sodium sulfate (buffer B) as follows: 25 min buffer A 100%, a 20-
min gradient to 20% buffer B: a 25-min gradient to 32.5% buffer B: a
15-min gradient to 50% buffer B: and a 25-min elution at 100% buffer
B. Fractions (1 ml) were collected and counted in 4.5 ml Picofluor in a
Beckman Â¿-Counter. Separation of ['H]lns(l,4.5)P> from ['H]

lns(1.3.4)Pi was carried out by the same method except that the

gradient used was 25-min buffer A (100%). a 17-min gradient to 15%
buffer B, and then an isocratic elution at 15% for 40 min followed by
25-min elution at 100% buffer B. Radioactivity peaks were identified
by use of ['Hjinositol standards added to controls not pretreated with
myo-l'Hlinositol which were then lysed and treated as previously de
scribed or by coelution of Pl;-labeled inositol standards with samples.

Clonogenic Assay. SCLC cells, 3-5 days postpassage, were washed
and resuspended in HITESA. Cells were then disaggregated by two
passes through a 19-gauge needle into an essentially single cell suspen
sion as judged by microscopy. Cell number was determined using a
Coulter Counter and IO4 cells were mixed with HITESA containing

0.3% agarose and galanin, at the concentrations indicated, and layered
over a solid base of 0.5% agarose in HITESA with galanin at the same
concentration, in 33-mm plastic dishes. The cultures were incubated in
humidified 10% CO2:90% air at 37Â°Cfor 21 days and then stained with

the vital stain nitro-blue tetrazolium. Colonies of > 120 pm in diameter
(16 cells) were counted using a microscope.

Materials. Radiochemicals were obtained from Amersham Interna
tional (Amersham. United Kingdom). Galanin was purchased from-
Sigma Chemical Co. (St. Louis, MO), antagonist [Arg6, D-Trp7-1*,
MePhe*]substance P from Peninsula Laboratories (Belmont, CA), fura-
2-AME from Calbiochem Corp. (La Jolla. CA), agarose from Seakem
(Rockland. ME), Dowex (mesh size, 200-400) from Bio-Rad Labora
tories (Richmond. CA). and pertussis toxin from List Biological Lab
oratories (Campbell. CA). Bis-oxonol was obtained from Molecular
Probes (Eugene. OR). Fetal bovine serum was from Gibco Europe
(Paisley. United Kingdom). All other reagents were of the highest grade
commercially available.

RESULTS
Galanin Increases [Ca^^in SCLC. Addition of 100 nM galanin

to either H69 or H510 cells loaded with the fluorescent Ca2+
indicator fura-2 AME increased [Ca:+]Â¡without any measurable
delay (Fig. 1). At this concentration, galanin increased [Ca2+]Â¡
from 81 Â±4.5 (SEM) (n = 35) to 115 Â±6.3 (n = 10) nM in
H69 cells and from 107 Â±5.9 (n = 27) to 152 Â±9 (n = 10) nM
in H510 cells. [Ca:*]Â¡reached peak values at 20-30 s and

subsequently declined toward the basal level. The magnitude
and kinetics of the [Ca:+]Â¡response induced by galanin were

H510

WA 'Gal

1 Min
Kig. I. Effect of galanin Â»n[Ca:*|, Â¡nSCLC cells. SCLC cell lines H69 (left)

and H510 (right) were cultured in HITESA for 3-5 days. Aliquots of 4-5 x 10*
cells were washed and incubated in 10 ml fresh HITEÃ•SÃ•medium for 2 h at 37Â°C.
Then, l Â¿IMfura-2-AME was added for 5 min. The cells were washed and
resuspended in 2 ml of electrolyte solution. This cell suspension was placed in a
quart/ cuvette. Fluorescence was monitored and |Ca!*]i was calculated as described
in "Materials and Methods." Agonists and antagonists were added either inde

