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ABSTRACT

Production and secretion of neuroendocrine peptides by small cell lung
cancer (SCLQ has been detected in the past years. Most recently the
role of bombesin as an autocrine/paracrine growth modifier has been
demonstrated. We used the soft agarose clonogenic assay to evaluate the
influence of other neuroendocrine peptides on the in vitro proliferation
of SCLC cell lines. Neuroendocrine peptides tested were adrenocortico-
l rupie hormone, arginine vasopressin, calcitonin, glucagon, kassinin, neu-

rotensin, physalaemin, somatostatin, and substance P. Experiments were
carried out in serum-free and serum-supplemented media with and with
out serum-free incubation periods. Our results indicated that the amphib

ian undecapeptide physalaemin inhibits the donai and mass culture
growth of SCLC cell lines at picomolar concentrations. All other neu-

roendocrine peptides failed to influence SCLC growth in the test systems
used. These results suggest a growth regulating effect of physalaemin
and a potential new form of neuroendocrine peptide therapy for SCLC.

INTRODUCTION

SCLC3 is known to share properties of the amine precursor
uptake and decarboxylation system (1-3) including the produc
tion and secretion of neuroendocrine peptides (4, 5). Recently,
peptides of the bombesin family were found to stimulate the in
vitro growth of mammalian cells including SCLC (6-9). These

peptides are frequently produced by this tumor (10), and indi
vidual cells express high affinity binding sites (11). In contrast,
peptides of the tachykinin family, such as substance P and
physalaemin, are rarely found in SCLC (12).

The tachykinin family is a group of small polypeptides with
amino acid sequence homologies and closely related biological
activities, such as vasodilation and stimulation of extravascular
smooth muscles and exocrine glands (13,14). Physalaemin was
first described in 1962 based on its potent biological activities
in methanol extracts of the skin of the South American frog
Physalaemus fuscumaculatm (15) and was purified and fully
sequenced as an undecapeptide 2 years later (16, 17). A physa-
laemin-like immunoreactive material was then found in the
gastrointestinal (18) and respiratory tract of mammals (19),
and a substance that resembled physalaemin pharmacologically,
chemically, and immunologically was detected in a tumor ex
tract from SCLC (12).

Prior work revealed that human SCLC cell lines can be
established and grown in mass culture in a simple serum-free
medium [HITES medium (20, 21)]. Permanent cell lines will
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grow at equal rates in this medium without hydrocortisone and
estradici [SIT medium (22)]. Since SCLC can clone in these
serum-free media (albeit at low efficiency), a sensitive assay to
detect the influence of peptides on tumor cell growth is pro
vided.

In this paper we report the effect of other neuroendocrine
peptides, including ACTH, AVP, calcitonin, glucagon, kassi
nin, neurotensin, physalaemin, somatostatin, and substance P
on the in vitro growth of SCLC cell lines.

MATERIALS AND METHODS
Cell Lines. The SCLC cell lines used in this study were NCI-H69,

NCI-H345, NCI-N417, NCI-H510, NCI-H526, and NCI-N592. All

cell lines were established in RIO medium (RPMI 1640 and FBS
obtained from GIBCO) or HITES medium (obtained from Sigma, St.
Louis, MO) as previously described (3, 23, 24) and kept continuously
in culture for 12-70 months. The cell lines grow as floating cell
aggregates in liquid culture, form colonies in soft agarose, are tumori-
genie in athymic nude mice, express human isoenzymes, and are free
of Mycoplasma contamination.

NCI-H69, NCI-H345, NCI-H510, and NCI-N592 belong to the
classic subclass of SCLC and thus express elevated levels of levodopa
decarboxylase, bombesin-like immunoreactivity, neuron-specific eno-
lase, and the BB isoenzyme of creatine kinase. In contrast, NCI-N417
and NCI-H526 belong to the variant subclass of SCLC and as such
express only neuron-specific enolase and the creatine kinase isoenzyme
BB but not levodopa decarboxylase and bombesin-like immunoreactiv
ity (23, 24).

