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ABSTRACT Pulmonary neuroendocrine cells are localized
predominantly at airway branchpoints. Previous work showed
that gastrin-releasing peptide (GRP), a major pulmonary bomb-
esin-like peptide, occurred in neuroendocrine cells exclusively in
branching human fetal airways. We now demonstrate that GRP
and GRP receptor genes are expressed in fetal mouse lung as
early as embryonic day 12 (E12), when lung buds are beginning
to branch. By in situ hybridization, GRP receptor transcripts
were at highest levels in mesenchymal cells at cleft regions of
branching airways and blood vessels. To explore the possibility
that bombesin-like peptides might play a role in branching
morphogenesis, E12 lung buds were cultured for 48 hr in
serum-free medium. In the presence of 0.10-10 M bombesin,
branching was significantly augmented as compared with con-
trol cultures, with a peak of 94% above control values at 1 uM
(P < 0.005). The bombesin receptor antagonist [Leu!3-
{(CH,NH)Leu'*]bombesin alone (100 nM) had no effect on
baseline branching but completely abolished bombesin-induced
branching. A bombesin-related peptide, [Leu®] phyllolitorin also
increased branching (65% above control values at 10 nM, P <
0.005). [Leu®]Phyllolitorin also significantly augmented thymi-
dine incorporation in cultured lung buds. Fibronectin, which is
abundant at branchpoints, induces GRP gene expression in
undifferentiated cell lines. These observations suggest that BLPs
secreted by pulmonary neuroendocrine cells may contribute to
lung branching morphogenesis. Furthermore, components of
branchpoints may induce pulmonary neuroendocrine cell differ-
entiation as part of a positive feedback loop, which could account
in part for the high prevalence of these cells at branchpoints.

Pulmonary neuroendocrine (NE) cells containing bombesin-
like peptide (BLP) immunoreactivity are present at high
numbers in human newborn and fetal lung (1, 2). BLPs include
amphibian bombesin and mammalian/amphibian gastrin-
releasing peptide (GRP) (3, 4), in which the bioactive ami-
dated carboxyl-terminal amino acid sequence is -His-Leu-Met-
NH,. BLPs have been demonstrated by several laboratories to
be potent mitogens for many small-cell lung carcinomas
(SCLGs) (5, 6), normal adult bronchial epithelial cells (7), and
several fibroblast cell lines, including adult human pulmonary
fibroblasts (8, 9). Early descriptive studies of human fetal lung
demonstrated that GRP gene expression proceeded in a proxi-
mal-to-distal pattern in parallel with the growth of the airways
(10). Cumulatively, these early observations suggested that BLPs
might play a role in normal fetal lung development (3).

To explore the role of BLPs in lung development, bombesin
was administered to cultured human and murine fetal lung
explants and fetal mice in utero. The results demonstrated
increased thymidine incorporation into nuclear DNA, in-
creased choline incorporation into surfactant phospholipids,
and increased relative numbers of type II pneumocytes by
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electron microscopy (11). A blocking monoclonal antibody to
BLP (2A11) (5) inhibited automaturation of fetal lung (11, 12).
Potentiation of levels of endogenous BLPs by inhibiting their
degradation led to increased fetal lung growth and maturation
(13, 14), including elevated surfactant apoprotein transcript
levels and increased surfactant secretion in mice ir utero (14).

The phyllolitorins, a second amphibian peptide family related
to BLPs, have the amidated carboxyl-terminal sequence -Ser-
(Leu/Phe)-Met-NH, (15, 16). Amino acid analysis of BLPs
present in bronchoalveolar lavage fluid from smokers suggested
the presence of a mammalian phyllolitorin-like peptide (17).
Mammalian phyllolitorins might be expected to have functions
similar to BLPs because these peptides are immunologically
crossreactive (ref. 17 and M.E.S., unpublished data). Both bomb-
esin and phyllolitorins can act as bronchoconstrictors (18, 19). To
date, no further information has been reported regarding the
functional implications of a mammalian phyllolitorin.

