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Rationale: Bombesin-like peptides promote fetal lung development.
Normally, levels of mammalian bombesin (gastrin-releasing peptide
[GRP]) drop postnatally, but these levels are elevated in newborns
that develop bronchopulmonary dysplasia (BPD), a chronic lung
disease characterized by arrested alveolarization. In premature
baboons with BPD, antibombesin antibodies reduce lung injury and
promote alveolarization.
Objectives: The present study tests whether exogenous bombesin
or GRP given perinatally alters alveolar development in newborn
mice.
Methods: Mice were given peptides intraperitoneally twice daily
on Postnatal Days 1–3. On Day 14 lungs were inflation-fixed for
histopathologic analyses of alveolarization.
Measurements and Main Results: Bombesin had multiple effects on
Day 14 lung, when alveolarization was about half complete. First,
bombesin induced alveolar myofibroblast proliferation and in-
creased alveolar wall thickness compared with saline-treated con-
trol animals. Second, bombesin diminished alveolarization in
C57BL/6 (but not Swiss-Webster) mice. We used receptor-null mice
to explore which receptors might mediate these effects. Compared
with wild-type littermates, bombesin-treated GRP receptor (GRPR)–
null mice had increased interstitial fibrosis but reduced defects in
alveolarization. Neuromedin B (NMB) receptor–null and bombesin
receptor subtype 3–null mice had the same responses as their wild-
type littermates. GRP had the same effects as bombesin, whereas
neither NMB nor a synthetic bombesin receptor type 3 ligand had
any effect. All effects of GRP were abrogated in GRPR-null mice.
Conclusions: Bombesin/GRP can induce features of BPD, including
interstitial fibrosis and diminished alveolarization. GRPR appears
to mediate all effects of GRP, but only part of the bombesin effect
on alveolarization, suggesting that novel receptors may mediate
some effects of bombesin in newborn lung.
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Bombesin is a 14–amino acid peptide originally identified in 1971
by Erspamer in skin of the frog Bombina bombina (1–3). Using
antibodies to amphibian bombesin, a 27–amino acid mammalian
homolog was identified by McDonald and termed gastrin-
releasing peptide (GRP) (4). GRP and bombesin share a highly
conserved seven–amino acid C-terminus, which is required for
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immunogenicity and high-affinity binding to physiologic recep-
tors. Thus, bombesin and GRP are referred to collectively as
“bombesin-like peptides” (BLPs), because both peptides bind to
and elicit the same physiologic effects at mammalian bombesin/
GRP-preferring receptors. BLP immunoreactivity is widely dis-
tributed in the central nervous system, the lung, and the gut,
but the highest levels occur in mid-gestation human fetal lung
(2, 5).

During lung development, the first epithelial cells to differen-
tiate are the pulmonary neuroendocrine cells (6, 7), which con-
tain high levels of BLP immunoreactivity. BLP can promote
growth and maturation of developing fetal lung in humans, non-
human primates, rats, and mice (8–10). Levels of GRP receptor
(GRPR) and GRP mRNAs peak during the canalicular phase,
then fall to much lower levels during normal alveolarization
after birth (8, 11).

Bronchopulmonary dysplasia (BPD), also known as chronic
lung disease of newborns, is the most prevalent of the long-term
sequelae that affect surviving preterm infants. The pathophysiol-
ogy of BPD is multifactorial, with contributing factors including
barotrauma, oxygen toxicity, and pulmonary immaturity (12, 13).
Increased numbers of BLP-positive pulmonary neuroendocrine
cells have been observed in infants dying with BPD (14). Ele-
vated urine BLP during the first week after birth is a strong risk
factor for premature human infants, associated with a 10-fold
increased risk of developing BPD, occurring shortly after birth
in a majority of premature human infants who later develop BPD
(15). Similarly, elevated urine BLP levels occur in premature
newborns from two different baboon models of BPD (16). As
a potent growth factor for normal bronchial epithelial cells and
embryonic fibroblasts, and a direct bronchoconstrictor, BLP could
promote peribronchiolar fibrosis, obliterative bronchiolitis, and re-
active airways disease, which are characteristic of BPD (2, 3, 17,
18). Consistent with this hypothesis, the blocking anti-BLP antibody
2A11 given postnatally abrogates clinical and pathologic parame-
ters of lung injury in baboons at risk for BPD (16).

