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Characterization of bombesin receptors in peripheral contractile

organs

N. Rouissi, N.-E. Rhaleb, F. Nantel, S. Dion, G. Drapeau & 'D. Regoli
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1 Guinea-pig and rat urinary bladders, rat stomach and the guinea-pig gall bladder, four isolated organs
that show high sensitivity to bombesin, were used to characterize bombesin receptors in peripheral
organs.

2 The order of potency of agonists was determined with several naturally occurring peptides of the
bombesin series, namely bombesin (BBS), litorin (Lit), neuromedin B (NMB), the gastrin-releasing peptide
(GRP 18-27), neuromedin C (NMC) and with some bombesin fragments. It was found that bombesin,
neuromedin C, litorin and two bombesin fragments, BBS (6—14) and AcBBS (6-14) had similar activities in
the four preparations, while neuromedin B and [Phe®]-neuromedin C were more active on the rat urinary
bladder than on the other tissues. '

3 The order of potency of agonists determined in the rat urinary bladder was as follows:
BBS = NMB > Lit > NMC > [Phe®JNMC = GRP and it was found to be different from that observed
in the other preparations: BBS > GRP = Lit > NMC » NMB > [Phe®*JNMC, suggesting the existence
of two different bombesin receptors, BBS, and BBS,.

4 This interpretation was convalidated by the finding that bombesin antagonists, namely Ac.GRP(20-
26)0OCH, and Ac.GRP(20-26)OC,H; reduced or blocked the effects  of bombesin-related peptides on

BBS, receptor systems while being completely inactive on the rat urinary bladder (BBS, system).
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Introduction

Bombesin is a tetradecapeptide isolated from amphibian skin
(Anastasi et al., 1971), and shown to have similarities to litorin
(Anastasi et al., 1975) and other mammalian peptides, the
gastrin releasing peptide (GRP) (McDonald et al., 1979),
neuromedin B (NMB) (Minamino et al., 1983) and neuro-
medin C (NMC), (Minamino et al., 1984).

Bombesin and its homologues exert a variety of biological
effects both on the central nervous system and in peripheral
organs; they modulate thermoregulation (Brown et al., 1977),
activate gastric, pancreatic or intestinal secretions (Bertaccini
et al., 1973; Girard et al., 1984; Otsuki et al., 1987 and see also
Jensen et al, 1988a) and motility (Erspamer et al, 1970;
Erspamer & Melchiorri, 1973; Girard et al., 1984; Severi et al.,
1988).

Erspamer et al. (1970) first observed that bombesin has a
stimulant effect on isolated smooth muscles. More recently,
Falconieri-Erspamer et al. (1988) have shown that litorin and
phyllolitorin (two bombesin homologues) are potent stimu-
lants of the rat urinary bladder but are rather weak on other
smooth muscle preparations, which however show high sensi-
tivity to bombesin. They concluded that multiple bombesin
receptor types may be present in peripheral organs. Studies
with antagonists, both the substance P (SP)-analogues (Jensen
et al., 1984; Regoli et al., 1988) and the pseudopeptide ana-
logues of bombesin (Jensen et al., 1988a,b) have provided
further indication that BBS and related peptides may act on
two different receptor types.

Recent developments in the field of bombesin antagonists
have centred on the GRP (20-26) sequence. Heimbrook et al.
(1989) have shown that GRP (20-26)OCH, and GRP (20-26)
OC,H, competitively block the binding of GRP to Swiss 3T3
mouse fibroblasts.

In this study, we have attempted to characterize bombesin
receptors by using a few bombesin homologues and fragments
as well as some antagonists bearing the GRP (20-26)
sequence. These peptides were tested on four smooth muscle
preparations, the rat and guinea-pig urinary bladders (RUB;

! Author for correspondence.

GPUB,), the rat stomach (RS) and the guinea-pig gall bladder
(GPGB).

