
Br. J. Pharmacol. (1989), 98, 619-629

Multiple mechanisms in the motor responses of the
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1 Bradykinin (1 nM-i gM) produced a contraction of bladder strips excised from the dome of the
guinea-pig urinary bladder, an effect which was greatly enhanced by removal of the mucosal layer
or by thiorphan (10pM). All subsequent experiments were performed in mucosa-free strips and in
the presence of thiorphan.
2 In carbachol (5 pM)-contracted strips, bradykinin produced a concentration (1 nM-l uM)-depen-
dent transient relaxation.
3 Kallidin was slightly more potent than bradykinin in producing a contraction and a relaxation
of the carbachol-induced tone. By contrast, [des-Arg9]-bradykinin, a selective B1 receptor agonist
was barely effective up to 1 gM.
4 The contractile response to bradykinin was: (a) unaffected by either tetrodotoxin (1 gM), in vitro
capsaicin desensitization (10 UM for 30 min) or apamin (0.1 M); (b) antagonized by indomethacin
(5yM), the prostaglandin receptor antagonist SC-19220 (10pM) or the B2 receptor antagonist
[D-Arg', Hyp3, Thi5'8, Phe7]-bradykinin (10pM) and (c) almost abolished by nifedipine (1 pM).
5 The antagonism of the contractile response to bradykinin produced by indomethacin and SC-
19220 was non-additive while that produced by indomethacin and the B2 receptor antagonist was
additive.
6 The relaxant response to bradykinin was unaffected by tetrodotoxin, in vitro capsaicin desensi-
tization or indomethacin but antagonized in a competitive manner by the B2 receptor antagonist.
Further, this response was abolished by apamin (0.1 M) but unaffected by glibenclamide (1 pM).
7 Bradykinin (10pM) produced a consistent release of calcitonin gene-related peptide-like immu-
noreactivity (CGRP-LI) but not substance P-LI from the guinea-pig bladder muscle. CGRP-LI
release by bradykinin was greatly reduced in bladders exposed to indomethacin. [des-Arg9]-brady-
kinin (10pM) was ineffective.
8 We conclude that: (a) bradykinin-induced contraction involves activation of both B2 receptors
and prostanoid synthesis, via distinct mechanisms which act by inducing calcium influx via
nifedipine-sensitive channels; (b) bradykinin-induced relaxation involves activation of B2 receptors
and opening of apamin-sensitive potassium channels; (c) bradykinin stimulates sensory nerves in
this tissue largely via prostanoid production.

Introduction

Bradykinin and related kinins exert a variety of bio- dence has been provided indicating that multiple
logical effects by stimulating or inhibiting smooth mechanisms mediate the smooth muscle responses to
muscle tone in various organs (Regoli & Barabe, this autacoid. Regoli & Barabe (1980) recognized the
1980; Regoli, 1987). Recently much attention has existence of two distinct bradykinin receptors which
been directed to the study of pharmacological were termed B1 and B2, respectively. Recently some
responses to bradykinin in various tissues and evi- evidence has been presented indicating that B2

receptors might be heterogeneous (Rifo et al., 1987;
Author for correspondence. Field et al., 1988; Braas et al., 1988; see Plevin &
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Owen, 1988 for review). Further, bradykinin and
related peptides might affect muscle motility through
mechanisms not directly related to activation of B,
or B2 receptors. As an example, bradykinin stimu-
lates the generation of prostanoids possibly by acti-
vating directly one of the enzymes of the arachidonic
acid cascade (Rhaleb et al., 1988).
An additional mechanism through which brady-

kinin could affect smooth muscle motility is related
to activation of the 'efferent' function of capsaicin-
sensitive sensory nerves (see Szolcsanyi 1984, and
Maggi & Meli 1988, for reviews). Bradykinin is,
amongst the mediators of inflammation, one of the
most potent stimulants of sensory nerves
(Armstrong, 1970; Ferreira et al., 1973). This action,
responsible for the pain-producing action of brady-
kinin, also involves the release, from peripheral ter-
minals of capsaicin-sensitive sensory nerves of
several neuropeptides (Geppetti et al., 1988; Manzini
et al., 1989) which may directly affect visceral
motility.