The present study addresses two novel hypotheses: first, that
BLP given to developing mouse pups can directly induce histo-
pathologic features of BPD; and second, that these changes are
mediated by one or more mammalian BLP receptors. The three
cloned mammalian bombesin receptor subtypes have distinct
distributions in the central nervous system and peripheral organs
(19), suggesting that they may transduce different biological
effects. These heptahelical G protein–coupled receptors are:
GRPR (20), neuromedin B receptor (NMBR) (21), and the
orphan bombesin receptor subtype 3 (BRS3) (22). GRPR-null
mice manifest increased locomotor activity, whereas analyses of
NMBR-null mice support a role for NMBR in thermoregulation
(20, 21). Finally, mice lacking BRS3 develop hyperphagia, obe-
sity with associated hypertension, reduced metabolic rate, and
impaired glucose metabolism (22).

It is known that both GRP and bombesin bind to the same
high-affinity bombesin/GRP–preferring receptor, leading to
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essentially identical effects in mammalian systems, which is due
to their shared bioactive amidated carboxy terminal sequence
(2). In fact, amphibian bombesin binds and functions approxi-
mately fourfold better than GRP itself at the mammalian
bombesin/GRP receptor, apparently due to conformational dif-
ferences related to its lower molecular weight that permit greater
access to GRPR cell-surface receptors in tissues (23–25). Cumu-
latively, these observations provided our rationale for choosing
bombesin as well as GRP for the present studies. To evaluate
the possible contribution of other bombesin-related peptides, we
also tested NMB and a synthetic BRS3 ligand (26). Subsequent
studies in GRPR, NMBR, and BRS3 knock-out (KO) mice were
performed to determine which receptor might be mediating alve-
olar changes in response to BLP.

Finally, the experimental design was chosen in an attempt to
recapitulate the molecular events occurring in infants that de-
velop BPD (27). In human infants with BPD, an elevated BLP
level in the first 5 d after birth is a strong risk factor for developing
BPD 2–3 mo later. In 2 baboon models of BPD, elevated BLP
in the first 3 d after birth was closely correlated with impaired
pulmonary function 10–21 d later.

This work was presented in part at the meeting of the Pediat-
ric Research Society in 2002 (28).

METHODS

Animals

The National Institutes of Health Guide for the Care and Use of
Laboratory Animals was strictly adhered to throughout this study.

Timed-pregnant Swiss Webster mice were from Charles River Labo-
ratories (Wilmington, MA). GRPR-, NMBR-, and BRS3-KO mice were
inbred into a C57BL/6 background for 10 generations or more. Tail
DNA was prepared as previously described (20, 22). Mice were geno-
typed using polymerase chain reaction for GRPR, NMBR, and BRS3
as previously described (20, 22). Wild-type (WT) littermates were the
matched control animals for the KO mice in all experiments. Mice were
killed on Postnatal Day 14 using CO2, lungs were inflated in situ (details
given in online supplement) and fixed overnight in 4% paraformalde-
hyde, then processed into paraffin.

Experimental mice were divided into four groups. Groups 1 and 2
are referred to as “prenatal,” and Groups 3 and 4 as “postnatal”:

Group 1: bombesin at 200 �g/kg in phosphate-buffered saline (PBS)
was administered intraperitoneally twice daily to pregnant mice at
Embryonic Days 14–16 (8).

Group 2: an equal volume of PBS was given intraperitoneally in parallel
with Group 1.

Group 3: Bombesin was given intraperitoneally twice daily for 3 d to
pups beginning at 24 h of age (P1–P3). In some experiments, GRP,
NMB, or BRS3 ligand were tested using doses at equivalent molarity
to 200 �g/kg bombesin. Bombesin, GRP, and NMB were from
Peninsula Laboratories (San Carlos, CA). The BRS3 ligand was
provided by Dr. David Coy at Tulane University, New Orleans, LA
(26).

Group 4: an equal volume of PBS was given intraperitoneally twice
daily at P1–P3. Mice were weighed daily to determine the proper
volume for 200 �g/kg/injection. This dose was previously determined
to elicit significant responses in fetal mouse lung (8).

Immunostaining

A variation of the avidin-biotin complex technique was used (16). De-
tailed methods are given in the online supplement. The primary antibod-
ies are mouse monoclonals: anti–�-smooth muscle actin (SMA): clone
1A4 (Sigma, St. Louis, MO); and anti–proliferating cell nuclear antigen
(PCNA): clone PC10 (Dako, Carpinteria, CA).

Morphometric Analyses

General. Digitized images were captured at 20� magnification using a
Nikon Labphot camera (Nikon, Tokyo, Japan). A total of 8–20 20�

images were taken randomly from each lung lobe per mouse, using
nonoverlapping fields at 3, 6, 9, and 12 o’clock.

PCNA. The percentage of nuclei with PCNA staining was calculated
as follows: (no. PCNA-positive cells)/(total no. nucleated cells, both
positive and negative) � 100%.