In his first description of pulmonary NE cells, Feyrter (20)
noted a high prevalence of these cells at airway branchpoints.
Detailed morphometric studies by Cutz and coworkers (21)
localized 50-60% of serotonin-positive pulmonary NE cells at
branchpoints in three-dimensional reconstructions of fetal rabbit
lung. Analyses of GRP gene expression in human fetal pulmonary
NE cells showed that cells containing GRP transcripts occurred
exclusively in airways that had begun to branch, in particular in
early (8-9 weeks of gestation) lung development (10).

The aim of the present study was to explore potential involve-
ment of BLPs in embryonic lung branching morphogenesis and
growth, with our initial focus on GRP, a major pulmonary BLP.
We first assessed the temporal and spatial distribution of GRP
gene expression in developing murine embryonic lung. Func-
tional effects of BLPs on branching morphogenesis of cultured
lung buds were then evaluated. The importance of mesenchyme
for morphogenesis is well recognized, with fibronectin and other
extracellular matrix components localized predominantly at air-
way branchpoints (22). Fibronectin and laminin have been im-
plicated in lung branching morphogenesis because specific block-
ing peptides or monoclonal antibodies inhibit branching (23, 24).
For these reasons, we have also begun to explore the ability of
fibronectin to stimulate GRP gene expression by undifferentiated
SCLC cell lines.

MATERIALS AND METHODS

Animals and RNA Preparations. Timed pregnant outbred
CD1 mice were obtained from Charles River Breeding Lab-
oratories at gestational day 9 (embryonic day 9, E9). Lungs
were dissected from E12 to E18 fetal mice and from neonatal
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mice. Total RNA was prepared from freshly harvested fetal
lung tissues by the guanidinium isothiocyanate method (25).

In Situ Hybridization. In situ hybridization was performed (26)
with 5 um sections and 20 ul of 33S-labeled antisense cRNA probe
or sense CRNA probe at 5 X 10* cpm/pul in hybridization buffer.
Radiolabeled probes were prepared as described (27).

Polymerase Chain Reaction (PCR) on Reverse-Transcribed
RNA. First-strand cDNA was prepared by reverse transcription
(RT) of 10 ug of total RNA Moloney with murine leukemia
virus reverse transcriptase (2 units; Bethesda Research Lab-
oratories) in the presence of human placental RNase inhibitor
(5 units; Sigma) and random hexamer primers [5'-p(dN)s, 1
unit; Pharmacia LKB]. Oligodeoxynucleotides for PCR were
made with an Applied Biosystems 381A DNA synthesizer.
PCR primers were designed to span at least one intron to
ensure that any contaminating genomic DNA would yield a
higher molecular weight band: rat GRP [precursor peptide aa
20-116, insert 306 bp; 5'-GGCAGCCACTGGGCTGTA-
GGACACTTAATG-3'; 3'-GAGAACCTGGAGCAGAGA-
GTCTACCAACTT-5' (28)]; mouse GRP receptor [precursor
peptide aa 1-233, insert 700 bp; 5'-ATGGCTCCAAATAAT-
TGTTCC-3’; 3'-ATGAAGTAGTAGTAGACAGAG-5’
(29)]); and mouse B-actin [aa 27-126, insert 300 bp; 5'-
GTGGGCCGCTCTAGGCACCA-3'; 3'-TGGCCTTAGG-
GTTCAGGGGG-5' (30)]. The sequences of internal primers
which were used for probing PCR Southern blot were as
follows: for rat GRP, 5'-TACATCCGCTGGGAAGAAG-
CTGCAAGGAAT-3'; for mouse GRP receptor, 5'-CCCCA-
CTGAAGTAAGTTGTAT-3'; for B-actin, 5'-AACTGG-
GACGACATGGAGAAGATCTGGCAC-3'.

PCR used 1 pl of cDNA in a standard reaction mixture (31)
and consisted of 40 cycles for GRP (nonquantitative), 35 cycles
for GRP (semiquantitative), 35 cycles for the GRP receptor
(semiquantitative), or 25 cycles for actin (semiquantitative),
with each cycle consisting of denaturation (0.5 min, 93°C),
annealing (1.0 min, 50°C), and extension (1.5 min, 72°C). The
PCR products were analyzed by Southern blots prepared by
standard techniques and hybridized with probes labeled by
phage T4 kinase (25) using 30-bp primers corresponding to
internal cDNA sequence of each gene. Using 35 cycles for
GRP and GRP receptor transcripts and 25 cycles for actin, we
were within the linear range of detection. Increased positive
control RNA (0.05, 0.5, and 5.0 ug in a 20-ul RT reaction)
samples were used to actually demonstrate a linear increase in
RT-PCR signals. Therefore, we observed a linear correlation
between the relative amounts of given mRNAs present in the
products of the same RT reaction, which were then normalized
for the relative amounts of actin transcripts as a control
reference “housekeeping” mRNA (31).

