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Abstract

We characterized the bombesin receptor population in the rat stomach and determined the receptor subtype mediating the contractile
effect of bombesin in the gastric fundus. Using in vitro receptor autoradiography, we evaluated the ability of the specific gastrin-releasing
peptide-preferring receptor antagonist [p-F,Phe® p-Alat! Joombesin-(6—13) methyl ester to inhibit binding of **°I-[Tyr*Jbombesin to the
gastric fundus, corpus and antrum. Binding to these regions was completely inhibited by [p-F,Phe®,p-Alatt]bombesin-(6-13) methyl
ester suggesting that these receptors are the gastrin-releasing peptide-preferring subtype. We found that the rank order of potency for the
contractile effect of bombesin, and the related mammalian peptides neuromedin C and neuromedin B, was bombesin > neuromedin
C > neuromedin B. [p-F,Phe® p-Alal!]bombesin-(6—13) methyl ester was equipotent in antagonizing contractions produced by all three
peptides. Furthermore, receptor tachyphylaxis to either neuromedin C or neuromedin B abolished the subsequent contractile response
elicited by neuromedin C and neuromedin B, suggesting that one bombesin receptor subtype mediates rat gastric fundal contractions.
Together, these results demonstrate that the bombesin receptor subtype in the rat stomach is gastrin-releasing peptide-preferring subtype

and that this subtype is responsible for the effects of bombesin-like peptides on fundal smooth muscle contraction.
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1. Introduction

Bombesin-like peptides encompass a large family of
structurally related mammalian and amphibian peptides. At
present, there are three mammalian bombesin-like peptides
that have been identified. These are gastrin-releasing pep-
tide (McDonald et al., 1979) and its decapeptide fragment
neuromedin C (GRP18-27) (Minamino et al., 1984) which
both share the identical heptapeptide amino acid sequence
with that of bombesin, and neuromedin B (Minamino et
al., 1983) which differs from these by one amino acid
substitution. These structural differences have led to the
classification of bombesin-like peptides into subfamilies
and subsequently to the characterization of two distinct
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bombesin receptor subtypes (Von Schrenck et al., 1989).
The ‘gastrin-releasing peptide-preferring’ receptor subtype
was first described in pancreatic acinar cells and is charac-
terized by having a high affinity for gastrin-releasing
peptide, neuromedin C and bombesin and a low affinity for
neuromedin B. The ‘neuromedin B-preferring’ receptor
subtype was characterized in esophageal muscularis mu-
cosa and has ahigh affinity for neuromedin B and bombesin
and a low affinity for gastrin-releasing peptide and neu-
romedin C. Antagonists with different affinities for these
receptor subtypes have been developed (Jensen and Coy,
1991) and used to differentiate receptor subtypes in the
central nervous system and determine the subtype respon-
sible for mediating some of bombesin’s behavioral and
pharmacologica effects (Flynn, 1992; Ladenheim et al.,
1993; Vargaet al., 1991, 1995; Von Schrenck et al., 1990).

Bombesin-like immunoreactivity (Costa et al., 1984,
Namba et al., 1985) and high affinity binding sites for
bombesin (Moran et a., 1987) have been identified
throughout the mammalian gastrointestinal tract where
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bombesin-like peptides €licit potent pharmacological ac-
tions including contraction of smooth muscle, release of
several gastrointestinal peptides and stimulation of pancre-
atic enzyme secretion (Erspamer et al., 1988; Jensen et 4.,
1988; Kaneto et al., 1978).

Earlier work using in vitro smooth muscle preparations
described differences in the potency of various bombesin-
like peptides to induce contractions depending upon the
segment of the gastrointestinal tract being tested (Erspamer
et al., 1988; Rouissi et a., 1991). In some preparations, the
contractile response to bombesin, neuromedin B and gas-
trin-releasing peptide was equivalent, whereas in others
bombesin and gastrin-releasing peptide were much more
potent than neuromedin B. More recent work has shown
that incubation of colonic smooth muscle cells with gas-
trin-releasing peptide and neuromedin B receptor antisense
oligonucleotides eliminated the contractile response pro-
duced by bombesin, neuromedin B and gastrin-releasing
peptide (Bitar and Zhu, 1993). Also, Varga et a. (1995)
recently reported that the delay in gastric emptying pro-
duced by neuromedin C and neuromedin B was mediated
by distinct bombesin receptor subtypes. Together, these
findings demonstrate that multiple receptor subtypes are
likely to be present in the gastrointestinal tract and these
receptor subtypes differentially mediate the various actions
of bombesin-like peptides.