pendently (lop) or sequentially (middle and bottom) at the following final concentrations: BK. 10n\i bradykinm; BA'+. 100 nM bradykinin: IP. 10 nM vasopressin:
\'P+. 100 n\i vasopressin: BKA. 10 ^M [n-ArgÂ°.Hyp-1.Thi'-".n-Phe|bradykinin:
PIP, 10(1 n%t (Pmp'.OMc.Tyr.Arg*]\asopressin: galanin (dal) was added at

either 100 n\T (top) or 25 n\t (middle and lower).
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Fig. 2. Dose-dependent effect of galanin on [Ca2*]Â¡in SCLC cells. Left. H69:

righi. H510. Cells (4-5 x 10") were loaded with fura-2-AME (1 ^M) and resus-

pended in 2 ml electrolyte solution. Galanin was added at the concentrations
indicated. Fluorescence was monitored continuously as described in "Materials
and Methods." Basal [CV*]Â¡and peak [Ca2*]Â¡Â»erecalculated at the concentrations
indicated. The results represent peak [Ca2*jÂ¡values obtained at the given concen

trations of 3-5 independent experiments. Point, mean; bar, Â±SEM.

comparable to those induced by other Ca2+-mobilizing neuro-

peptides such as bradykinin (H69) or vasopressin (H510).
Repeated additions of galanin (at 25 n\i) caused homologous

desensitization of Ca2+ mobilization but did not prevent the
increase in [Ca2+]Â¡induced through other neuropeptide recep

tors such as bradykinin and vasopressin (Fig. 1). Accordingly,
addition of specific bradykinin and vasopressin antagonists
blocked the effect of the corresponding neuropeptides but did
not interfere with the rapid increase in [Ca2+]Â¡induced by

galanin (Fig. 1).
Galanin increased the peak level of [Ca2+]Â¡in a concentration-

dependent manner in both H69 and H510 cells (Fig. 2). The
concentrations of galanin required to induce ECso of [Ca2+]Â¡

increase were 22 and 20 nM in H69 and H510 cells, respectively.
Maximum stimulation was achieved at 100 nM galanin in both
SCLC cell lines.

Effect of EGTA, Pertussis Toxin, and Phorbol 12,13-Dibutyr-
ate. Since the effect of galanin on [Ca2+]Â¡in the SCLC cell lines

was entirely different from that observed in other cellular sys
tems (see "Introduction"), we characterized the Ca2+ response

to galanin in more detail (Fig. 3; Table 1). The increase of
[Ca2+]Â¡results from Ca2+ mobilization from internal stores since

it still occurred after the addition of 1.8 m\i EGTA to chelate
extracellular Ca2* just prior to the addition of galanin (Fig. 3).
In pancreatic ^-cells, galanin receptors are coupled to the ATP-
sensitive K+ channel via a pertussis toxin-sensitive G protein

(7). Treatment with pertussis toxin (200 ng/ml for 4 h) did not
prevent galanin-induced Ca2+ mobilization in SCLC cells (Fig.

3). In other cellular systems activation of protein kinase C
attenuates Ca2+ mobilization from intracellular stores (25).

Table I Effect of EGTA, pertussis toxin, and membrane depolarization on theincrease in /C'a2*/ induced by galanin

Experimental conditions are identical to those described in the legend to Figs.
3 and 4. The increase in [Ca2*]Â¡caused by 25 nM galanin in the absence or
presence of various additions was calculated by subtracting the basal |Ca2*], from
the [Ã‡a2*],peak.

Increase in (Ca2*|, (n.M)

AdditionEGTAPertussis

toxin
K*. 145 mMH69

cells31
Â±3.5Â°

24 Â±1.8
30 Â±2.8
31 Â±3.9H5

10cells37

Â±3.8
26 Â±2
37 Â±3.6
41 Â±3.8

" Means Â±SEM of 3-6 independent determinations.