Methods

The experiments were carried out on tissues taken from rats
(albino, Sprague Dawley, 200-300g) and guinea-pigs (albino,
200-300 g) killed by stunning and exsanguination through sec-
tioning of the carotid arteries. The organs were rapidly taken
out and plunged in oxygenated Tyrode solution of the follow-
ing composition (in mm): NaCl 137.0, KCl 2.7, CaCl, .6H,0
1.8, MgCl,.6H,0 1.05, Na,HPO, 04, NaHCO, 119 and
dextrose 5.6. Strips of the four organs were prepared accord-
ing to the procedure described by Vane (1957) for the rat
stomach. The strips were then suspended in 10ml organs
baths containing Tyrode solution oxygenated with 95% O,
and 5% CO, and kept at 32°C. A tension of 1g was initially
applied to the strips of GPUB, RUB and RS and 0.5g to
those of GPGB. Tissues were allowed to equilibrate for 60 to
80min during which time they were washed and the tension
readjusted at 15min intervals. Changes of tension produced
by bombesin and other substances were recorded isometrically
with Grass force transducers (FTO3C) on Grass polygraphs
(Model 7D).

Experimental protocols

Concentration-response curves for bombesin and several frag-
ments and homologues were obtained by applying consecu-
tively increasing concentrations of each peptide up to 1075 m.
The maximal response was measurable for the majority of the
peptides at this concentration. Large variations in the
maximal responses to the various peptides were observed in
some of the tissues (for instance the rat stomach) and the
maximal response of each preparation to BBS was taken as
100%, knowing that oF in this condition is purely an empirical
parameter useful to compare maximal effects of agonists.
Peptide affinities were calculated from a minimum of six
concentration-response curves and are expressed in terms of
pD,, the negative logarithm of the concentration of peptides
that produces 50% of the maximum effect of each compound.
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This method of calculation inevitably leads to underesti-
mating the activities of the potent («F higher than 1.0) and to
overestimating those of the weak («F lower than 1.0) peptides.
Relative activities are expressed as a percentage of that of
bombesin.

Apparent affinities of antagonists (pA,, the negative
logarithm of the concentration of antagonist that reduces the
effect of a double dose of agonist to that of single dose; Schild,
1947) were determined by measuring biological responses to
BBS in the absence and in the presence of the antagonist, the
latter being added 7-8 min before measuring the effect of
bombesin. Higher concentrations of some antagonists were
also tested to estimate pA,, values and evaluate the com-
petitivity of the antagonists from the pA,-pA,, difference,
according to Schild (1949). Schild plots were calculated
according to Schild (1949) for the two antagonists.

In other experiments, peptidase inhibitors, namely captopril
(1 x 10~%m), thiorphan (2.3 x 10~%M) and bestatin (10~°m)
were tested on the rat stomach, the rat urinary bladder and
the guinea-pig urinary bladder, according to Rouissi et al.
(1990a,b). In short, the effects of average high concentrations
of each peptide were measured in the absence and presence of
the peptidase inhibitor. These compounds were applied 20 to
30min before testing the peptide in order to obtain a stable
inhibition of the intramural enzymes.

Peptides and other drugs

Bombesin, litorin, neuromedin C, neuromedin B were pur-
chased from Bachem; human GRP (1-27) was a gift from Dr
S. St-Pierre, INRS, Montreal; BBS (6-14), Ac-BBS (6-14),
Ac-GRP (20-26) OCH,, Ac-GRP (20-26) OC,H;, Ac-GRP
(20-26), Ac-[D-Phe!?]-BBS (6-14), [Phe®]-neuromedin C,
bradykinin and angiotensin II were prepared in our labor-
atory by Dr G. Drapeau by the solid-phase method (Drapeau
& Regoli, 1988). The primary structures of the bombesin-
related peptides are shown in Table 1. Peptides prepared in
our laboratory were purified by high pressure liquid chroma-
tography and their structures were assessed by fast atomic
bombardment (FAB) mass spectrometry.

Atropine, methysergide, indomethacin, acetylcholine and
histamine were purchased from Sigma, EDTA from Fisher
and 3-amino-1-[m-(trifluoromethyl)-phenyl]2 pyrazoline (BW
755C) was a gift from Dr S. Moncada of Burroughs-Welcome.
Thiorphan was purchased from Institut Armand Frappier
Biochem International Inc., bestatin from Sigma and captopril
was a gift from Dr J.G. Joly of Squibb Canada.

Concentrated solutions (1mgml~!) of all peptides were®
made in distilled water and kept at —20°C. Daily solutions
were made in 0.9% saline and discarded at the end of the
experiment. Solutions of indomethacin were made in Trizma
base.