E12-14 Murine Lung Bud Cultures. Embryos from day 12
timed pregnant mice were removed aseptically into Petri dishes
containing a-minimal essential medium (a-MEM) (Media-
tech) with 10% fetal bovine serum (GIBCO/BRL). Lung buds
isolated under a dissecting microscope were washed in serum-
free medium and transferred to a semipermeable membrane
(Falcon cell inserts with 0.8-um pore size). Cell inserts were
positioned overlying 0.5 ml of serum-free BGJb medium
(Fitton-Jackson modification; GIBCO/BRL). Bombesin,
[Leu®]phyllolitorin (L8PL), and the specific bombesin receptor
antagonist [Leu'>-y(CH,NH)Leu'#]bombesin (L13BN) (Pen-
insula Laboratories) were added in the appropriate concen-
trations to individual wells (3, 16, 32). Lung buds were
photographed in situ before addition of reagents to the me-
dium on day 0 (E12) and again after 48 hr of culture (“E14”).
Branchpoints were counted along the periphery of the cultured
buds by two observers (K.A.K. and M.E.S.) without knowledge
of the experimental groups. Results were expressed as percent
increase in branching in 48 hr above baseline (medium alone),
which was defined as zero. For thymidine incorporation assays,
lung buds were submerged in 1.0 ml of serum-free a-MEM for 48
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hr, with [methyl-*H]thymidine (5 pCi/ml; 1 uCi = 37kBq) added
for the final 4 hr, after which time individual buds were harvested
for analyses of thymidine incorporation as described (11). DNA
content was assayed in pools of 12 buds (necessary for being
within the linear range of detection) as described (11).

Tissue Culture. Tissue culture flasks were coated overnight
with bovine plasma fibronectin (GIBCO/BRL). The undif-
ferentiated SCLC cell line H82 (33) was cultured for 24 hr in
RPMI 1640 medium containing 10% fetal bovine serum
(GIBCO/BRL) on uncoated and fibronectin-coated plates.
Cells were harvested by centrifugation and RNA was prepared
for RT-PCR as described above.

RESULTS

RNA Analyses by RT-PCR. Previous studies using Northern
blot analyses with poly(A)*™ RNA from fetal mouse lung showed
that GRP transcripts were detectable from E16 to E18, peaking
on E18 (11). To determine whether the GRP gene (28) is
expressed in early lung development, RT-PCR was carried out
using 40 cycles of PCR, which is above the linear range of
detection (30-35 cycles) for GRP (31). GRP transcripts were
detectable (Fig. 1) from E12 to E18 and in neonatal lung
[postnatal day 1 (P1) to P14]; GRP transcripts were undetectable
in adult lung, fetal liver, and H82 variant SCLC under these
conditions (ref. 31 and unpublished data). Expression of the GRP
receptor gene (29) in developing fetal lung was assessed by
semiquantitative RT-PCR conditions (Fig. 1). GRP receptor
transcripts were present from E12 to E18 and for 1 day after birth,
peaking at E13 and E15-17, but thereafter dropped off to
undetectable levels. B-Actin transcripts were at comparable levels
in all reverse-transcribed samples (Fig. 1).

In Situ Hybridization of GRP Receptor Transcripts. In situ
hybridization using GRP receptor antisense cRNA probes (27,
29) demonstrated high levels of GRP receptor transcripts in
mesenchymal tissues surrounding developing airways and
blood vessels in mouse fetal lung from E14 to E18. Represen-
tative sections are shown in Fig. 2 A (brightfield) and B
(darkfield). The most intense hybridization was present at the
branchpoint clefts of both airways and vasculature (Fig. 2B,
arrows). The hybridization signal was stronger in mesenchyme
associated with the vasculature, as compared with the airways
(unpublished data). The same lungs probed in parallel with the
GRP receptor sense probe did not give a hybridization signal
(Fig. 2 C and D).