H510 cal Gal

Fig. 3. Effect of EGTA, pertussis toxin, and PBt2 on galanin-induced Ca2*

mobilization in SCLC cell lines H69 (top) and H510 (bottom). Cells were
preloaded with fura-2-AME and fluorescence was monitored continuously as
previously described. EGTA: The Ca2* chelator EGTA was added to a final

concentration of 1.8 m\i 1-2 min priorie the addition of galanin. Pertussis toxin:
Cells cultured in HITESA for 3-5 days were washed and incubated in 10 ml fresh
H1TESA. Pertussis toxin (P.Tx.) was added to a final concentration of 200 ng/
ml and incubated for 4 h at 37Â°C.Fura-2-AME (l /IM) was then added for 5 min

and the cells were then washed and the fluorescence was monitored as previously
described. PBt2: Cells were pretreatcd with PBt2 at a final concentration of 500
nsi for 3 min prior to the addition of galanin. In all cases, the final concentration
of galanin (dal) was 25 nM. The results obtained in 3-6 independent experiments
are shown in Table 1.

Similarly, direct activation of protein kinase C with phorbol
PBt2 inhibited the Ca2+ response to galanin in both H69 and

H510 cells (Fig. 3).
Dissociation of Ca2+-mobilizing Effects of Galanin from

Changes in Membrane Potential. It has been suggested that the
inhibitory effects of galanin on pancreatic secretion and neu
ronal excitability are mediated by increases in membrane po
tential (2, 10). Therefore, we examined whether galanin exerts
any effect on membrane potential of SCLC cell lines using cells
loaded with the membrane potential sensitive dye bis-oxonol.
Fig. 4 shows that 25 nM galanin did not cause any detectable
change in membrane potential, as judged by bis-oxonol fluores
cence. As expected, addition of 80 mM K+ caused a striking

depolarization of the cells. We next determined whether galanin
can induce Ca2+ mobilization in depolarized cells. Galanin
increased [Ca2+]Â¡in either H69 or H510 cells suspended in
medium in which the extracellular Na+ was substituted by K+
(Fig. 4; Table 1). Thus, the effects of galanin on [Ca2+]iin SCLC

cells can be dissociated from changes in membrane potential.

H69 K+145mM Na+ 140m M

91-

'Gal

1 Min Gal Gal

Fig. 4. Effect of galanin on membrane potential and |Ca2*lÂ¡in SCLC cells.

Top. 1169: bottom. H510. Left: Cells cultured in HITESA were washed and
incubated for 2 h in fresh HITESA. The cells were then resuspended in 2 ml
electrolyte solution and placed in a quartz cuvette. Bis-oxonol at a final concen
tration of 100 nM was then added to the cell suspension which was continuously
stirred for 5 min prior to the sequential addition of galanin 25 nM (Gal) and 80
mM KCI (K*). Fluorescence was monitored as described in "Materials and
Methods." Right: Cells preloaded with fura-2-AME were resuspended in electro
lyte solution (140 m.M. Na*) or in a modified electrolyte solution in which Na*
was replaced by K*. giving a concentration of 145 mM K*. [Ca2*|j was calculated
as described in "Materials and Methods."
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Galanin Stimulates Accumulation of Inositol Phosphates. The
binding of a variety of ligands to their specific receptors causes
breakdown of phosphatidylinositol 4,5-bisphosphate by a phos-
pholipase C, yielding Ins(l,4,5)P3 which is released into cytosol
and mobilizes Ca2+ from intracellular stores (for review see Ref.

26). Consequently, we determined whether galanin stimulates
the formation of inositol phosphates in SCLC cell lines. The
inositol phosphate response was amplified by adding LiCl for
20 min prior to the termination of the incubation (26). As
shown in Fig. 5. addition of galanin to H69 cells labeled with
myo-pHjinosito! stimulated the accumulation of total inositol
phosphates in a time- and dose-dependent manner. The re
sponse can be detected at a concentration of 5 n\i and the EC50
value was 10 nivi. Similar results were obtained when H510
cells were used instead of H69 cells.