Despite the obvious interest for its potential path-
ophysiological role in cystitis, relatively little infor-
mation is available about the effects of bradykinin
on the urinary bladder muscle. Bradykinin produces
a contraction of the urinary bladder in several
species, although with marked differences in sensi-
tivity (Falconieri-Erspamer et al., 1973). In the rabbit
detrusor muscle the response to bradykinin was
markedly reduced by cyclo-oxygenase inhibitors and
biochemical evidence for prostaglandin E2 (PGE2)
production was presented (Downie & Rouffignac,
1981; Nakahata et al., 1987; Nakahata & Nakanishi,
1988). In the dog isolated urinary bladder the con-
tractile response to bradykinin was mediated by B2
receptors (Regoli et al., 1986). Here we have
addressed the question of the mechanisms
responsible for the motor responses to bradykinin in
the guinea-pig isolated urinary bladder. As recent
evidence indicates that certain tissue components
such as the bladder mucosa (Maggi et al., 1987a) or
metabolism via a thiorphan-sensitive mechanism
(Devillier et al., 1988; Dusser et al., 1988) may exert a
strong influence on the biological activity of exo-
genously administered peptides, we also investigated
the possible influence of these variables on the
response to bradykinin.

Methods

In vitro experiments

Male albino guinea-pigs (Dunkin-Hartley strain)
weighing 240-300g were used throughout the study.
The animals were killed by cervical dislocation and
exsanguinated. The dome of the urinary bladder was

rapidly removed, placed in Krebs solution, opened
along its longitudinal axis and pinned flat on a Petri
dish. Bladders strips about 1 cm long and 3 mm wide
were excised with fine scissors. In most strips the
mucosa was separated from the muscle (see Results).
The strips were placed in a 5 ml organ bath contain-
ing a standard Krebs solution gassed with 96% 02
and 4% CO2 of the following composition (mM):
NaCI 119, KCl 4.7, MgSO4 1.5, CaCl2 2.5, KH2PO4
1.2, NaHCO3 25 and glucose 11.
A resting load of 5mN was applied and the prep-

arations were allowed to equilibrate for 60min
before commencing the experiments. Tension was
recorded by means of an isotonic strain gauge con-
nected to a Basile 7050 Unirecord. The contractile
response to KCl (80mM, added to the bath) was used
as internal standard. The strips were electrically field
stimulated (0.03 Hz, 60 V, 0.5 ms) by means of two
wire platinum electrodes placed at the top and the
bottom of the organ bath (GRASS S11 stimulator).
Concentration-response curves to bradykinin were
constructed in a cumulative manner, the next con-
centration being added when the effects of the
preceding one had reached a steady state. Concen-
trations were increased on a log 10 basis scale start-
ing from 1 nm. Preliminary experiments (see Results)
had shown that no significant desensitization occurs
with this protocol.

In vitro capsaicin desensitization was achieved by
prolonged (30min) exposure of the strips to 10pM
capsaicin, followed by washing and re-equilibration,
as described previously (Maggi et al., 1987b; 1989).

Determination ofsubstance P- and calcitonin
gene-related peptide-like immunoreactivity by
radioimmunoassay

Mucosa-free strips of bladder muscle were placed in
2 ml organ baths maintained at 37°C and superfused
with standard Krebs solution, oxygenated with a
mixture of 02 and CO2. containing 0.1% bovine
serum albumin and 10pM thiorphan (Sigma) at a
rate of 2ml min-1 by means of a peristaltic pump.
Fractions were collected each min, in tubes contain-
ing acetic acid to a 2N final concentration. At the
end of the experiments the tissues were blotted 2-3
times on filter paper and weighed. Superfusates were
freeze-dried, reconstituted with assay buffer (0.1M,
pH 7.4 phosphate buffer containing 0.9% NaCl,
0.01% NaN3 and 0.1% bovine serum albumin). Sub-
stance P-like (SP-LI) and calcitonin gene-related
peptide like activity (CGRP-LI) were measured by
radioimmunoassay (RIA) as described previously
(Maggi et al., 1987c; 1988; Geppetti et al., 1988).
For SP-LI determination (Maggi et al., 1988; Gep-

petti et al., 1988; Manzini et al., 1989) the 1251_
Bolton and Hunter conjugated SP (Amersham, U.K.)
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and No. 144 anti-SP serum (kind gift of Dr P.
Pradelles, SPI-LERI, CEN/Saclay, 91191, Gif Sur
Yvette, Cedex, France) were used. The sensitivity of
RIA was 1.1 fmol/tube. The antiserum crossreacts to
1% with neurokinin A, 0.5% with neurokinin B and
less than 0.1% with physalaemin and eledoisin.
CGRP-LI determination was made in the same

samples as described previously (Geppetti et al.,
1988; Manzini et al., 1989), by using "25I-Bolton and
Hunter conjugated human CGRP (Amersham) and
anti human CGRP rabbit serum (Peninsula). The
sensitivity of the RIA was 2.5 fmol/tube.