Neuroendocrine Peptides. Calcitonin (human), kassinin, neurotensin,
physalaemin (lot R3164), somatostatin (14 cyclic), and substance P
were obtained from Bachern (Terranee, Ã‡A);ACTH (porcine, grade
II), AVP, and glucagon (bovine and porcine pancreas extract) from
Sigma. All were synthetic peptides except ACTH and glucagon. Each
peptide was dissolved in phosphate buffered solution, pH 7.4 (except
glucagon, which was dissolved in 0.1 N HC1), at a concentration of
approximately l mg/ml in the vial delivered by the manufacturers. This
solution was placed in conical polystyrol tubes (Falcon, Oxnard, CA),
adjusted to a calculated stock concentration of 0.1 HIM, sterilized
through a precoated filter (Millex-GS, 0.22 Â¿im;Millipore, Molsheim,
France), and stored frozen in 1 ml aliquots in polypropylene tubes
(Nunc, Roskilde, Denmark) with only a single time thawing for each
use. Precoating was done by soaking the filters with a 0.25% bovine
serum albumin solution (A-0281; Sigma) for IS min and a subsequent
rinsing with 20 ml of phosphate buffered solution. Commercially avail
able radioimmunoassay kits for the peptides ACTH (Institut National
des Radioelements, Fleuras, Belgium), calcitonin (INC, Stillwater,
MN), neurotensin (INC), somatostatin (INC), and substance P (Amer-
sham International pic, Amersham, United Kingdom) were used ac
cording to the manufacturers' instructions to determine the remaining

peptide concentrations in final medium preparations. Peptide recoveries
were >!()(>', in all cases tested.

Growth Studies. The influence of neuroendocrine peptides on the
colony formation in soft agarose (25, 26) was tested in (a) serum-free
SIT medium for AVP, calcitonin, glucagon, neurotensin, physalaemin,
somatostatin, and substance P; (b) serum-free HITES medium for
ACTH, AVP, calcitonin, neurotensin, physalaemin, and somatostatin;
(c) RIO medium for neurotensin, physalaemin, and substance P; (d)
RIO medium with a preceding 30-min serum-free incubation period in
RPMI 1640 medium for kassinin, physalaemin, and substance P; (c)
RIO medium with a preceding 120-min serum-free incubation period
in RPMI 1640 medium for physalaemin; and (/) in SIT2.5 medium
with a preceding 30-min serum-free incubation period in RPMI 1640
medium for neurotensin and physalaemin.
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These different conditions were chosen, because under serum-free
conditions, i.e., SIT and HITES medium, minimum interference with
the possible growth activity of individual peptides was anticipated.
These 2 media did not differ in their growth promoting potentials and
contained a minimum of substances necessary to provide sufficient
SCLC growth in liquid culture (20-23). The colony formation provided
by both media, however, was poor, and numerous assays even lacked
any growth at all. In the presence of FBS, SCLC cell lines clone well
(26), but previous results with the amphibian peptide bombesin (9) and
the peptides used here showed no effect on the cloning ability in the
presence of FBS. This dilemma caused us to combine a serum-free
incubation period with a subsequent serum-supplemented growth pe
riod and to retest peptides that were primary candidates for a possible
autocrine/paracrine growth activity (tachykinins, neurotensin).

The assay was performed as follows. A base layer consisting of 0.5%
w/v agarose (SeaKem, Rockland, ME) in the respective basal medium
was prepared in 35-mm plastic Petri dishes and allowed to harden at
room temperature. Cells were harvested in logarithmic growth phase,
washed twice in serum-free KI'MI 1640 medium, singled by trituration,

and the number of viable cells counted (0.1 % w/v trypan blue solution).
Top layer solution was prepared in 15-ml conical tubes in a 42Â°Cwater

bath containing the basal medium, 0.3% w/v agarose, the respective
peptide 2-fold concentrated, and single viable cells at a concentration
of 3 x I04/ml-105/ml for serum-free cloning or 5 x 103/ml-5 x IO4/
ml for serum-supplemented cloning. Two dishes (1 ml/dish) were plated
from each conical tube (representing one variable), and each assay
included 2-7 conical tubes/cell line as a control. Dishes were incubated
at 37Â°Cin a well humidified atmosphere of 8% CO2/92% air and after

14-28 days scored for colony growth [cell aggregates greater than 50
cells; diameter >120 urn (27)] with an inverted phase microscope.
Serum-free incubation prior to plating in RIO or SIT2.5 medium was
performed in 15-ml conical tubes in RI'M I 1640 medium containing

single viable cells and the peptide at the desired concentration at room
temperature. The respective serum-supplemented agarose-containing
medium was added after 30-120 min and the resulting cell suspension
plated as described. Controls were incubated for the same time interval
in plain RPMI 1640 medium.