SMA. A 365-point grid was superimposed on each captured field.
The volume–percent of SMA-positive lung tissue was calculated as
follows: (total number of SMA-positive points)/(365 � [positive points
over airspaces]) � 100%.

Alveolar wall thickness. Using the same images, approximately
60–80 lines per field were drawn perpendicular to the narrowest segment
of primary and secondary alveolar septa. The mean length of lines
crossing the septa was determined using Scion Image (Scion Corp.,
Frederick, MD) (29).

Mean linear intercept. Using a predetermined grid with randomly
distributed lines totaling 1-mm in length, mean linear intercept (MLI)
was calculated as follows: 1/(no. air–tissue interfaces) � 1000, yielding
the average distance between two air–tissue interfaces in microns.

Statistical Analysis

Data are given as mean � SEM, determined using one-way analysis
of variance. Statistical significance was defined as p � 0.05.

RESULTS

PCNA Immunostaining

The first approach of the current investigation was to determine
whether bombesin treatment alters cell proliferation in devel-
oping postnatal lung, because BLP was previously demonstrated
to be to be a potent growth factor for normal bronchial epithelial
cells, lung cancer cell lines, and fetal lung (2, 8, 30). We per-
formed immunostaining for the cell cycle–specific marker,
PCNA, which is expressed only by actively dividing cells with a
half-life of 20 h. We chose the experimental design described
here in an attempt to recapitulate the molecular events occurring
in infants that develop BPD, who have elevated BLP levels
shortly after birth followed by lung disease weeks to months
later (16, 27).

Representative photomicrographs are given in Figure 1.
Compared with PBS-treated control mice (n � 6) (Figure 1A),
pups treated with bombesin either prenatally or postnatally
(n � 8–9 in each group) (Figure 1B) had increased relative
numbers of PCNA-positive lung cells. The increased PCNA la-
beling was localized predominantly to alveoli (Figure 1B, red
arrows), but was also evident in airway epithelium (Figure 1B,
black arrows), as compared with PBS-treated control animals
(Figure 1A). Morphometric analyses demonstrated a threefold
increase in the percentage of nuclei that were PCNA-positive,
both in the developing alveoli (Figure 1C) and in airway epithe-
lium (data not shown). Mice treated either prenatally or postna-
tally had essentially identical bombesin-induced PCNA
responses.

To identify which cells are proliferating in the developing
alveoli, we performed immunofluorescence analysis for SMA
(green) and surfactant protein C (SPC; red) in slides that had
been previously immunostained for PCNA. Representative re-
sults from a mouse treated postnatally with bombesin are given
in Figure 1D. Over 80% of the PCNA-positive cells (left panel)
were also SMA-positive (Figure 1D, arrows indicate cells with
cytoplasmic SMA green fluorescence superimposed on PCNA-
immunopositive nuclei). Less than 5% of the PCNA-positive
cells were SPC-positive (Figure 1E, long arrow). About 10–20%
of the PCNA-positive cells did not label with either SMA or
SPC, and most of these appeared to be airway epithelial cells,
endothelial cells, or inflammatory cells (data not shown).

PCNA labeling was then examined in untreated KO mice
on a C57BL/6 background. The untreated KO mice were age-
matched with the bombesin-treated KO mice (i.e., 14 d of age),



Ashour, Shan, Lee, et al.: Bombesin Inhibits Alveolarization 1379

Figure 1. Bombesin (BN) increases alveolar cell prolifera-
tion in newborn Swiss-Webster mice as assessed by prolifer-
ating cell nuclear antigen (PCNA) immunostaining. Swiss-
Webster mice were treated with BN or phosphate-buffered
saline (PBS) prenatally (E16–E18) or postnatally (P1–P3),
as detailed in METHODS. All of the lungs analyzed in this
study were from Postnatal Day 14 animals. Immunostaining
for PCNA was performed to evaluate the prevalence of
alveolar cell proliferation in lung tissue sections. Details of
computerized image analysis are given in METHODS. (A )
Representative section of lung from mouse given PBS post-
natally. Note several PCNA-positive nuclei lining airspaces
(red arrows). There are also scattered PCNA-positive cells in
the airway epithelium (black arrows). (B ) Lung from mouse
given BN (200 �g/kg) postnatally. There are numerous
PCNA-positive nuclei in the alveolar walls (many are indi-
cated by red arrows). There are also multiple PCNA-positive
cells in the airway epithelium (some indicated by black
arrows). (C ) Results of morphometric analyses determining
the percentage of nuclei in the alveolar wall that are PCNA-
positive. Mice treated with BN either prenatally or postna-
tally have over a threefold increase in the percentage of
PCNA-positive cells (*p � 0.0001 compared with corre-
sponding PBS-treated control group). (D ) Immunohisto-
chemistry using lung slides from mice treated with BN
demonstrated PCNA labeling by bright-field microscopy
merged with SMA immunofluorescence (arrows indicate
cells with green cytoplasm and PCNA-positive nuclei). (E )
In contrast, PCNA positivity only infrequently colocalized
with surfactant protein C (SPC), a marker of alveolar type
II cells. Note red cytoplasm indicating SPC immunoreactiv-
ity in a cell with PCNA positivity (arrow). Scale bar in lower
left corner of (A) and (B) � 50 �m. L � airway lumen; V �

vessel.

when alveolarization was about half complete. For all three BLP
receptors (GRPR, NMBR, and BRS3), the same observation
was made: at baseline, there was no significant difference in
PCNA labeling between KOs (n � 7) and WT littermates (n � 7)
(Figure 2A). Also, there was no difference in PCNA labeling
between untreated mice and mice treated with PBS postnatally,
in either KO or WT mice (data not shown).

Next, we evaluated PCNA labeling in KO mice treated post-
natally with bombesin. We used only postnatal treatment be-
cause the KO mice have reduced fertility, which limited the
number of feasible experiments. The results of three experiments
are given in Figure 2, with pooled results of quantitative morpho-
metry summarized in Figure 2A. Compared with untreated WT
C57BL/6 mice (Figure 2A), bombesin-treated WT C57BL/6 pups
had a doubling in the percentage of alveolar cells with PCNA-
positive nuclei (Figures 2A and 2B, red arrows). In the same
animals, there was no difference in PCNA labeling of airway
epithelial cells. Paradoxically, bombesin-treated GRPR KO mice
demonstrated significantly more PCNA labeling of cells in the
distal lung (Figures 2A and 2C, red arrows). In contrast, there
was no difference in relative numbers of PCNA-labeled nuclei

between NMBR or BRS3 KO mice and their WT littermates
(data not shown).

�-SMA Immunostaining

We next tested the hypothesis that bombesin treatment regulates
interstitial fibrosis by altering the relative numbers of myofi-
broblasts, which are the proliferating subtype of fibroblasts in-
volved in fibrotic reactions, and are SMA-positive.

In the first series of experiments, bombesin was given to
Swiss-Webster mice either prenatally or postnatally, as described
previously here, and lungs were harvested at P14. Representative
photomicrographs of SMA-immunostained slides from mice
treated postnatally are presented in Figures 3A and 3B (PBS-
and bombesin-treated, respectively). By morphometric analysis
(Figure 3C), there was a three-to fourfold increase in the volume
percent of SMA immunostaining in mice given bombesin prena-
tally or postnatally compared with PBS-treated control mice.
Much of this increase was in the form of interstitial SMA positi-
vity (Figures 3A and 3B, red arrows), rather than the normal
SMA positivity that occurs at the tips of developing septa
(Figures 3A and 3B, black arrows). It should be noted that SMA
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Figure 2. Bombesin-induced alveolar cell proliferation in GRPR-WT and
GRPR-KO mice. GRPR KO and WT mice on a C57BL/6 background were
treated with BN or PBS postnatally (P1–P3), and immunostaining for
PCNA was performed as described in Figure 1. (A ) Results of morpho-
metric analyses determining the percentage of nuclei in the alveolar
wall that are PCNA-positive. There was no significant difference in PCNA
labeling between untreated WT and untreated KO mice (KO is 1.4-fold
greater than WT; p � 0.30). KO mice treated with BN, however, had
significantly more PCNA-labeling than BN-treated WT littermates
(†p � 0.02). Both WT and KO mice had significant BN-induced responses
compared with the corresponding untreated control animals
(**p � 0.0001 for KO mouse responses, and *p � 0.005 for WT mouse
responses). (B ) Representative section of lung from GRPR-WT mouse
given BN. Note several PCNA-positive nuclei in developing alveoli (red
arrows). (C ) Representative section showing PCNA immunostaining of
lung from BN-treated GRPR-KO mouse. There are numerous PCNA-
positive nuclei in the alveolar walls (many are indicated by red arrows).
L � airway lumen.

positivity associated with airways (data not shown) and blood
vessels (Figures 3A and 3B, V, red asterisk) was excluded from
the analysis. The magnitude of these data are similar to results
with PCNA immunostaining (described previously here).