In order to characterize the inositol response in more detail,
the major inositol phosphate fractions were separated by FPLC
after various times of galanin treatment. As shown in Fig. 6,
an increase in InsP3 and InsP2 was detectable within seconds of
galanin addition. This was followed by a marked and slower
increase in the InsP, fraction. A marked increase in [3H]

lns(l,4,5)P.i was observed after 30 s of galanin treatment,
whereas ['H]Ins(l,3,4)P3 was predominant after 20 min of

incubation (Fig. 6, bottom). In both H69 and H510 there was a
rapid increase in InsP4, which was detectable at 30 s (increase
of 40-60% above control) and maintained for up to 20 min
(increase 50-190% above control) (data not shown). The results
shown in Figs. 5 and 6 demonstrate that galanin stimulates an
inositol phosphate response in SCLC cell lines.

Galanin Stimulates Clonal Growth in SCLC. The rapid stim
ulation of Ca2+ mobilization and inositol phosphate production

induced by galanin in SCLC cells prompted us to test the effect
of this neuropeptide on the growth of these cells. Transformed

100

Galanin (nM)
Fig. 5. Effect of galanin on the accumulation of inositol phosphates. H69

SCLC cells incubated in HITESA for 3-5 days were Â»ashed and labeled in
HITESA with 10 >jCi/ml myo-[3H]inositol for 24 h. Cells were then Â»ashedtwice
in HITESA at 37Â°C.Approximately 1.5 x 10' cells were resuspended in 1 ml
HITESA containing 0.02 M Hepes and incubated at 37Â°Cwith 20 HIMLiCl for

20 min before the addition of galanin at the concentrations indicated. Cells were
incubated Â»ithgalanin for 20 min. The accumulation of total inositol phosphates
was determined as described in "Materials and Methods." The increase in inositol

phosphate at a particular galanin concentration is expressed as a percentage
increase above the control (i.e., cultures incubated in the presence of LiCl for 40
min) and represents the mean of 4 independent experiments. Point, mean: bar, Â±
SEM. Average control value. 1405 cpm (n = 10): average 100 nM galanin value.
2141 cpm (n = 10). Inset, time course of the accumulation of inositol phosphates.
Galanin (100 nM. â€¢)was added for the times indicated in the presence of LiCl.
Percentage of increase in total inositol phosphates from control is shown. The
control (O) (LiCl only for 40 min) value. 2194 cpm: 100 nM galanin for 20 min
value. 3330 cpm. All other details were as described in "Materials and Methods."

or tumor cells, including SCLC, are able to form colonies in
semisolid media (27, 28). Consequently, the ability of H69 and
H510 cells to form colonies in this assay was tested in the
presence of increasing concentrations of galanin. Galanin
caused a marked stimulation of colony formation in a concen
tration-dependent fashion (Fig. 7). The concentrations required
to promote half-maximum stimulation were approximately 20
nM for H69 and H510 cells. The maximum effect was achieved
within a narrow range of galanin concentration (about 50 nM).
At higher concentrations, the growth-promoting effect of gal
anin was sharply reduced, presumably due to homologous de-
sensitization. The half-maximum concentrations required to
induce clonal growth were similar to those required to stimulate
Ca2+ mobilization (Fig. 2) or inositol phosphate accumulation

(Fig. 5). As reported previously (17), galanin did not increase
[Ã‡a-*];in H345, a SCLC cell line responsive to GRP. In this

cell line, galanin failed to promote clonal growth, whereas GRP,
added to parallel assays, caused a marked stimulation (results
not shown). Thus, the growth-promoting effects of galanin are
clearly associated with the ability of this neuropeptide to induce
early signaling events.