Liquid culture studies were performed as follows. Cells in logarithmic
growth phase were washed in serum-free SIT medium and 2.5 x 10"
viable cells/ml plated into 24-well cluster plates (Costar, Cambridge,
MA). Each well contained physalaemin in 2 ml SIT medium at the
respective concentration. One ml of medium was changed every 3 days
and this contained freshly prepared physalaemin. In 3-day intervals
total cells per ml were counted in duplicate or quadruplicate wells, and
the mean number of cells was plotted on a semilogarithmic scale as a
function of time or on a linear scale as a function of peptide concentra
tion.

Statistical Analyses. Under the experimental conditions described we
first tested whether or not data collected from multiple control tubes
were standard normal distributed and what the anticipated variance
would be. One hundred dishes were plated from 50 tubes (50 variables,
2 dishes/variable) with cell line NCI-N417, 5 x IO3cells/dish, in RIO

medium. The resulting data were standard normal distributed according
to David, Pearson, and Stephens (a = 5%) (28) with a mean number of
colonies of 400, a SD of 54.5 (13.6%), and a SE of 7.7 (1.9%). For
each subsequent cloning experiment the mean number of colonies and
SD in control tubes were calculated. SD of the number of colonies in
test tubes could not be calculated, since only one test tube (2 dishes/
tube) was used per peptide concentration. As a result, standard statis
tical tests for evaluation of significance could not be applied.

RESULTS

Effect of Neuroendocrine Peptides on Colony Formation in
Serum-free Media. The following neuroendocrine peptides were
screened for growth modifying effects in serum-free SIT and/
or HITES medium using continuous exposure at a concentra
tion of 10 nM: ACTH; AVP; calcitonin; glucagon; neurotensin;
physalaemin; somatostatin; and substance P. Results are sum

marized in Table 1. Physalaemin inhibited the growth of 2 of 4
cell lines in SIT medium, i.e., the number of colonies obtained
were below 2 SD of control colonies for cell line NCI-N417
and below 3 SD of control colonies for cell line NCI-N592.
NCI-H510 and NCI-H526 were not inhibited by physalaemin
in either medium. Repeat experiments with just cell line NCI-
N417 over a concentration range from 1-100 nM in SIT me
dium confirmed this result, and the inhibition increased towards
the lower peptide concentrations. Calcitonin and somatostatin
each inhibited the colony formation of one cell line in HITES
medium (number of colonies beyond 2 SD) but failed to show
a dose response over a concentration range from 1 pM-1 UM.
All other neuroendocrine peptides tested did not affect colony
formation in serum-free HITES medium at 1 and 10 nM and in
serum-free SIT medium at 1 pM-1 MM.

Effect of Tachykinins and Neurotensin on Colony Formation
in Serum-supplemented Media. Serum supplementation im
proved colony formation by factors of 1.5-25 in 4 cell lines
tested (1.5-fold for NCI-H510, 9-fold for NCI-N417, 14-fold
for NCI-N592, and 25-fold for NCI-H526) and also provided
more consistent colony formation, i.e., at least 1 of 2 cloning
assays performed in serum-free media did not result in a suffi
cient colony formation. Therefore, we used serum-supple
mented media (RIO and SIT2.5) to further assess tachykinins,
and neurotensin at different concentrations for growth modu
lating effects. Direct addition of physalaemin, substance P, and
neurotensin over a concentration range of 10 fM-1 ^M to K10
medium resulted in no growth activity in cell lines NCI-H345,
NCI-N417, NCI-H526, and NCI-N592. Fig. \A depicts results
for cell line NCI-N592 in RIO medium with 10 fM-0.1 MM
physalaemin added.