In the second series of experiments, SMA labeling was ana-
lyzed in untreated KO mice (on a C57BL/6 background) and
their WT littermates. GRPR-null mice (n � 6) had a 1.5-fold
increase in the volume percent of SMA staining when compared
with control littermates (n � 7) (p � 0.02). However, in untreated
NMBR and BRS3 mice, there was no significant difference in
SMA labeling between KOs (n � 7) and WT littermates (n �
7) (data not shown). Also, there was no difference in SMA
labeling between PBS-treated and untreated mice, in either KO
or WT animals (data not shown).

In the third series of experiments, GRPR-null, NMBR-null,
and BRS3-null pups were treated with bombesin intraperitone-
ally from P1–P3. Again, we chose to treat postnatally because
the number of KO mice was limited and postnatal bombesin is
most similar to the elevated BLP levels occurring postnatally
in premature infants with elevated BLP during the period of
alveolarization. The results of these experiments are given in

Figure 3. Bombesin increases SMA-positive cells in alveoli of newborn
mice. Swiss-Webster mice were treated with BN or PBS prenatally (E16–
E18) or postnatally (P1–P3), as described in METHODS. Immunostaining
for SMA was performed to determine the prevalence of myofibroblasts
in developing alveoli. Black arrows indicate SMA-positive cells along the
surface of alveolar spaces, consistent with developing septa. Red arrows
indicate SMA-positive cell(s) within the interstitium. (A ) Representative
section of lung from mouse given PBS postnatally. Inset: note SMA-
positive cells predominantly at the tips of developing septa (a few are
indicated by black arrows). (B ) Representative section of lung from
mouse given BN postnatally. Compared with (A ), there is an increased
volume percent of SMA-positive cells, most of which occurs in the
alveolar interstitum (red arrows), as shown at higher magnification in
the inset. V � vessel, also indicated by red asterisk. Scale bars in lower
left corners of (A ) and (B ) � 50 �m. (C ) Results of morphometry
assessing SMA-positive cells in developing alveoli. Mice treated with
BN either prenatally or postnatally had � threefold increased volume
percent of myofibroblasts (*p � 0.0001 and **p � 0.01 compared with
corresponding PBS-treated control group). There was no significant
difference between mice given PBS prenatally versus postnatally.

Figure 4. Bombesin-treated GRPR WT pups had a twofold in-
crease in interstitial SMA positivity (p � 0.001 compared with
untreated WT control animals), which was predominantly inter-
stitial (Figure 4B, red arrows) rather than at developing septal
tips (Figure 4B, black arrows). In contrast, bombesin-treated
GRPR KO pups had increased SMA-positivity representing
about a threefold increase over baseline values for the untreated
KO mice (p � 0.001). Most of this SMA immunoreactivity was
interstitial (Figure 4C). Bombesin-treated KO mice had signifi-
cantly more SMA positivity compared with bombesin-treated
WT littermates (p � 0.001).

There was no significant difference in SMA staining for either
NMBR-null or BRS3-null mice (n � 3 each) compared with
their WT littermates (n � 5) (data not shown). These data are
consistent with the increased PCNA immunostaining in lung
parenchyma of GRPR-null mice compared with their WT
littermates.
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Figure 4. Bombesin-induced SMA-positivity is enhanced in GRPR-KO
mice. GRPR-WT and GRPR-KO mice were treated with BN postnatally
(P1–P3), as described in the legend to Figure 2. Immunostaining for
SMA was performed as in Figure 3. Black arrows indicate SMA positivity
consistent with developing septa. Red arrows indicate SMA-positivity
within the interstitium. (A ) Results of morphometry assessing the volume
percent of SMA-positive cells in developing alveoli. Mice treated with
BN have �2 to 3-fold increased volume percent of myofibroblasts
(*p � 0.0001 compared with the corresponding untreated control
group). Bombesin-treated KO mice have significantly more SMA stain-
ing than BN-treated WT mice (twofold greater volume percent of SMA;
†p � 0.001). (B ) Representative section of lung from GRPR-WT mouse
given BN. (C ) Representative section of lung from GRPR-KO mouse
given BN. Compared with Figure 2B, there is an increased prevalence
of SMA-positive cells, especially in the alveolar interstitum (red arrows).
V � vessel, also indicated by red asterisk.