Despite a variety of functional results supporting the
existence of multiple bombesin receptor subtypes in the
mammalian gastrointestinal tract, there have been no stud-
ies characterizing binding to these subtypes or examining
their relative distribution in various gastrointestinal seg-
ments or tissue layers. The purpose of this study was to
characterize the bombesin receptor subtype(s) found in the
rat stomach, the gastrointestinal region possessing the
highest density of bombesin binding sites. We used in vitro
receptor autoradiography to examine the competitive inhi-
bition of binding of 2*I-[Tyr*]bombesin by the specific
gastrin-releasing peptide-preferring receptor antagonist, [p-
F;,Phe®,p-Ala Joombesin-(6—13) methyl ester. This antag-
onist can distinguish between the two receptor subtypes
because of its high affinity for the gastrin-releasing pep-
tide-preferring receptor subtype and low affinity for the
neuromedin B-preferring subtype (Coy et a., 1992; Laden-
heim et al., 1993). We aso characterized the receptor
subtype(s) mediating the contractile response produced by
bombesin, neuromedin C and neuromedin B in the rat
gastric fundus using an in vitro tissue bath preparation.

2. Materials and methods
2.1. Receptor autoradiography

Adult male Sprague-Dawley rats were used for all
experiments. Animals were lightly anesthetized with ether
and killed by decapitation. Gastrointestinal segments from
the esophagus, gastric fundus, corpus and antrum were

removed, rinsed and rapidly frozen in isopentane (2-meth-
ylbutane) which had been cooled on dry ice. Tissue seg-
ments were cut on a cryostat at —20°C at a thickness of 20
pm and thaw-mounted onto gelatin-coated dlides. They
were then stored in a freezer at —70°C for later use.

For receptor binding studies, tissue sections were prein-
cubated at room temperature in 50 mM 2-[N-
morpholinolethane-sulfonic acid buffer containing 0.5%
bovine serum albumin at pH 6.5 for 20 min. They were
then incubated at room temperature for 300 min in 50 mM
2-[ N-morpholino]ethane-sulfonic acid buffer containing
0.5% bovine serum albumin, 130 mM NaCl, 7.7 mM KClI,
5 mM MgCl,, 1 mM EGTA, 0.025% bacitracin, 4 mg,/ml
leupeptin, 2 mg/ml chymostatin and 40 pM *°I-
[Tyr4]bombesin in the presence or absence of unlabeled
100 nM [p-F;,Phe®,p-Alat* Jbombesin-(6—13) methyl ester.
This concentration was chosen based on results from previ-
ous studies showing it to be optimal for inhibiting binding
to gastrin-releasing peptide-preferring receptors while not
affecting binding to neuromedin B-preferring receptors
(Ladenheim et a., 1993). Following incubation, tissue
sections were thoroughly rinsed (4 X 5 min) in ice cold 50
mM 2-[ N-morpholino]ethane-sulfonic acid buffer contain-
ing 0.5% bovine serum abumin, dried under a stream of
warm air and placed overnight in a dessicator under partial
vacuum pressure. The dlides were placed in an X-ray
cassette with a commercially prepared '*°| standard
(Amersham, Arlington Heights, IL, USA) and apposed to
Hyperfilm-3H (Amersham) for 5 days.