Statistical analysis

All data in the text are mean + standard error of the
mean (s.e.mean) of 5-7 experiments. Statistical
analysis of the data was performed by means of the
Student's t test for paired or unpaired data or by
means of analysis of variance, when applicable. A P
value < 0.05 was considered statistically significant.
Regression analysis was made by means of the least
squares method. EC50 and 95% confidence limits
(c.l.) were calculated as the concentrations producing
50% of maximal contraction. pA2 values were calcu-
lated as described by Van Rossum (1963).

Drugs

Drugs used were: bradykinin (Peninsula), indo-
methacin (Sigma), capsaicin (Sigma), nifedipine
(Sigma), tetrodotoxin (Sankyo), carbachol HCl
(Merck), apamin (Peninsula). SC-19220 (1-acetyl-2-
(8-chloro- 10,1 1-dihydrobenz[b,E][1,4]oxazepine- 10-
carbonyl)hydrazine) was a kind gift of Dr D.L.
Hammond, Searle Company, Skokie, Illinois, U.S.A.
[D-Argo, Hyp3, Thi5'8, Phe7]-bradykinin and kalli-
din were a kind gift of Prof D. Regoli, Dept. of
Physiology and Pharmacology, Sherbrooke Uni-
versity, Canada. Glibencalamide was a kind gift of
Dr I. Cavero (Rhone-Poulenc, Paris, France).

Results

General

Strips excised from the dome of the guinea-pig
urinary bladder responded to added KCl (80mM)
with a rapid phasic contraction the amplitude of
which became reproducible after a 90-120min
equilibration period. Both in the presence or absence
of the mucosa, electrical field stimulation (0.03Hz,
0.5 ms, 60 V) induced twitches that were abolished by
tetrodotoxin (1 gM). There was a striking difference in
degree of spontaneous activity which averaged 40-80
and 10-30% of the response to electrical field stimu-
lation in strips with and without mucosa, respec-
tively.
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Figure 1 Typical tracings showing the contractile
response of smooth muscle strips from the guinea-pig
urinary bladder to cumulative addition of bradykinin
(Bk) and its modification by the B2 receptor antagonist
[D-Argo, Hyp3, Thi5"8, Phe7]-bradykinin (10pM), in the
absence (a) or presence (b) of indomethacin. Tension
scale indicates the maximal contractile response to KC1.

Bradykinin produced a concentration-dependent
contraction (Figure 1). In preliminary experiments
we found no appreciable desensitization to cumula-
tive addition of bradykinin (concentration increased
on a log 10 scale, interval between doses 2-3 min),
either in the presence or absence of mucosa. Thus, in
strips without mucosa the response to 104M brady-
kinin amounted to 63 + 6% of the response to KCl
(80 mM) when the peptide was administered as a
bolus and to 68 + 6% when the same concentration
of bradykinin was attained at the end of the cumula-
tive concentration-response curve. Likewise, in strips
with mucosa, the responses to 104uM bradykinin were
46 + 6 and 43 + 8% of the response to KCl when
the peptide was added to the bath as a bolus or at
the end of cumulative concentration-response curves.

Effect ofremoval of the mucosa and thiorphan on the
response to bradykinin

Removal of the mucosa increased significantly the
contractile response to bradykinin which was about
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Table 1 Effect of thiorphan and removal of the
mucosa on the contractile response to bradykinin
of the guinea-pig isolated bladder

Without thiorphan With thiorphan
(A) (B) A/B

With mucosa 6364 (835-12670) 82 (42-236) 78
Without
mucosa 451 (173-2334) 26 (17-45) 17

Values are EC50 (nM) and 95% confidence limits
(in parentheses).