Activities of agonists are presented in terms of pD, and
those of antagonists in terms of pA, or pA,,. Data obtained

Table 1 Primary structure of bombesin-related peptides

in the absence and in the presence of antagonists or peptidase
inhibitors have been compared, by Student’s ¢ test for paired
samples. Probability values lower than 0.05 were considered
to be significant.

Results

Effects of bombesin and related peptides on isolated
organs

The four isolated organs used in the present study responded
to BBS and related peptides with concentration-dependent
contractions which developed rapidly; for instance, in the
GPUB (Figure 1) and the GPGB (not shown). These contrac-
tions were reversible in a few minutes after washing out the
peptides. In the other preparations, the RUB (Figure 1) and
the RS (not shown), the contractile responses consisted of an
initial rapid and late slow phase and took S to 8 min to reach
the maximum: they were reversible, but more slowly than
those of the tissues from the guinea-pig (Figure 1).

Concentration-response curves were measured with all the
bombesin-related peptides agonists in the four tissues by
applying consecutively, increasing concentrations of each
peptide from threshold to 105 m.

Examples of such curves are shown in Figure 2 for bomb-
esin and neuromedin B. The two peptides showed similar
activities in the rat urinary bladder, but bombesin was much
more active than neuromedin B on the other three tissues,
particularly the GPGB. The other peptides gave
concentration-response curves that occupied an intermediate
position between bombesin and neuromedin B, and showed
parallelism with that of BBS. This is shown in Figure 2 for the
GPUB. From such curves, the activities of the various pep-
tides were compared with that of BBS as mentioned under
Methods.

Order of potency of bombesin homologues and fragments

Relative affinities (expressed as a percentage of that of BBS) of
some homologues and fragments of bombesin, including those
already tested by Regoli et al. (1988) are presented in Table 2.
In all preparations, bombesin and its fragment Ac-BBS (6-14)
were the most potent stimulants. The other fragment, BBS
(6-14) was also very active on the RUB and the GPUB, but
less active than bombesin on the others. Neuromedin B was as
active as BBS on the RUB, while showing little activity on the
other three preparations (see also Figure 2). The affinities
of bombesin homologues in the GPUB and the GPGB were
very similar and the rank order of potency of the investigated
peptides was as follows: BBS > GRP =Lit > NMC »
NMB > [Phe®]-NMC.

The rat stomach showed some differences compared to the
GPUB and GPGB. Firstly, NMC was much less active than
BBS; however, NMB was a full agonist with almost 10% of

1 2 3 4 5 6

Bombesin (BBS) pGlu Gin Arg Leu Gly Asn
BBS (6-14) —
Ac-BBS (6-14) Ac —
Ac-[D-Phe!?]BBS (6-14) Ac —
Neuromedin C (NMC) — —
[Phe®]-NMC — —
Neuromedin B (NMB) — —
Litorin pGlu

15 16 17 18 19
GRP (human) R-Tyr Pro Arg — —
Ac-GRP (20-26) Ac
Ac-GRP (20-26) OCH, Ac
Ac-GRP (20-26) OC,H, Ac

R = Val-Pro-Leu-Pro-Ala-Gly-Gly-Gly-Thr-Val-Leu-Thr-Lys-Met.

Gin Trp Ala Val Gly His Leu Met NH,

— — — — DPhe — -_ —
Hs — - - — — — — —
Hs — — Phe — —_ — —
Lew — — Thr — —_ Phe — —

- = = = = — Phe - —

20 21 22 23 24 25 26 27
Hs — — — — — — — NH,
Hs — - - — — - NH,

Hs — - - - — —  OCH,
Hs — — - — — — OC,H;
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Figure 1 Myotropic effects of bombesin (BBS) obtained on the guinea-pig urinary bladder (a and b) and the rat urinary bladder (c).
In (a) and (b), the first two tracings represent the contractile effect of BBS when the peptide is kept in contact with the tissue for 4 min.
The third tracing represents the effects of BBS obtained in the presence of the antagonist ACGRP(20-26)OCH, applied 7 min before-
hand. The fourth tracing shows the effect of BBS, measured 30 min later and indicates that the effect of the antagonist is reversible.
Tracings shown in (c) were obtained on the rat urinary bladder with BBS in the absence (first two tracings) and presence of the
antagonist (third tracing). At the point indicated by W, the bath fluid was replaced with fresh Tyrode solution. Abscissa scale: time in

min; ordinate scale: changes of tension in g.

the activity of BBS: it was therefore more active than in the
GPUB and especially in the GPGB. The order of potency of
these peptides on the RS was: NMC > BBS > GRP =
Lit > NMB > [Phe%]-NMC.