After completion of the autoradiographic procedure, the
sections were stained with toluidine blue to allow for
histological comparison with the autoradiographs. Local-
ization of binding sites was accomplished by superimpos-
ing the autoradiographic image onto the stained tissue
section and viewing it under light microscopy. Binding
density was evaluated on the autoradiographs with a com-
puterized microdensitometry system (Ip Lab System Ana-
Iytics) and compared to a standard curve generated from
the radioactive **°| standards. Binding density was ob-
tained from 3 different sections of each gastric segment
from 5 animals. The esophageal segment was evaluated as
a control for the specificity of the antagonist because it
contains only neuromedin B-preferring bombesin receptors
(Von Schrenck et al., 1989) and thus bombesin binding to
the esophagus should not be inhibited by the antagonist.
Differentiation of gastrin-releasing peptide-preferring and
neuromedin B-preferring receptors was determined by cal-
culating the relative ability of the antagonist to inhibit
bombesin binding. The percentage of total binding that
was inhibited by [p-F;,Phe®p-Alat]oombesin-(6-13)
methyl ester was ascribed to binding to GRP preferring
sites whereas bombesin binding that was unaffected was
attributed to neuromedin B preferring sites. This method of
differentiation has been used in both the brain and in
cultured cells expressing one or both receptor subtypes
(Coy et a., 1992; Ladenheim et al., 1993).
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Fig. 1. Stained tissue sections of the esophagus (A), fundus (B), corpus (C) and antrum (D) and corresponding autoradiographs showing total binding of *°I-[Tyr*]bombesin (E,F,G,H) and binding in the
presence of 100 nM [p-F,Phe®,p-Alat! Joombesin-(6-13) methyl ester (1,J,K,L). Binding in the esophagus (E) which contains only neuromedin B-preferring receptors was not inhibited by the addition of the
specific gastrin-releasing peptide-preferring receptor antagonist [p-F,Phe®,p-Alat!Joombesin-(6-13) methyl ester (). In contrast, binding in the fundus (F), corpus (G) and antrum (H) was completely
inhibited by [D-F;,Phe®,p-Alat lbombesin-(6—13) methyl ester (1,JK). Abbreviations: mm, muscularis mucosa; cm, circular muscle; dmp, deep muscular plexus.
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2.2. Contraction studies

2.2.1. Antagonist experiment

The gastric fundus was excised and cut longitudinally
into strips. It was immediately immersed in Tyrode buffer
consisting of 140 mM NaCl, 5 mM KCIl. 1 mM MgSO,,
0.7 mM NaH,PO,, 12 mM NaHCO,, 1.8 mM CaCl, and
0.1% glucose at pH 6.5 and rinsed of its luminal contents.
Tissue samples were connected to an isometric force trans-
ducer at a baseline tension of 1.0 g and placed in an organ
bath containing Tyrode buffer at 37°C. The tissue was
allowed to equilibrate for 20 min before testing with
peptides.

For our initial experiment, we measured the tension
after the addition of a range of concentrations of bombesin
(0.1 nM to 2.0 wM), neuromedin C (0.32 nM to 2.0 w.M)
and neuromedin B (0.32 nM to 2.0 wM) (peptides obtained
from Bachem, Torrance, CA, USA). This was performed
in order to determine the ECg, concentration used for the
subsequent experiment with the gastrin-releasing peptide
receptor antagonist.

The approximate EC., concentrations of bombesin (3.2
nM), neuromedin C (32 nM) and neuromedin B (320 nM)
were then used to examine the ability of a dose range of
the specific gastrin-releasing peptide preferring receptor
antagonist [p-F;,Phe®,p-Ala'* Joombesin-(6—13) methyl es-
ter to block the response stimulated by bombesin, neu-
romedin C and neuromedin B.

2.2.2. Tachyphylaxis experiment

In a second series of experiments also aimed at deter-
mining the receptor subtype(s) mediating the contractile
actions of bombesin-like peptides in the gastric fundus, we
examined the effect of tachyphylaxis to one bombesin-like
peptide on the ability of the other to produce a contractile
response. The logic of this experiment was that if both
receptor subtypes were involved in producing the contrac-
tion, then production of tachphylaxis at one receptor sub-
type should not affect the contractile response elicited by
the other. Whereas, if only one receptor subtype was
involved, tachyphlaxis to one agonist should prevent a
response to the other. This method has been successfully
employed in previous studies to determine the presence of
multiple bombesin receptor subtypes in guinea pig gall-
bladder smooth muscle (Parkman et al., 1994).

The tension produced by separate application of neu-
romedin C (32 nM) and neuromedin B (320 nM) was used
as a control. A supramaximal dose of either neuromedin C
(3.2 M) or neuromedin B (10 M) was given to produce
receptor desensitization (tachyphylaxis). This was followed
by a repeat application of the control dose of neuromedin
C and neuromedin B. At the end of the experiment we
administered a dose of 1 wM carbachol to determine
whether a contractile response could still be achieved with
a non-bombesin related agent.