14 times more potent in the absence than in the
presence of the mucosa (Table 1). Thiorphan (1OpM),
a well known inhibitor of endopeptidase 24.11, pro-
duced a small (< 10% of KCI maximum) contraction
per se which faded to baseline within 15 min in about
50% of preparations while it had no effect on the
remainder. In the presence of thiorphan, the
response to bradykinin was markedly enhanced
(Figure 2). This potentiation was larger in the pres-
ence (78 times) than in the absence (17 times) of the
mucosa (Table 1; Figure 2).

Mucosa-free bladder strips treated with thiorphan
(10pM, 15min before) were then used in all the
remaining experiments, unless otherwise specified.

Relaxant responses to bradykinin

To assess whether bradykinin may produce relax-
ation, bladder strips (mucosa-free, thiorphan 10yM
in the bath) were exposed to carbachol (5pM). This
produced a large phasic contraction followed by a
steady tonic response which approached 80-90% of
the response to KCl. In these conditions, bradykinin
produced a concentration-dependent transient relax-
ation (Figure 3).
The maximal relaxant response to 10pM brady-

kinin added as a bolus (48 + 4%, n = 4) did not sig-
nificantly differ from that observed when the same
concentration was attained at the end of a cumula-
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Figure 2 Effect of removal of the mucosa (b) and
thiorphan (10pM) on the contractile response of smooth
muscle strips from the guinea-pig urinary bladder to
bradykinin; (0) control; (0) plus thiorphan. Each
value is mean of at least 6 experiments, with s.e. shown
by vertical bars. Significantly different from control,
*P < 0.05.

tive concentration-response with a tenfold increase
in concentration for each dose (42 + 6%, n = 6). On
the other hand when the relaxant response produced
by a given concentration of bradykinin had faded, a
second addition of the same dose produced a relax-
ant response much smaller (70-80% reduction) than
that produced by the first dose. Bradykinin (0.1 pM)
had no relaxant effect on the tonic contraction pro-
duced by KCI (80 mms n = 3).

Effect of kallidin and [des-Arg9]-bradykinin

Kallidin (1 nM-1 pM) produced motor responses
similar to those produced by bradykinin, that is a
concentration-dependent contraction of the
unstimulated bladder and a concentration-dependent
relaxation of the carbachol-induced tone (Figure 4).
Kallidin was as effective as bradykinin in producing
a contraction and slightly more effective in produc-
ing the relaxation (Figure 4).

[des-Arg9]-bradykinin had little or no contractile
activity nor did it induce relaxation of carbachol-
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Figure 3 Typical tracings showing the relaxation produced by cumulative addition of bradykinin of smooth
muscle strips from the guinea-pig urinary bladder (tone elevated by 5pM carbachol) and blockade of this response
by apamin. Tension scale indicates the maximal contractile response to KCI.
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Figure 4 Contractile (a) and relaxant (b) responses to
bradykinin (0), kallidin (El) and [des-Arg9]-bradykinin
(A) of smooth muscle strips from the guinea-pig urinary
bladder. To study relaxations, tension was elevated by
addition of 5uAM carbachol to the bath. Each value is
mean of at least 6 experiments; s.e.mean shown by ver-
tical lines.

induced tone up to 1 gM (Figure 4). In some experi-
ments, to assess the possible involvement of a de
novo synthesis of B1 receptors during prolonged in
vitro incubation (see Regoli & Barabe, 1980), the
effect of the B1 receptor agonist was investigated 4-
5 h from the beginning of the experiment. Even in
this case (n = 3) there was little or no response to
[des-Arg9]-bradykinin.

Effect of in vitro capsaicin desensitization on the
contractile response to bradykinin

Previous exposure to capsaicin (1OMm for 30 min) did
not significantly affect the contractile response to
bradykinin, the EC50 and 95% confidence limits of
this latter being 23 (7-45) and 22 (8-36)nm in con-
trols and in preparations exposed to capsaicin,
respectively. The same occurred in the absence of
thiorphan, the EC50 of bradykinin being 251 (73-
2334) and 143 (33-1815)nm in controls and in prep-
arations exposed to capsaicin, respectively.