E12-14 Murine Lung Bud Cultures. Lung buds were dis-
sected at E12, when >90% of these buds had four to nine
peripheral branchpoints (Fig. 34). After culture for 48 hr in
serum-free medium, the number of peripheral branches gen-
erally increased by a factor of 1.5-3 (Fig. 3B).

E12 lung buds were treated for 48 hr with various doses of
bombesin. The results of 15 experiments were pooled and are
summarized in Fig. 4. Bombesin treatment of lung buds (3-5
buds per group per experiment) induced a significant increase
in branching morphogenesis at 100 nM [36 * 8% (65 buds), P
< 0.001}, 1 uM [93 * 27% (7 buds), P < 0.001], and 10 uM
[55 = 22% (8 buds), P < 0.01] when compared with control
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FiG.1. GRP and GRP receptor transcripts in fetal mouse lung. Lungs
were harvested from untreated fetal mice at E12-E18 and from neonatal
mice on postnatal day 1 (P1), P2, and P14. Southern blots of the PCR
products were probed for GRP, GRP receptor, and B-actin transcripts.
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FiG. 2. In situ hybridization of fetal mouse lung for GRP receptor transcripts. Each pair of photographs represents the same field viewed by
brightfield microscopy to demonstrate histology (4 and C) and darkfield microscopy to demonstrate autoradiographic grains (B and D). (4 and
B) Probed with GRP receptor antisense cCRNA. Hybridization is most intense in mesenchyme of the cleft regions of airways (open arrows), blood
vessels (small solid arrows), and a region with branching airways and blood vessels (long solid arrow). aw, Airway; v, blood vessel. (X26.) (C and

D) Probed with control GRP receptor sense cRNA. (X70.)

buds cultured with medium alone, the mean of which was
defined as baseline for each experiment [0 £ 7% (68 buds
total)]. The bombesin receptor antagonist L13BN (100 nM)
administered with bombesin (100 nM) completely blocked the
bombesin-induced increase in branching morphogenesis [0 *
7% (17 buds), P < 0.05 compared with 100 nM bombesin
alone]. When L13BN was administered alone, no effect was
elicited. These observations are consistent with previous stud-
ies of growth and maturation in E18 fetal mouse lung (13, 14).

In immunoperoxidase analyses of human fetal lung, we were
able to absorb all of the immunostaining of pulmonary NE
cells by anti-bombesin antiserum (17) by using either bombesin
or the bombesin-related crossreactive peptide L8PL at 1 ug/ml

A

Fig. 3. Embryonic mouse lung bud cultures. Lung buds were
dissected on E12 and cultured for 48 hr. (4) E12 lung bud has eight
peripheral branchpoints. (X26.) (B) After 48 hours of culture, the
same lung bud (E14) has 23 peripheral branchpoints. (X26.)

(unpublished data). To determine whether L8PL could elicit
a physiological response similar to bombesin in early lung
development, E12 lung buds were treated for 48 hr with various
doses of L8PL. The pooled results of nine experiments are
given in Fig. 5. Peak branching occurred at 10 nM L8PL [65 =
17% (29 buds), P < 0.001], with a significant effect also
observed at 100 nM [42 = 20% (36 buds), P < 0.016].