In the RUB, two major differences were observed, the high
affinity of neuromedin B which was equivalent to bombesin
and a weak potency of GRP. In this preparation, the order of
potency of BBS-related peptides was BBS = NMB >
Lit > NMC > [Phe’]-NMC = GRP.

This order of potency of agonists was different from those
obtained in the other preparations, especially the GPUB and
GPGB. The RS appeared to occupy an intermediate position,

because of the high activity of NMC and a relatively high
residual activity of NMB. Moreover, the two fragments of
BBS showed exceptionally high maximal effects in this tissue
(Table 2).

Affinities and competitivity of antagonists

Three analogues of the gastrin releasing peptide and an ana-
logue of Ac-BBS (6-14) were evaluated as antagonists in the
four preparations. As shown in Table 3, AC-[D-Phe!2]-BBS
(6-14) and Ac-GRP (20-26) were found to be inactive both as
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Figure 2 Concentration-response curves of bombesin (@) and neuromedin B (A) obtained in four isolated organs, and neuromedin
C (W) and GRP (V) in the guinea-pig urinary bladder. Abscissa scale: —log of the concentration of agonist; ordinate scale: biological
responses (contraction) as a percentage of that of bombesin. Points are mean and vertical bars are the s.e. of at least 6 determinations

obtained in different tissues.

stimulants and as antagonists: conversely, Ac-GRP (20-26)
OCH, and Ac-GRP (20-26) OC,H; exerted a potent inhibi-
tory effect against bombesin on the RS, the GPGB and the
GPUB, showing pA, values of almost 8.0; the two com-
pounds were however completely inactive on the RUB. pA,,
was measured for the two compounds on the RS and the
GPUB in order to establish the type of antagonism from the
difference pA,-pA,,. As shown in Table 3, the differences
were near to 1.0 for the GPUB, suggesting that both antago-
nists exerted a competitive type of inhibition. This was con-
firmed by the Schild plot (Figure 3) which was linear and
showed a slope of 0.981. The pA,—pA,,, evaluated in the RS,
were 1.10 and 0.92 respectively for Ac-GRP (20-26) OCH,
and Ac-GRP (20-26) OC,H;.

When tested against substance P, bradykinin and angi-
otensin II on the GPUB, Ac-GRP (20-26) OCH, and
Ac-GRP (20-26) OC,H; were found to be inactive: the
antagonists appeared therefore to be specific for bombesin
receptors.

The tracings of Figure 1 show that one of the peptides (Ac-
GRP (20-26) OCH,) had no direct effect at the concentration
of 1.1 x 1078w or higher (1.1 x 10”7 M): the antagonist did
not exert any antagonistic effect on the RUB at a concentra-
tion of 1.1 x 10~ 7M and higher (data not shown). These find-
ings and other similar obtained in the other two preparations
(RS and GPGB) suggested the existence of at least two differ-
ent receptors for bombesin and related peptides in peripheral
organs.

Table 2 Apparent affinities (pD,), relative affinities (RA) and maximum responses (%, expressed in fraction or multiple of that of

bombesin) of bombesin-related peptides in four isolated organs

RUB

pD, RA af pD,
Bombesin (BBS)* 833 100 10 883
Litorin* 8.20 74 038 8.36
Neuromedin C (NMC)* 7.80 30 0.7 791
[Phe®]-NMC 7.24 8 0.6 6.24
Neuromedin B (NMB)* 8.29 91 1.1 6.71
GRP (human)* 7.13 6 0.8 8.20
BBS (6-14) 8.52 155 1.0 8.92
Ac-BBS (6-14) 8.48 141 1.2 8.83

GPUB GPGB RS

RA of pD, RA of pD, RA of
100 1.0 8.92 100 1.0 8.43 100 1.0
34 1.3 8.53 41 0.9 8.26 68 1.0

12 0.6 793 10 0.9 8.62 155 1.2
0.3 0.5 6.12 0.2 1.1 6.72 2 1.0
0.8 0.5 P.Ag. 7.26 7 1.0