Effect of tetrodotoxin, indomethacin, nifedipine or
SC-19220 on the contractile response to bradykinin

Tetrodotoxin (1Mm for 15 min) had a slight and not
statistically significant inhibitory effect on the
response to bradykinin (Figure 5, Table 2). Either
indomethacin (5Mm for 90 min, Figure 1) or the pros-
taglandin antagonist SC-19220 (1OO Mm for 15min)
significantly antagonized the response to low con-
centrations of bradykinin (1-10nM) while having no
effect on the response to the higher concentrations
(0.1-1MM) (Figure 5). The EC50 of bradykinin was
increased by about 10 times in the presence of either
indomethacin or SC-19220 (Table 2). In other experi-
ments the effect of both indomethacin (5 M for
90min) and SC-19220 (100pM for 15min) on the
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Figure 5 Effect of tetrodotoxin (1 FM, *), indometha-
cin (5pM, El), SC-19220 (100pM, *) or nifedipine (A)
on the contractile response of smooth muscle strips
from the guinea-pig urinary bladder to bradykinin; (0)
control. Each value is mean of at least 6 experiments,
s.e. shown by vertical bars. Significantly different from
control, *P < 0.05.

response to bradykinin was investigated. As shown
in Table 2, the combined treatment with these two
agents was not more effective than that produced by
either of them when administered alone, as the ECo
of bradykinin was increased by about 13 times as
compared to controls.

At the concentration tested, SC-19220 produced a
slight enhancement of electrical field stimulation-
induced contractions while having no effect against
the response to KCl (n = 4). The bradykinin-induced

Table 2 Effects of various pretreatments on the
contractile response to bradykinin of the guinea-
pig isolated urinary bladder (mucosa-free, thior-
phan 10pM in the bath)

Treatment

Controls
Tetrodotoxin 1 pM
Indomethacin 5 pM
SC-19220 100pM
Indomethacin 1 pM
plus SC-19220 100pM
B2 antagonist 10pM
B2 antagonist 10.uM
plus indomethacin 5pM
Nifedipine 1 AM
Apamin 0.1 uM

EC50
and 95% confidence limits

(nM)

26 17-45
36 13-90

259 64-810
258 150-315
330 218-456

179 158-207
1760 1189-2347

> 10000
26 16-53

623



624 C.A. MAGGI et al.

u 1008
%V

2 80
0)
: 60,
0.
co 40

- 200

b

*o
1 10 100 1000 1 10 100 1000

Bradykinin (nM)

Figure 6 Effect of the bradykinin antagonist, [D-Argo,
Hyp3, Thij58, Phe7]-bradykinin (10/uM), on the contrac-
tile response of smooth muscle strips from the guinea-
pig urinary bladder to bradykinin in the absence (a) or
presence (b) of indomethacin: (0) control; (0)
B2-antagonist. Each value is mean of at least 6 experi-
ments, s.e. shown by vertical lines. * Significantly differ-
ent from control, *P < 0.05.

contraction was almost abolished by nifedipine
(1 yM, 30 min before, n = 4, Figure 5).

Effect of [D-Arg', Hyp3, Thi58, Phe7]-bradykinin on
the contractile response to bradykinin

The B2 receptor antagonist, [D-Argo, Hyp3, Thi58,
Phe']-bradykinin (10 1M) itself produced either a
small potentiation (5-10%) or no effect on twitches
produced by electrical field stimulation and did not
modify the contractile response to KCI, either in
absence or presence of indomethacin (n = 8). This
antagonist (101M, 15 min before) produced a. right-
ward shift of the concentration-response curve to
bradykinin which, however, attained a similar
maximal response, both in the absence or presence of
indomethacin (Figure 1 and 6). The B2 antagonist
increased the EC50 of bradykinin by 6.9 and 6.8
times in the absence and presence of indomethacin,
respectively. The corresponding apparent pA2
values, calculated as described by Van Rossum
(1963), were 5.33 and 5.69 in the absence and pres-
ence of indomethacin, respectively.