125 4

100

<

75 4

% INCREASE

50 4

25 -

0 -

hwwmm»mwwﬁ
+

BN
LUNG BUD TREATMENT

FiG. 4. Quantitation of lung branching morphogenesis in serum-
free medium with varying doses of bombesin (BN) or the specific
bombesin receptor antagonist L13BN. E12 lung buds were cultured in
medium alone (Neg, negative) or in medium containing 1 nM to 10 uM
bombesin (BN), 100 nM L13BN, or 100 nM L13BN plus 100 nM BN.
Results of 15 experiments were pooled and are expressed as percent
increase in branching above baseline. *, P < 0.001; **, P < 0.01
compared with the negative control (Neg, medium alone); , P < 0.05
compared with 100 nM bombesin alone.
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In addition, L8PL stimulated thymidine incorporation in
E12-14 lung buds, with a peak effect at 100 nM (Table 1). The
data were normalized so that the negative control was defined
as baseline, equal to zero; in each group of each experiment
there were three complete lung buds, so that each data point
represents a pool of one bud from each of three litters. In
contrast, 100 nM bombesin had no effect on thymidine incor-
poration. The effect of L8PL was similar when lung buds from
three other experiments were pooled to generate sufficient
tissue to determine DNA content (4 buds from each of three
litters per group, for a total of 12 buds per group): untreated
control, 2301 dpm/nmol of DNA; 100 nM L8PL: 2919 dpm/
nmol of DNA (27% increase over baseline); 5% fetal bovine
serum, 3366 dpm/nmol of DNA (46% increase over baseline).

BLPs are known to stimulate pulmonary fibroblast growth
(9). We addressed the question of whether fibronectin (in cleft
regions of branchpoints) could act in a reciprocal fashion to
induce features of NE differentiation in undifferentiated lung
epithelial cells. We used an undifferentiated SCLC line, H82
(33), that is capable of undergoing terminal NE differentiation
in response to retinoic acid (34). H82 was cultured for 24 hr in
tissue culture flasks precoated with fibronectin, and RT-PCR
analyses were carried out for GRP gene induction. The
well-differentiated SCLC cell line H345, which is known to
produce high levels of BLPs (33), was used as the positive
control. Preliminary analyses showed high levels of GRP
transcripts in H345 cells but no detectable GRP transcripts in
untreated H82 cells (Fig. 6, lanes 1 and 2). After fibronectin
treatment, high levels of GRP gene expression were induced in
HS82 after 24 hr (Fig. 6, lane 3).

DISCUSSION

This study demonstrates that bombesin and the bombesin-
related peptide L8PL augment branching morphogenesis in
E12 mouse lung buds in serum-free medium in a dose-
dependent fashion. These data suggest that pulmonary NE
cells may play an active role in promoting branching morpho-
genesis during fetal lung development, via the synthesis and
secretion of bioactive BLPs such as GRP acting at least in part
via GRP receptors. Others have noted a similar trend of
stimulation of branching by bombesin in serum-containing
medium (35). The timing of the branching effect coincides with

100
*
80-
w * %
) 604
<
w
S
Z 401
R
20-
o-
Neg 1 nM 10 nM 100 nM
- L8PL

LUNG BUD TREATMENT

Fic. 5. Quantitation of lung branching morphogenesis in serum-
free medium with various doses of L8PL. E12 lung buds were cultured
in medium alone (Neg) or in medium containing 1-100 nM L8PL.
Results of nine experiments were pooled and are expressed as percent
increase in branching above baseline. *, P < 0.001; *x, P < 0.01
compared with the negative control (Neg, medium alone).
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Table 1. [*H]Thymidine incorporation in 48-hr lung bud cultures

Treatment % increase over negative control P value
Negative control 0+0 (3 —
Bombesin (100 nM) 105 + 175 (3) 0.581
L8PL (10 nM) 283 =84 (3)* 0.028
L8PL (100 nM) 60.0 = 8.6 (3)** 0.002

Lung buds were harvested from timed pregnant mice on E12. The
data shown represent pooled results from three experiments, normal-
ized so that the untreated group is defined as baseline (zero). In each
experiment, [*H]thymidine incorporation was determined for a pool of
three lung buds, one bud from each of the same three litters. Values
are given as mean = SEM, with the number of experiments given in
parentheses. *, P < 0.028; **, P < 0.002.

the expression of the GRP and GRP receptor genes in fetal
mouse lung, which occurs as early as E12, suggesting that it may
be at least partly mediated by GRP acting at GRP receptors.
Of three cloned BLP receptor genes, only the GRP receptor is
known to be expressed in normal lung (29, 36-39). An
additional candidate is a BLP-binding protein which may
represent another receptor, cloned from E18 fetal mouse lung
(40). The predominant receptor in embryonic mouse lung may
be either the GRP receptor or an as yet undescribed subtype,
such as a phyllolitorin receptor.