Alveolar Wall Thickness

During the initial slide review, we observed increased interstitial
thickness as a prominent and consistently noticeable feature of
the bombesin-treated lungs. Alveolar wall thickness was mea-
sured in a rigorous and exhaustive fashion, restricting the analysis
to lobes that were well inflated. Using the hematoxylin and
eosin–stained slides, we measured alveolar wall thickness in PBS-
treated Swiss Webster mice (n � 6–8; Figure 5A) and pups from
the same litters treated with bombesin (n � 8–10; Figure 5B).
The pooled results of these quantitative analyses are given in
Figure 5C. There is a significant increase (� 24–27%) in alveolar
wall thickness in bombesin-treated mice as compared with con-
trol mice (p � 0.0001), whether mice were treated prenatally or
postnatally. These data are highly significant and closely corre-
late with increased numbers of proliferating SMA-positive cells
in the interstitium. The same results of increased alveolar wall
thickness were obtained with GRP treatment of C57BL/6 mice.
In contrast, GRP-treated GRPR KO mice did not demonstrate
any increase in alveolar wall thickness compared with untreated
GRPR KO littermates, whereas GRPR WT littermates did have
increased alveolar wall thickness with GRP treatment (data not
shown).

Alveolarization

As a general index of lung growth and alveolar development,
we measured lung weights and volumes, which were then normal-
ized for the total body weight of each pup. There were no signifi-
cant differences between the groups (data not shown), but there
was considerable variability within each group. Some of this
variability could be related to the difficulty in measuring accurate
lung volumes on the small P14 lungs.

We turned to a more specific measurement of alveolar septal
development: MLI, measured as described in Methods. In out-
bred Swiss-Webster mice, there was no significant difference in
MLI between bombesin-treated and PBS-treated pups (data not
shown). However, there was a significant bombesin-induced de-
crease in alveolarization in GRPR-WT mice, which are inbred
onto a C57BL/6 background for over 12 generations. As shown
in Figure 6A, untreated GRPR-WT mice have well developed
alveoli at Postnatal Day 14; PBS-treated GRPR-WT mice
appeared identical (data not shown). At baseline, GRPR-KO
mice had the same MLI (Figure 6B) as the WT littermates
(Figure 6A). Bombesin-treated GRPR-WT mice had a marked
increase in the MLI (1.5-fold), reflecting fewer alveolar septa
and larger alveoli (Figure 6C). Bombesin-treated GRPR-KO
mice also had increased MLI (Figure 6D), but this increase was
smaller in magnitude (1.25-fold) than that in the WT littermates.
The average MLI for each group is given in Figure 6E. There
was a significant difference in MLI between bombesin-treated
GRPR-KO and bombesin-treated WT mice (p � 0.001).

We performed additional experiments treating newborn mice
with GRP, NMB, and a synthetic BRS3 ligand, (DTyr6,[R-Apa11,
Phe13, Nle14]Bombesin-[6–14]) (31), using doses that are equimo-
lar to 200 �g/kg bombesin (detailed in the online supplement).
GRP has the same effects on alveolarization as bombesin (Figure
6F). The effect of GRP on alveolarization was completely abro-
gated in GRPR KO mice (Figure 6F), indicating that this effect
is entirely mediated by the bombesin/GRP–preferring receptor.
In contrast, NMB had no effect on lung histopathology (data
not shown). We also tested the synthetic BRS3 ligand (31) ac-
cording to the same protocol, but no effects on lung histopathol-
ogy were observed (data not shown). In summary, it appears
that GRP is the mammalian peptide relevant to decreased alveo-
larization because GRP elicits the same responses as bombesin,
whereas equivalent doses of NMB or a BRS3 ligand have no
effect. GRPR mediates all of the GRP effects and much of the
bombesin effect on alveolarization, but we do not know which
receptor is mediating the remainder of the decreased alveolariza-
tion or the interstitial fibrosis in response to bombesin.

DISCUSSION

The objective of the present study was to test two hypotheses:
(1) elevated BLP levels during perinatal development can lead
to changes in lung histopathology that are characteristic of BPD;
and (2) effects of BLP on developing lung are mediated via one
or more of the three cloned mammalian BLP receptors. The
major histopathologic changes that we observed were: (1) a
significant increase in alveolar wall thickness that closely corre-
lates with increased numbers of proliferating SMA-positive cells
in the interstitium; and (2) a significant decrease in alveolariza-
tion in C57BL/6 (but not Swiss-Webster) mice.