3. Results
3.1. Receptor autoradiography

The results from the binding experiment are shown in
Fig. 1 and Fig. 2. A high density of binding of **°I-
[Tyr“4]bombesin was observed in the muscularis mucosa of
the esophagus (Fig. 1E). These hinding sites have been
characterized in previous studies as neuromedin B-prefer-
ring. Consistent with this designation, the specific gastrin-
releasing peptide receptor antagonist [p-F;,Phe®,n-
AlatJoombesin-(6-13) methyl ester did not inhibit bind-
ing of *°1-[Tyr*]Jbombesin in this region (Fig. 11 and Fig.
2).

In gastric tissue, the gastric fundus exhibited the highest
density of bombesin binding sites which were localized to
the circular muscle layer Fig. 1F. In contrast to the binding
pattern observed in the esophagus, binding in this region
was completely inhibited by [p-F;,Phe®,p-Ala™ Joombesin-
(6—13) methy! ester (Fig. 1J and Fig. 2).

Bombesin binding sites were also present in the circular
muscle layer of the gastric corpus (Fig. 1G) and antrum
(Fig. 1H), primarily localized to the degp muscular plexus.
As in the fundus, **I-[Tyr*]bombesin binding in the cor-
pus and antrum was completely inhibited by 100 nM
[D-F,,Phe®,p-Ala Jbombesin-(6-13) methyl ester (Fig.
1K,L and Fig. 2).

3.2. Contraction studies
As shown in Fig. 3 bombesin, neuromedin C and

neuromedin B produced dose-related increases in baseline
tension. The rank order of potency was bombesin >
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Fig. 2. Percentage inhibition of total binding of **°I-[Tyr{'bombesin in the
presence of unlabeled 100 nM [p-Fy,Phe®,p-AlatJoombesin-(6-13)
methyl ester. [p-F,Phe® p-Alatlbombesin-(6-13) methyl ester com-
pletely inhibited binding in the gastric fundus, corpus and antrum,
whereas binding in the esophagus was not inhibited.
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Fig. 3. Dose response curves showing the contractile response of the rat
gastric fundus to increasing concentrations of bombesin, neuromedin C
and neuromedin B. Changes in baseline tension are expressed as the
percentage of maximal tissue response for each peptide. Data are ex-
pressed as means+ S.E.M. from 4-5 trias.

neuromedin C > neuromedin B. Bombesin was 10 times
more potent than neuromedin C and 100 times more potent
than neuromedin B, producing half-maximal increases in
tension at 3.2 nM compared to 32 nM for neuromedin C
and 320 nM for neuromedin B.

The ability of [p-F;,Phe®,p-Ala**]bombesin-(6-13)
methyl ester to block the contractile response produced by
3.2 nM bombesin, 32 nM neuromedin C and 320 nM
neuromedin B is shown in Fig. 4. [p-F;,Phe®p-
Ala!!Jbombesin-(6—13) methyl ester was equally effective
in completely antagonizing the increase in tension pro-
duced by bombesin, neuromedin C and neuromedin B. A
complete blockade by the antagonist occurred for all pep-
tides at a concentration of 1 wM with haf maximal
inhibition at 10 nM.

Fig. 5 shows the effect of receptor tachyphylaxis pro-
duced by 3.2 wM neuromedin C (A) or 10 uM neu-
romedin B (B) on the subsequent contractile response
elicited by 32 nM neuromedin C and 320 nM neuromedin
B. Whether tachyphylaxis was produced by a supramaxi-
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Fig. 4. Ability of increasing concentrations of the [p-Fs,Phe®p-
Ala'Joombesin-(6-13) methyl ester to block the contractile reponse
produced by 3.2 nM bombesin, 32 nM neuromedin C and 320 nM
neuromedin B. Data are expressed as means+ S.E.M. from 3-5 trials.
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Fig. 5. Effect of tachyphlaxis produced by 3.2 ..M neuromedin C (A) or
10 wM neuromedin B (B) on subsequent contractile response to 32 nM or
320 M neuromedin B. Post-tachyphylaxis data represent the percentage
inhibition of the contractile response elicited by neuromedin C and
neuromedin B (control response). Data are shown as means+ S.E.M.
from 4 trials.

mal dose of neuromedin C or by neuromedin B, the
subsequent contraction produced by the addition of either
32 nM neuromedin C or 320 nM neuromedin B was
abolished. In both cases, carbachol responses remained
intact (data not shown).