The demonstration that the highest levels of GRP receptor
transcripts occur in mesenchymal cells near large airways and
blood vessels is in keeping with observations of others in a
model of rat lung development (27). These data suggest that
the mesenchyme may be a critical component in the cascade of
events leading to increased branching. The predominant lo-
calization of GRP receptor transcripts at cleft regions of
branchpoints suggests that local gradients of receptor gene
expression may be implicated in the branching process, in
addition to the predominant localization of pulmonary NE
cells as a point source of BLPs in this same region.

We observed stimulation of branching morphogenesis with
peak effects at 1 uM bombesin and/or 10 nM L8PL. Thymidine
incorporation was also stimulated by 10-100 nM L8PL, but not
by 100 nM bombesin. In contrast, BLPs stimulate fetal lung cell
proliferation and type II cell differentiation on E18, with peak
effects observed at 1 nM bombesin in lung organ cultures (11, 12,
14). These data suggest that the events in early embryonic mouse
lung development may be partially mediated by different BLP
ligands and/or receptors. The induction of branching by BLPs in
our system is completely blocked by the specific bombesin re-
ceptor antagonist L13BN, but this antagonist could block a novel

H345 H82 H82
i A +FN

GRP

Actin

Fic. 6. Induction of GRP transcripts in cultured pulmonary epi-
thelial cells by fibronectin. The poorly differentiated SCLC cell line
H82 was cultured for 24 hr in uncoated tissue culture flasks (=) or in
flasks that had been precoated with bovine plasma fibronectin (+FN).
Note the absence of GRP transcripts in untreated H82 and strong
induction of GRP gene expression in fibronectin-treated cells. The
classic SCLC cell line H345 was used as a positive control, because this
cell line is known to produce high levels of GRP (33).
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phyllolitorin receptor as well. Note that 100 times as much
bombesin is required to achieve the same effect on branching as
L8PL, suggesting that induction of branching may be primarily a
phyllolitorin-mediated effect. The observation of highly signifi-
cant branching at low concentrations of L8PL suggests that a

yet-to-be-identified mammalian phyllolitorin and/or phyllolitorin

receptor may be implicated in these processes. Amino acid
analyses of BLPs in bronchoalveolar lavage fluid from human
smokers have already suggested the presence of a mammalian
pulmonary phyllolitorin (17).

Mechanisms for BLP-induced branching are likely to include
regional cell proliferation, altered cell adhesion, or cell motility.
Studies of fetal rabbit lung development demonstrated that GRP
induced increased [*H]thymidine labeling of non-NE pulmonary
cells but not of pulmonary NE cells (41). BLPs may promote
branching also in part by stimulating production of extracellular
matrix components such as fibronectin or laminin (23, 24). Our
demonstration of induction of GRP gene expression in undiffer-
entiated SCLC cells by exposure to fibronectin-coated plates
suggests that fibronectin may induce the NE phenotype in
undifferentiated precursors, creating a positive paracrine feed-
back loop with cell differentiation taking place in parallel with
branching morphogenesis. Extracellular matrix components, in-
cluding fibronectin and laminin, have been implicated in the
differentiation of other cell types, including NE cells (39, 42).
Fibronectin and laminin have been implicated in lung branching
morphogenesis because specific blocking peptides or monoclonal
antibodies inhibit branching (23, 24). Thus, pulmonary NE cell
differentiation and the formation of branchpoints may be inter-
dependent, with reciprocal induction occurring during develop-
ment. In addition, BLPs may directly alter epithelial cell migra-
tion. Bombesin has been reported to stimulate chemotaxis of
macrophages and SCLC (epithelial) cell lines (43). BLPs may
trigger the release of a soluble branching factor such as hepato-
cyte growth factor (44) or basic fibroblast growth factor (45) from
pulmonary fibroblasts or primitive mesenchymal cells, which
could act in a secondary manner to promote branching by altering
cell migration. In conclusion, the present study suggests that the
localization of the majority of pulmonary NE cells at airway
branchpoints may be related to the secretion of peptides such as
BLPs. A chemical gradient of BLPs and peptide receptors, in
turn, may stimulate cell proliferation and local mesenchymal
processes such as fibronectin production, leading to branching
morphogenesis of airways and blood vessels.
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