23 0.6 8.68 58 0.8 8.26 68 1.0
123 1.0 8.53 41 0.9 8.16 54 20
100 1.3 9.20 191 1.0 8.68 178 1.7

RUB: rat urinary bladder; GPUB: guinea-pig urinary bladder; GPGB: guinea-pig gall bladder; RS: rat stomach. GRP: gastrin releasing

peptide; P.Ag.: partial agonist.

pD,: —log concentration of agonist that produces 50% of the maximal effect. RA: relative affinities expressed as a percentage of that of

BBS = bombesin = 100.
* Data from Regoli et al., 1988.
Each value was obtained from at least 10 determinations.
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Table 3 Antagonistic effects (pA, and pA,,) of bombesin antagonists against bombesin on 3 of the 4 preparations

RUB GPGB
Antagonists PA, PA, PA,
AcGRP (20-26) OCH, Inact. 8.07 794
AcGRP (20-26) OC,H; Inact. 8.07 7.55
Ac-[D-Phe!2]-BB (6-14) Inact. Inact. Inact.
Ac-GRP (20-26) Inact. ND Inact.

* Abbreviations as in Table 2.

Preparations*®
RS GPUB

PAjo PA;PA o PA, PAjo PA;-PA o
6.84 1.10 7.95 6.96 0.99
0.92 0.92 7.95 6.94 1.01
Inact.
Inact.

Inact.: inactive; ND: not determined. All data were calculated from at least 6 determinations.
pA,,: —log concentration of antagonist that reduces the effect of a dose of agonist 10 times higher than that of a single dose.

Specificity of the effects of bombesin in four preparations

Several antagonists or inhibitors of other naturally occurring
agents (e.g. acetylcholine, angiotensin II, bradykinin, etc.) were
used to determine the specificity of the responses of the RUB,
RS, GPGB and GPUB to bombesin. Thus, atropine
(1.5 x 10”7 M), methysergide (7.1 x 1075M), the kinin B,
receptor antagonists D-Arg[Hyp>, D-Phe’, Leu®]BK (Regoli et
al., 1990) (1.8 x 10~ 7 M), [Leu®] angiotensin II (8.4 x 10~ 8 m),
as well as the inhibitors of the arachidonic acid cascade,
namely indomethacin (7.0 x 1076M) and BW-755C
(1.1 x 10~ *M) were found to be inactive against bombesin
(3.9 x 10~°M), while blocking the effects of acetylcholine
(1.5 x 10~%M), 5-hydroxytryptamine (6.4 x 10~ ¢m), brady-
kinin (8.1 x 10™° M) and angiotensin II (9.1 x 10~ ® M) respec-
tively. Similar results were obtained with the same
antagonists, applied at the same concentrations and tested
against bombesin (3.9 x 107°M) on the RUB. Again, the
antagonists were found to be active in blocking the effects of
the corresponding agonists, applied at the same concentra-
tions as in the RS. As already mentioned, the responses of the
RS, the GPUB and the GPGB to bombesin were blocked by
two bombesin antagonists, while that of the RUB was not
affected.

Peptidase inhibitors

Captopril (4.6 x 107%m), thiorphan (1.0 x 107 ®M) and
bestatin (8.1 x 10~ ¢M) were tested to evaluate the possible
interference by the angiotensin converting enzyme or other
peptidases and by the bestatin-sensitive aminopeptidases on
the biological response of the RUB, GPUB and RS to bomb-
esin and its fragments. None of these inhibitors were found to
be active in reducing or increasing the effects of bombesin,
BBS (6-14) or Ac-BBS (6-14) in any of the preparations.
These findings suggest that the three tissues do not contain

log (DR-1)

0+—@< v v
-8 -7 -6 -5

log Conc. (m)
Figure 3 Schild plot of AcGRP (20-26) OC,H  against bombesin on
the guinea-pig urinary bladder. Abscissa scale: log molar concentra-

tion of the antagonist; ordinate scale: log (DR — 1) of the agonist.
Slope = 0.98.

active peptidases that are able to hydrolyse bombesin-related
peptides.