Our observations support the hypothesis that GRP contrib-
utes to the interstitial fibrosis and decreased alveolarization that
are characteristic of BPD (12). It is intriguing that an early
elevation in bombesin or GRP levels in newborn mice could
result in altered alveolar structure weeks later. We chose the
described experimental design in an attempt to recapitulate the
sequence of events occurring in infants that develop BPD. In
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Figure 5. Bombesin increases alveolar wall thickness in al-
veoli of newborn mice. Swiss-Webster mice were treated
with BN or PBS, as described in the legend to Figure 1.
Lung tissue sections were stained with hematoxylin and
eosin (H&E) to demonstrate alveolar architecture. Repre-
sentative red lines are drawn at 90	 across alveolar septa.
(A ) Representative section of lung from a mouse given
PBS postnatally. (B ) Representative section of lung from a
mouse given BN postnatally. Scale bar in lower right hand
corners � 30 �m. (C ) Results of morphometry assessing
alveolar wall thickness. Mice treated with BN either prena-
tally or postnatally have a � 20–25% increase in alveolar
wall thickness (*p � 0.0001compared with the correspond-
ing PBS-treated control group).

human infants with BPD, an elevated BLP level in the first 5 d
after birth confers a 10-fold increased risk for developing BPD
2–3 mo later (15). In two baboon models of BPD, elevated BLP
in the first 3 d after birth is closely correlated with impaired
pulmonary function 10–21 d later (16). There is no correlation
between early BLP elevation and early parameters of lung func-
tion, nor is there any correlation between late BLP elevation
(at 10–14 d) and late impairment of pulmonary function (16)
(M. Sunday, unpublished data). These observations are reminis-
cent of rat studies in which prenatal dexamethasone resulted in
altered alveolar structure at Postnatal Day 14, but not Postnatal
Day 2 (32). Although we do not yet know the mechanism for
the observed late effects of early bombesin treatment, it should
be kept in mind that bombesin can function as a neuroregulatory
hormone, altering the production of other regulatory peptides,
including insulin and adrenocorticotropic hormone, and modu-
lating expression of growth factor receptors, such as EGFR and
GRPR (33). In previous work, we demonstrated that the same
dose of bombesin is locally active over a short time course in
mice in utero or in fetal lung organ cultures (8). The present
study extends those earlier experiments by addressing late conse-
quences of early BLP elevation. The late PCNA labeling is
consistently elevated in pups treated early with bombesin, consis-
tent with a late effect that is likely downstream from the initial
BLP binding to its cognate receptor, via a mechanism that is
secondary or indirect.

In newborn mice, GRP has the same effects on alveolarization
as bombesin, and these effects are completely abrogated in
GRPR KO mice, indicating that GRPR mediates this effect of
GRP. In contrast, neither NMB nor a BRS3 ligand has any effect
on lung histopathology. Our observations are consistent with
numerous pharmacokinetic studies indicating that GRP and
bombesin are nearly identical in mammalian systems, due to
their shared bioactive amidated carboxyterminal sequence, both
binding to the same high-affinity bombesin/GRP–preferring re-
ceptor. In fact, amphibian bombesin binds to and functions better
at the mammalian bombesin/GRP receptor than does GRP itself,

probably due to conformational differences related to its smaller
molecular weight that permit greater access to the cell-surface
GRPR in tissues (23–25). Three of the four amino acids required
for high-affinity bombesin binding to GRPR are also required
for high-affinity GRP binding (34, 35). The peptide-specific bind-
ing site for GRP has been mapped to the third extracellular
domain (35), whereas NMB selectivity has been mapped to the
fifth transmembrane region (36). Four times as much GRP or
300 times as much NMB is required to elicit the same responses
as bombesin (on a molar basis) at the bombesin/GRP–preferring
receptor (23). It is also known that bombesin does not apprecia-
bly bind to the BRS3 receptor (26, 34). In some experimentally
mutated receptors, however, bombesin has markedly higher af-
finity than does GRP (35), suggesting that a novel bombesin
receptor could, in fact, mediate effects of bombesin that might
persist in GRPR KO mice, as observed with bombesin-induced
interstitial fibrosis and decreased alveolarization in the present
study.