Recently, [Arg6,D-Trp7MVlePhe8]substance P (6-11) has been

identified as a broad spectrum neuropeptide antagonist (29).
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Fig. 6. Top, changes in the level of InsPi, InsP2, and InsPj in galanin-stitnulated

H69 and H510 SCLC cells as a function of time. H69 and H510 cells were
prelabeled with myo-|3H]inositol and incubated in HITESA containing 20 mM

LiCl for 20 min. Then. 100 nM galanin was added for various times. Parallel
cultures were incubated in the presence of LiCl but without galanin (controls).
Incubations were stopped by addition of 250 /il ice cold TCA. The samples were
analyzed for their composition of inositol phosphates by aniÃ³nexchange chro-
tnatography on a Mono Q column. All other experimental conditions Â»ereas
described in "Materials and Methods." Each point has an appropriate control.
Point, mean percentage change from the control of 3-5 experiments: bar, Â±SEM.
Bottom, elution profile of Ins(l,4.5)P, and Ins(1.3,4)P, in H69 cells stimulated
by galanin. H69 cells were prelabeled with myo-[3H]inositol as described above
and incubated Â¡nHITESA containing 20 mM LiCl for 40 min. Galanin (100 n.vi)
was added either for 30 s (â€¢)or for 20 min (A) before the termination of the
experiment. Parallel cultures were incubated for 40 min in the presence of LiCl
without galanin (D). [3H]Ins(l,4,5)Pj was separated from [3H]lns(1.3,4)P, as
described in "Materials and Methods." The peak of radioactivity corresponding

to lns( 1,4,5)P.i Â¡nthe sample was assigned on the basis of coelution with standards
[3HJIns(1.4,5)P, and ("PJInsf 1,4.5)?,. In this system, the peak eluting immedi

ately prior to lns(l,4.5)P, is ascribed to Ins(l,3.4)P3 (25). A similar profile was
obtained in 3 independent experiments.
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Fig. 7. Effect of galanin on colony formation in H69 (left) and H510 (right)
SCLC cells. Cells 3-5 days postpassage were washed, resuspended in HITESA,
and then disaggregated into an essentially single cell suspension. Cell number
was determined using a Coulter Counter and IO4 cells in Q.K agarose were
layered on top of 0.5('c agarose, both layers containing galanin at the same

concentration in 33-mm plastic dishes. Colonies represent aggregates of cells >I6
counted under a microscope after 21 days. H69: point, mean of 7 experiments
(each with 5 replicates): bar, Â±SEM.H510: point, mean of 5 experiments (each
with 5 replicates); bar, Â±SEM.

Fig. 8 shows that addition of this antagonist, at 20 /tM, pre
vented the increase in [Ca:+]Â¡caused by a subsequent addition

of galanin in H69 cells. This prompted us to determine whether
this antagonist could also prevent galanin from stimulating
clonal growth in these cells. As shown in Fig. 8 (bottom),
[Arg6,D-Trp7-9,MePhe8]substance P, added at 20 /IM, caused a

profound inhibition of colony formation. This inhibitory effect
was reversed by high concentrations of galanin.

DISCUSSION

The results presented here demonstrate that the neuropeptide
galanin induces a rapid and transient increase in [Ca2+]Â¡and an

accumulation of inositol phosphates and stimulates clonal
growth of SCLC cell lines. The findings demonstrate that
galanin can act as a direct growth factor for cultured human
cells.

Galanin is widely distributed and elicits a multiplicity of
physiological responses (2). However, the only model system
in which the signal transduction pathways activated by galanin
have been studied in detail is the pancreatic ÃŸ-cell(5). In these
cells, galanin stimulates an ATP-sensitive K* channel which

increases the plasma membrane potential, blocks the influx of
Ca2+ through voltage-gated Ca2+ channels, and thereby de
creases [Ca2+]Â¡(8). These effects are mediated by a pertussis
toxin-sensitive G protein (7). The results presented here dem
onstrate that galanin initiates an entirely different set of early
events in SCLC cell lines. Galanin stimulates a rapid increase
in [Ca2+]i from internal stores through a pertussis toxin-insen
sitive pathway. This Ca2+-mobilizing action of galanin can be

completely dissociated from changes in membrane potential.
Furthermore, galanin stimulates the production of inositol
phosphates, consistent with the hypothesis that galanin-induced
Ca2+ mobilization is mediated by Ins(l,4,5)Pj. This is the first

time that galanin has been shown to evoke inositol phosphate
and Ca2+ mobilization responses in any cell type.