Incubation of cells in serum-free physalaemin-containing me
dium (RPMI 1640) for brief periods prior to plating in serum-
supplemented medium (RIO or SIT2.5) led to significant
growth inhibition. For example, exposure of cell line NCI-
N592 to 1 pM physalaemin in serum-free medium for 30 and
120 min prior to cloning in RIO medium resulted in surviving
fractions of 0.13 and 0.25, respectively. Subsequent experi
ments were thus done with a 30-min peptide incubation in plain
RPMI 1640 medium without FBS, followed by cloning in
serum-supplemented medium. Physalaemin was tested in con
centrations ranging from 10 fM-0.1 MMand inhibited the clonal
growth of 4 different SCLC cell lines with maximum inhibition
seen at concentrations of 0.1-1 pM (Fig. 1.) In contrast, neither
other tachykinins such as kassinin (Fig. \!i) or substance P
(data not shown) within the same concentration range (10 fM-
0.1 MM)nor neurotensin, when tested under identical conditions
at concentrations ranging from 0.1 pM-1 MM, significantly
inhibited clonal growth.

Influence of Physalaemin and Neurotensin on Liquid Mass
Culture Growth. We also tested the ability of physalaemin to
inhibit the growth of SCLC in liquid mass culture. With con
tinuous exposure to 1 pM physalaemin in serum-free SIT me
dium, the initial growth (between days 0 and 9) of cell lines
NCI-H510 and NCI-N417 was markedly delayed (Fig. 2A).
Eventually tumor cells grew at rates equal to those of control
cells. Dose response experiments performed in concentrations
ranging from 1 pM-0.1 MMphysalaemin revealed a maximum
effect at concentrations of 1-10 pM for cell line NCI-N417 and
of 1 pM-1 nM for cell line NCI-H510 with a loss of the
inhibitory effect at higher concentrations (Fig. 2B). In contrast,
neurotensin had no effect on the mass culture growth of these
same SCLC cell lines (data not shown).
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Table 1 Effect of neuroendocrine peptides on colony formation ofSCLC cell lines in serum-free SIT and HITES medium

Cell lines and medium
(No. of colonies/10* plated cells)

NCI-N4I7Peptides

(10UM)ACTH

AVPCalcitonin

Glucagon
Neurotensin
Physalaemin
Somatostatin
Substance PSITNT1198

189
168
226
151'

235
254HITES332

334
323NT

302
216356

NTNCI-H5IOSITNT

1115
1595
1182
1965
1537
1490
1439HITES1255

1110
1000Â»

NT
1155
1325
985*

NTNCI-H526SITNT

168
216
149
168
191
203
161HITES111

128122

NT
124
145
132
NTNCI-N592SITNTNT

215
NT
259
169*

NT
214

Controls, mean Â±SD 224 Â±30 310Â±60 1490 Â±272 1347 Â±172 183 Â±19 127 Â±20 264 Â±26
4 NT, not tested.
* Beyond 2 x SD.
c Beyond 3 x SD.

-U -13 -O -11 -Â» -9
PHYSALAEMIN [ LOOMI

-a

-12 -11 -n
PEPTIOE llOOMl

-9 -6 -7

Fig. 1. Effect of tachykinins on soft agarose colony formation of SCLC cell
lines. Surviving fraction, number of colonies in test plates (Â¿V)/numberof colonies
in control plates (No). A, x, NCI-N592 exposed continuously to physalaemin in
RIO medium; IO4viable cells plated; mean number of colonies in control plates
was 608 Â±60 (SD). O, NCI-N417; A. NCI-H69; â€¢,NCI-N592; all exposed for
30 min serum free to physalaemin and then plated in R10 medium. Mean numbers
of colonies Â±SD/104 viable cells plated were 536 Â±46 for O, 125 Â±18 for A,
and 753 Â±7 for â€¢.B, x, NCI-H526 exposed 30 min serum free to kassinin and
then plated in RIO; 5 x IO3 viable cells plated: mean number of colonies in
control plates was 143 Â±21. â€¢.NCI-H526 exposed 30 min serum free to
physalaemin and then plated in RIO; 10* viable cells plated; mean number of
colonies in control plates was 1102 Â±51; O, NCI-H526 exposed 30 min serum
free to physalaemin and then plated in SIT2.5: 5 x io" viable cells plated; mean

number of colonies in control plates was 417 Â±35.