Normally, both GRP and the GRPR are expressed at low or
undetectable levels after birth, when alveolarization normally
takes place (33). Previously, we demonstrated that BLP pro-
motes growth and maturation of fetal murine lung (8, 37). In
the present study of bombesin-treated outbred mice, we demon-
strate a threefold increase in both cell proliferation and the
prevalence of myofibroblasts in the distal lung parenchyma, con-
sistent with early signs of pulmonary interstitial fibrosis, such
as occurs with BPD. Bombesin-treated GRPR KO mice had
increased interstitial fibrosis (distal parenchymal cell prolifera-
tion and increased myofibroblasts) that was significantly greater
than that in bombesin-treated GRPR-WT littermates. These
data suggest that GRPR does not mediate this effect of
bombesin, and could even protect against pulmonary interstitial
fibrosis in newborn mice, or simply that a novel BLP receptor
mediating the fibrosis is upregulated in a compensatory fashion
in the absence of GRPR. Interestingly, GRP-induced interstitial
thickening was completely abrogated in GRPR KO mice, further
supporting the concept that a novel receptor may be mediating
the bombesin effect on interstitial fibrosis.
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Figure 6. Bombesin and GRP arrest alveo-
larization. GRPR-WT and GRPR-KO mice
were treated with BN or left untreated, as
described in METHODS and in the legend to
Figure 2. Lung tissue sections were stained
with H&E to demonstrate alveolar archi-
tecture. Representative sections are given
in (A )–(D ): (A ) GRPR-WT, untreated.
(B ) GRPR-KO, untreated. (C ) GRPR-WT
treated with BN. (D ) GRPR-KO treated
with BN. * Pleural surface. Scale bar in
lower left hand corner � 50 �m. (E ) Re-
sults of morphometry for mean linear in-
tercept (MLI) in the above BN-treated
groups (n � 8–10 animals per group;
10–12 20� fields per animal) (*p � 0.0001
compared with corresponding untreated
group; †p � 0.001 compared with BN-
treated WT pups). (F ) Results of morpho-
metry for MLI in similar groups, but
treated with GRP rather than BN (n � 6–10
animals per group) (*p � 0.0001 com-
pared with either the GRP-treated KO
group or the corresponding PBS-treated
WT group).

It is unlikely that upregulation of NMBR and/or BRS3 would
account for the above observations in bombesin-treated GRPR
KO mice. First, neither NMB nor a synthetic BRS3 ligand had
any effect on lung histopathology in the described protocol.
Also, we did not observe any differences in mRNA levels for
NMBR or BRS3 in newborn GRPR KO mice. Finally, NMBR
and BRS3 KO mice had the same responses to bombesin as
their normal littermates, further arguing against the involvement
of NMBR and BRS3 in these responses.

Cumulatively, these observations suggest that a novel BLP
receptor may mediate the effects of bombesin on alveolarization
(in part) and interstitial thickening in developing lung. One possi-
bility might be a mammalian phyllolitorin receptor. Bronchoal-
veolar lavage fluid from smokers has been found to have high
levels of bombesin-like immunoreactivity most consistent with
a mammalian phyllolitorin (38). Phyllolitorins can stimulate cell
proliferation and branching morphogenesis in murine embryonic
lung buds (11). An amphibian phyllolitorin has been cloned (39),
but its mammalian homolog and a phyllolitorin receptor have
yet to be identified. However, phyllolitorins have only very low
affinity for GRPR (23), so it seems unlikely that a mammalian
phyllolitorin receptor reciprocally would mediate the bombesin-
induced effects observed in the present study.

Our analyses of alveolar development after bombesin treat-
ment have yielded additional novel observations. First, bombesin
diminished alveolarization in C57BL/6 mice, but not in outbred
Swiss-Webster mice, suggesting that this response depends on
background genes that are as yet unidentified. Second, GRPR-
KO mice are protected in part against this inhibitory effect of
bombesin on alveolarization, indicating that GRPR mediates a
significant part of the reduced alveolarization. These observa-
tions are of particular interest because only a subset (� 30%)
of premature infants develop BPD (40), and twin studies indicate
that genetic factors play an important role in human BPD (41).
Similarly, it has been suggested that elevated BLP levels in
humans might predict which adult patients will develop smoking-
related lung diseases, including emphysema (42). Analogous to
BPD developing in less than a third of oxygen-treated preterm
infants, only about 20% of smokers develop chronic lung disease,
and these appear to be the same patients that have elevated
BLP levels (43). Thus, increased BLP receptor signaling due to
increased BLP levels could be a common denominator for lung
diseases with decreased alveolarization, including both BPD and
emphysema.

The observed dissociation between interstitial fibrosis and
diminished alveolarization supports the concept that BPD can
result from the activation of multiple signaling pathways, even
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when a single peptide (bombesin or GRP) is used to mimic the
effect of hyperoxia in a premature infant. We have demonstrated
that increased BLP levels in baboons with BPD are directly
linked to oxidant exposure, because treatment of animals with
a novel antioxidant abrogates these increased BLP levels (18,
44). Similarly, GRP may have a role in acute lung injury (16,
45). In view of the fact that BPD is a multifactorial disorder,
it remains surprising that several characteristic histopathologic
features of BPD can be induced by a single peptide in a simple
newborn mouse model. The present study suggests that early
overproduction of BLP by pulmonary neuroendocrine cells
might be sufficient to trigger the cascade of events leading to
arrested alveolarization and interstitial fibrosis. In conclusion,
it appears that GRP is the relevant mammalian peptide because
it elicits the same responses as bombesin, whereas neither NMB
nor a BRS3 ligand has any effect. Detailed mechanisms underly-
ing these complex developmental pathobiological effects remain
to be explored.
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