4, Discussion

The present study was designed to characterize the
gastric bombesin receptor population in the rat and deter-
mine which receptor subtype mediates the contractile re-
sponse produced by bombesin-like peptides in the rat
gastric fundus.
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The localization and density of bombesin binding sites
in the rat esophagus, gastric fundus, corpus and antrum
corresponded with results reported previousy (Moran et
al., 1987). In the esophagus, high densities of bombesin
binding sites were evident in the muscularis mucosa. In
gastric regions, bombesin binding sites were localized to
the circular muscle layer with the highest density in the
gastric fundus. Our finding that 100 nM [p-F,Phe®p-
Ala'!Jbombesin-(6-13) methyl ester completely inhibited
binding of ***I-{Tyr*Jbombesin to the fundus, corpus and
antrum, but not to the esophagus, demonstrates that gastric
bombesin receptors in the rat are of the gastrin-releasing
peptide-preferring subtype whereas esophageal bombesin
receptors are the neuromedin B-preferring subtype. Recep-
tor binding studies have demonstrated that, at this concen-
tration, [p-F,Phe®,p-Ala Jbombesin-(6—13) methyl ester
is a highly selective antagonist for the gastrin-releasing
peptide-preferring subtype over the neuromedin B-prefer-
ring subtype (Coy et al., 1992; Ladenheim et a., 1993).

As shown in studies elsewhere, bombesin, neuromedin
C and neuromedin B dose dependently stimulated smooth
muscle contraction in the rat gastric fundus (Girard et al.,
1984; Rouissi et a., 1991). Although neuromedin B pro-
duced a contractile response, its potency was greatly re-
duced compared to bombesin and neuromedin C. The
relative lack of potency of neuromedin B to stimulate
fundal contractions compared to bombesin and neuromedin
C is in agreement with previous reports (Rouissi et al.,
1991). These results are consistent with our characteriza-
tion of bombesin receptors in the rat gastric fundus and
suggest that neuromedin B is acting at gastrin-releasing
peptide-preferring receptors to elicit its contractile re-
sponse. This conclusion is further supported by studies
showing that at well-characterized gastrin-releasing pep-
tide-preferring receptor populations in the rat pancress,
neuromedin B had 25-fold less potency than bombesin in
stimulating pancreatic amylase secretion.

Additional evidence for this conclusion was provided
by the study examining the ability of [p-F;,Phe®p-
Ala'! Jbombesin-(6—13) methyl ester to antagonize the con-
tractile response produced by bombesin, neuromedin C and
neuromedin B. We found that [p-F;,Phe®,p-Ala Joombe-
sin-(6—13) methyl ester was equipotent in antagonizing the
contractile response produced by all three peptides. It was
recently suggested in a study by Varga et a. (1995) that
the rat gastrointestinal tract possesses a heterogenous pop-
ulation of bombesin receptors. This conclusion was based
on the finding that [p-F;,Phe® p-Ala*Jbombesin-(6-13)
methyl ester blocked the delay in gastric emptying pro-
duced by neuromedin C but failed to block the suppression
of emptying produced by neuromedin B. While these data
are supportive of a role for both bombesin receptor sub-
types mediating the effects of bombesin-like peptides on
gastric emptying, the results from the present study do not
support the interpretation that it reflects an interaction with
both receptor subtypes on gastric smooth muscle.

The finding that neuromedin C or neuromedin B tachy-
phylaxis abolished the subsequent contractile response to
neuromedin C or neuromedin B further suggests that only
one bombesin receptor subtype mediates smooth muscle
contractions in the rat gastric fundus. These data, in com-
bination with our previous results, support the notion that
this receptor subtype is gastrin-releasing peptide-prefer-
ring. If both bombesin receptor subtypes mediated fundal
contractions, we would have expected to see a profile
similar to that reported by Parkman et al. (1994) in the
guinea pig gall bladder. They found that tachyphylaxis
produced by bombesin eliminated the subsequent contrac-
tile response produced by bombesin, gastrin-releasing pep-
tide and neuromedin C but only partialy blocked the
response to neuromedin B. Conversely, neuromedin B-in-
duced tachyphylaxis greatly inhibited the response to neu-
romedin B but only partially antagonized the response to
bombesin, neuromedin C, neuromedin B. This profile is
consistent with the peptides acting at two different
bombesin receptor subtypes.

In summary, the results from this study show that rat
gastric bombesin receptors are gastrin-releasing peptide-
preferring and this receptor subtype is responsible for
mediating the contractile response elicited by bombesin-like
peptides in the rat gastric fundus.
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