Effect oftetrodotoxin, capsaicin desensitization,
indomethacin, or [D-Argo, Hyp3, This 8, Phe7]-
bradykinin on bradykinin-induced relaxation

Neither tetrodotoxin (11AM) nor indomethacin (51M)
had any effect on bradykinin-(l 1M) induced relax-
ation which was slightly but not significantly
enhanced after in vitro capsaicin desensitization
(Figure 7).
By contrast, the bradykinin-induced relaxation

was antagonized, in a competitive manner by [D-
Arg°, Hyp3, Thi5"8, Phe7]-bradykinin (10O1M) (Figure

Figure 7 Effect of in vitro capsaicin desensitization,
tetrodotoxin (1 yM), indomethacin (5pM), apamin
(0.1 pM) or glibenclamide (1 M) on the relaxant response
produced by 1 M bradykinin on carbachol-induced
tone of smooth muscle strips from the guinea-pig
urinary bladder. Each column is mean of 4-6 experi-
ments; vertical bars show s.e.mean. Significantly differ-
ent from control *P < 0.05.
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Figure 8 Effect of the bradykinin antagonist, [D-Arg',
Hyp3, Thi"8, Phe']-bradykinin (101uM) on the
bradykinin-induced relaxation of carbachol-induced
tone of smooth muscle strips from the guinea-pig
urinary bladder: (0) control; (0) B2 receptor antago-
nist. Each value is mean of 6 experiments with s.e.

shown by vertical bars. * Significantly different from
control, *P < 0.05.
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8). The corresponding pA2 value, calculated as
described by Van Rossum (1963) was 5.56.

Effect ofapamin

Apamin (0.1 M 15 min before), the peptide extracted
from bee venom which blocks certain Ca-activated
K channels (see Cook, 1988 for review), completely
prevented the bradykinin-induced relaxations of
carbachol-contracted strips (Figure 3). By contrast,
glibenclamide (1 M for 15 min) a potent blocker of
ATP-sensitive K channels (Schmit-Antomarchi et al.,
1987) had no effect on bradykinin-induced relax-
ations (n = 4). The effect of apamin on the contrac-
tile response to bradykinin was examined.
Estimation of the effect of low concentrations of
bradykinin in the presence of apamin was difficult
because apamin itself produced rhythmic contractile
activity, the amplitude of which was 10-20% of the
response to KCl. In spite of this, the estimated ED50
of bradykinin in the presence of apamin (0.1I pm,
15 min before) was similar to that observed in con-
trols (Table 2).

Activation of capsaicin-sensitive nerves by bradykinin

As shown in Figure 9, bradykinin (1OMm) produced a
consistent increase in CGRP-LI outflow from
mucosa-free muscle strips from the guinea-pig
urinary bladder. By contrast, no significant SP-LI
outflow was induced (Figure 9). We have shown pre-
viously that CGRP-LI is stored and released from
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Figure 9 Effect of 10pM bradykinin on calcitonin
gene-related peptide-like immunoreactivity (a) and sub-
stance P-like immunoreactivity (b) outflow from super-
fused muscle of the guinea-pig urinary bladder. Each
value is mean of 4 experiments; vertical bars show
s.e.mean. Significantly different from baseline,
*P < 0.05.
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Figure 10 Effect of indomethacin (5uM) on bradykinin
(lOpM)-induced calcitonin gene-related peptide-like
immunoreactivity (CGRP-LI) released from superfused
muscle strips of the guinea-pig isolated urinary bladder.
These experiments were performed in parallel by com-
paring the effect of bradykinin in absence or presence of
indomethacin on muscle strips from the same bladders.
Each value is mean of 4 experiments; s.e. shown by ver-
tical bars. Significantly different from baseline,
*P <0.05.

capsaicin-sensitive sensory nerves in this organ
(Maggi et al., 1988). In subsequent experiments
CGRP-LI outflow was measured as an index of acti-
vation of capsaicin-sensitive fibres in this tissue.
[des-Arg9]-bradykinin (10 yM) failed to elicit any
increase in CGRP-LI outflow while subsequent
administration of bradykinin (10juM) on the same
samples had a consistent releasing effect (n = 4, data
not shown). The bradykinin (10pM)induced
CGRP-LI release was abolished by indomethacin
(5 yM for 30 min, Figure 10).