DISCUSSION

The establishment and continuous growth of SCLC cell lines
in serum-free HITES medium has provided a useful means for

3 6 9 12 15 18 21
TIME Id)

-12 -11 -W -9

PHYSALAEMIN I LOOM]

Fig. 2. Effect of physalaemin on liquid mass culture growth in serum-free SIT
medium. Total cells were counted in a hemocytometer at the indicated points in
time. â€¢,O, mean of duplicate samples; bars, range; no bars, range is within symbol
size. A, growth curve of SCLC cell line NCI-H510 in SIT medium (O) or SIT
medium with 1 pMphysalaemin (â€¢);It. absolute cell number after treatment with
different concentrations of physalaemin for cell lines NCI-H510 after 9 days (O)
and NCI-N417 after 6 days (â€¢).

the evaluation of growth factors on SCLC in vitro and in vivo
(21-23). Since Todaro and DeLarco (29) presented the auto-
crine/paracrine growth regulation concept for murine sarcoma
virus transformed cells, this concept has been extended to other
malignant cell systems including SCLC (30, 31). Neuroendo-
crine peptides produced and/or secreted by SCLC cells may
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play an important role in the biology of this tumor by acting as
autocrine/paracrine growth regulators. Recent data demon
strated that bombesin functions as such a growth regulator (8,
9).

In these studies we evaluated the role of other neuroendocrine
peptides closely related to SCLC in tumor proliferation in vitro
and found that p,\i concentrations of the tachykinin physalae-
inin significantly inhibited the growth of 4 independent human
SCLC tumor cell lines. This included inhibition of clonal
growth and growth in liquid mass culture. Other related tachy-
kinins such as kassinin and substance P as well as all other
peptides tested did not effect tumor growth.

Physalaemin has potent biological activities on tissue prepa
rations from mammals (13, 14). These activities are mediated
by interaction with specific receptors that have been detected
in low concentrations on cell membranes with a subsequent rise
of intracellular cyclic GMP (32, 33). The dose-dependent
growth inhibition of SCLC reported here is another biological
activity of physalaemin and suggests the presence of tachykinin
receptors on SCLC cell lines. Because of the inability of sub
stance P to elicit the same effect, the inhibitory action of
physalaemin may result from the binding to a tachykinin recep
tor with high specific affinity to physalaemin but not for other
tachykinins. There is in fact evidence for multiple tachykinin
receptors in other cell systems (34, 35). Recently, Nilsson et al.
(36) demonstrated a stimulation of DNA synthesis by sub
stances P and K in cultured connective tissue cells and suggested
that these tachykinins may interact with platelet-derived growth
factor to stimulate proliferation of connective tissue cells. These
authors also noted a differential effect of substances P and K
which suggests that a specific receptor may be responsible for
the growth stimulatory effect of tachykinins and yet another
receptor may be responsible for the inhibitory effect described
here.

Because physalaemin has been detected in SCLC (12) and
inhibits cell proliferation in SCLC as presented, it may function
as an autocrine/paracrine growth regulator. Together with the
previous demonstration of bombesin as such a growth regulator
for SCLC (8, 9) data are accumulating that point toward an
interaction of neuroendocrine signals in regulating cell growth.
The disruption of this signal interaction may shift the prolifer
ation rate of SCLC toward a slower or more rapid turnover. In
fact, the disruption of the autocrine/paracrine growth regula
tion of bombesin by a monoclonal antibody has already been
shown to slow down the proliferation of SCLC (9). Whether
an interference with the growth activity of physalaemin would
increase proliferation remains to be determined.

Physalaemin is yet another one of the tumor growth-inhibi

tory factors which have recently been detected in malignant
cells of different origins (37-42). It would not be surprising if,
under different experimental conditions, physalaemin or other
tachykinins were found to act as bifunctional growth regulators
as described for transforming growth factor ÃŸ,i.e., the stimu
latory or inhibitory activity of a single factor is a function of
factor interaction (43). The growth stimulation of fibroblasts
and growth inhibition of tumor cells by tachykinins point in
this direction. All other neuroendocrine peptides used in our
study that failed to affect tumor cell proliferation under the
experimental conditions described may also exhibit prolifera-
tive potentials in concert with other factors (44). The experi
mental conditions, however, under which such activities may
occur still need to be worked out.

The current findings suggest the hypothesis that physalae-
min-like peptides play a role in regulating SCLC growth. The

effect of novel tachykinins (45, 46), the spectrum of cell types
susceptible to physalaemin, the mechanism of growth inhibition
including the detection of physalaemin receptors, the possibility
that physalaemin inhibits the in vivo growth of SCLC, and the
question whether the effects of bombesin and physalaemin are
able to antagonize each other remain to be determined.
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