Pharmacological and molecular cloning studies provided evi
dence that neuropeptide receptors are frequently expressed in
multiple molecular forms (30). We propose that a galanin
receptor exists in at least two different molecular subtypes. One
couples to K+ channels via a pertussis toxin-sensitive G protein,
e.g., in the pancreatic /i-cell. A second subtype, present in certain
SCLC cells, is coupled to phospholipase C which generates
Ins(l,4,5)P, and thereby leads to Ca2+ mobilization from inter-
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Fig. 8. Top, effect of antagonist [Arg6.n-Trp7',MePhe8)substance P on galanin-

stimulated Ca:* mobilization in H69 SCLC cells. Additions: galanin. 25 nM
(Gal): galanin I /IM (Gal+); [Arg6.n-Trp7-',MePhe8|substance P. 20 /IM (Ant).
Bottom, effect of [Arg".D-Trp''-',MePhe8]substance P on galanin-induced colony
formation. Cells (IO4) in 0.3?; agarose containing galanin at concentrations are
indicated either in the absence (â€¢)or in the presence (ED)of 20 /IM (Arg'.D-
Trp7',MePhe8]substance P. Colonies of >16 cells were counted after 21 days

under a microscope. Column, mean of 2 experiments (each with 5 replicates); bar
Â±SD.

nal stores. In this context, H69 and H510 SCLC cells may
provide a useful model to study these novel effects of galanin.

Lung cancer remains the commonest fatal malignancy in the
developed world. SCLC constitutes nearly 25% of all pulmo
nary cancers and follows a rapid and aggressive clinical course
despite initial chemosensitivity (31). Increased understanding
of the signal-transduction pathways that regulate SCLC growth
may identify novel targets for therapeutic intervention. Recent
work from this (17) and other (18) laboratories has shown that
a variety of neuropeptides, acting through distinct receptors,
induces Ca2+ mobilization in SCLC cell lines. However, the

precise relationship between a rapid and transient increase in
[Ca2+]Â¡and long-term in SCLC growth remains undefined. In
view of the Ca2+-mobilizing actions of galanin shown in this

study, it was important to determine whether this neuropeptide
influences the growth of responsive SCLC. Tumor and trans
formed cells including SCLC are able to form colonies in
agarose medium. Indeed, there is a positive correlation between
cloning efficiency of the cells and the histological involvement
and invasiveness of the tumor in specimens taken from SCLC
(27, 28). Consequently, we determined the effect of galanin on
the ability of H69 and H510 cells to form colonies in semisolid
medium.

In the present study we demonstrate that galanin markedly
stimulates the clonal growth of either H69 or H510 cells in
semisolid medium. The EC5(>values for promoting colony for
mation are in excellent agreement with the EC50values for Ca2+

mobilization and inositol phosphate accumulation. Further
more, [Arg6,D-Trp79,MePhe(t]substance P (6-11), recently iden

tified as a broad spectrum neuropeptide antagonist (29), pre
vented Ca2+ mobilization induced by galanin and strikingly-

inhibited basal and galanin-stimulated colony formation. This
is the first time that galanin has been shown to act as a growth
factor for any cell type. Galanin is widely distributed (2) and in
human lung is associated with other peptides in neuroendocrine
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cells (32) from which it is presumed that SCLCs derive (33). In
view of its widespread distribution, it is likely that galanin
regulates the proliferation of other cell types, a possibility that
warrants further experimental work. The finding that galanin
can act as a direct growth factor for SCLC cells supports the
proposition that the growth of these tumors may be regulated
in a complex manner by multiple autocrine/paracrine interac
tions involving neuropeptides.
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