Discussion

The present study was directed to identifying and character-
izing bombesin receptors in peripheral organs. Four isolated
tissues were chosen from several pharmacological prep-
arations (Broccardo et al., 1975) that have been shown to be
sensitive to bombesin and related peptides. The major reason
for the choice of the RUB, GPUB, GPGB and RS was their
high sensitivity to bombesin, described and documented by
Girard et al. (1984) for the RS, and by Mizrahi et al. (1985) for
the RUB and GPUB and confirmed recently by Falconieri-
Erspamer et al. (1988) who have also studied the GPGB
(Regoli et al., 1988). Indeed, the four preparations showed pD,
values for bombesin between 8.3 and 8.9 (RUB 8.33, GPUB
8.83, GPGB 8.92, RS 8.43).

Bombesin and related peptides evoked rapid contractions of
the GPUB (Figure 1) that were not maintained at a stable
plateau and faded even if the peptide was kept in contact
with the tissue. Similar effects of bombesin were observed in
the GPGB. In these tissues, concentration-response curves can
only be measured by consecutive applications of the peptides
in increasing concentrations. When enough time (2040 min) is
left between two doses, full sensitivity is maintained and
desensitization can be avoided. Contractile effects of bombesin
or related peptides in the rat urinary bladder (Figure 1) and
the rat stomach developed more slowly and persisted at stable
plateaux such that cumulative concentration-response curves
could be measured in these preparations. In the present study
however, the curves were measured by the same experimental
protocol in all tissues to facilitate comparison of data between
the various peptides and between the four preparations.

The contractile responses of the four preparations to bomb-
esin appear to be the results of the direct effects of the peptide
on the various smooth muscles. In fact, indirect effects by
other endogenous agents such as acetylcholine, 5-
hydroxytryptamine, prostaglandins have been excluded by the
use of specific antagonists or inhibitors that reduce or block
the effect or the release of the respective stimulants without
influencing the responses to bombesin and related peptides.
The possible interference by bombesin with receptors for
neurokinins, kinins and angiotensin was excluded by the use
of specific antagonists for each peptide. The present results
confirm a previous specificity study by Girard et al. (1984) on
the RS and by Mizrahi et al. (1985) on the RUB and the
GPUB.

Bombesin and related peptides appear to be fairly well pro-
tected from the degradation by proteases sensitive to captop-
ril, thiorphan or bestatin. These findings suggest that
bombesin-like peptides may not be inactivated by the convert-
ing enzyme, or enkephalinase, or the aminopeptidase sensitive
to bestatin, in contrast to other peptides, for instance sub-
stance P, the myotropic activity of which in the rat urinary
bladder was found to be potentiated by captopril (Rouissi et
al., 1990b). In a few experiments, performed on the RUB and
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GPUB, it was also found that bombesin and related peptides
had the same effects in the absence and in the presence of
phosphoramidon, suggesting that endopeptidase 24-11 was
not active in these tissues. It is concluded that metabolic deg-
radation by endo and exopeptidases did not interfere with the
myotropic effects of bombesin and related peptides in the
RUB, GPUB, GPGB and RS.

Characterization of bombesin receptors in the four isolated
organs was attempted by measuring the order of potency of
agonists and the affinity of antagonists, according to Schild
(1973). Several naturally occurring bombesin-related peptides
were used, in particular bombesin itself, neuromedin C, neuro-
medin B, litorin and the gastrin-releasing peptide (the human
bombesin). We also measured the effect of some bombesin
fragments. It was found that the order of potency of agonists
was different between the RUB and the other three tissues,
since, neuromedin B was much more active on the RUB than
on the other preparations. The opposite was true for GRP
which is more active on the GPUB, GPGB and RS than on
the RUB (Table 2). On the other hand, BBS, bombesin frag-
ments as well as neuromedin C and litorin were found to be
nonselective as they showed fairly high affinities in all four
preparations (Table 2). Therefore, on the basis of the order of
potency of agonists we suggest that there are two different
receptors for bombesin, one of which is present in the three
preparations (RS, GPUB, GPGB) and the other in the RUB.
In molecular terms, it appeared that the replacement of Val in
position 10 of bombesin, by Phe (as in [Phe®] neuromedin C)
or by Thr as in neuromedin B favoured the RUB receptor and
decreased affinity on the other three preparations.

The hypothesis that bombesin acts on two different recep-
tors was confirmed by the use of two antagonists recently
described by Heimbrook et al. (1989). The two compounds
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