Discussion

Effect ofremoval ofthe mucosa and thiorphan

The present findings provide further evidence indi-
cating that estimates of the biological activity of
bradykinin may be strongly influenced by peptide
degradation (Erdos, 1979; Regoli, 1987; Dusser et
al., 1988). Several proteases are able to hydrolyze
kinins (Erdos, 1979; Regoli, 1987). Recently Dusser
et al. (1988) reported that phosphoramidon and
leucine-thiorphan, two inhibitors of endopeptidase
24.11, markedly enhance the contractile response to
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bradykinin in the ferret isolated trachea. Here we
show that thiorphan produced a marked poten-
tiation of the response to bradykinin. Biochemical
investigations have shown that bradykinin can be
cleaved by endopeptidase 24.11 (Turner, 1987). We
have not directly assessed whether this enzymatic
activity is present in the guinea-pig urinary bladder
and, for this reason, we cannot exclude that thior-
phan produced its effect by blocking other enzymes
capable of degrading bradykinin.
The present data indicate that the thiorphan-

sensitive activity which limits the expression of the
full biological activity of bradykinin resides in both
the mucosal and the muscle layer of the guinea-pig
urinary bladder. Indeed removal of the mucosal
layer itself increased the potency of bradykinin, a
finding which recalls similar observations with SP in
this same organ (Maggi et al., 1987a). We cannot
exclude the possibility that the mucosal layer acted
as a diffusion barrier toward exogenous peptides, but
the observation that enhancement of bradykinin
activity by thiorphan was greater in the presence (78
times) than in the absence (17 times) of the mucosa
suggests that the latter plays a role in the inactiva-
tion of bradykinin, e.g. the thiorphan-sensitive activ-
ity is more concentrated in the mucosa than in the
muscle.

Further studies are needed to establish the
mechanism(s) whereby removal of the mucosa and
addition of thiorphan enhanced the response to
bradykinin. Nevertheless, these experiments allowed
us to select proper experimental conditions (mucosa-
free muscle strips exposed to 10/M thiorphan) for
studying the mechanisms underlying the motor
responses to bradykinin.

Motor responses to bradykinin

The present findings indicate that bradykinin exerts
two opposite motor effects in the guinea-pig urinary
bladder muscle. These two effects can be better
assessed by a further selection of the experimental
conditions, that is a contraction at resting tone and a
relaxation when the tone was raised by carbachol.
Both effects are largely if not totally tetrodotoxin-
resistant suggesting that intramural nerves do not
play a key role in their genesis. The same applies to
the intramural capsaicin-sensitive nerves. Although
bradykinin is capable of stimulating the 'efferent'
function of these nerve endings (see below), both the
contraction and the relaxation produced by this
peptide were unaffected by a previous exposure of
the tissues to a high concentration of capsaicin, a
procedure shown to produce a long-lasting blockade
of sensory nerves (Maggi et al., 1987b; 1989; Bartho
et al., 1987) (sensory neurone blocking action of cap-
saicin, as defined by Szolcsanyi, 1984; 1989). Either

tachykinins or CGRP can affect motility of the
guinea-pig urinary bladder (Maggi et al., 1988) but,
conceivably, the motor effects of bradykinin are
strong enough to overcome those produced by rel-
eased tachykinins or CGRP.
The present findings suggest that B1 receptors

play no role in the action of bradykinins, as [des-
Arg9]-bradykinin, a selective B1 receptor agonist
(Regoli & Barabe, 1980) was virtually ineffective. The
contractile response to bradykinin apparently
involves both B2 receptor activation and prostanoid
synthesis along the cyclo-oxygenase pathway. The
two mechanisms are apparently independent,
because the inhibitory actions of indomethacin and
the B2 receptor antagonist were additive. By con-
trast, the actions of indomethacin and SC-19220 a
PGE2 antagonist (Drower et al., 1987) were not
additive. This conclusion agrees with the findings of
Rhaleb et al. (1988) who proposed that activation of
prostanoid synthesis by bradykinin may occur inde-
pendently from B1 or B2 receptor activation. In any
case, influx of extracellular calcium via nifedipine-
sensitive calcium channels seems a likely final event
for the genesis of the contractile response. B2 recep-
tors are apparently responsible for the bradykinin-
induced relaxation which was observed when the
tone was raised with carbachol but not when tone
was raised by KCl. Presumably this implies that
bradykinin relaxes smooth muscle cells by hyper-
polarization due to opening of K channels. This
could explain the sensitivity of the bradykinin-
induced relaxation to apamin, a well known blocker
of certain calcium-activated K channels, while gli-
benclamide, a blocker of certain ATP-sensitive K
channels was ineffective (Schmit-Antomarchi et al.,
1987; Cook, 1988). These findings are reminiscent of
the apamin-sensitive relaxation produced by brady-
kinin in the guinea-pig taenia caeci preparation
(Carter et al., 1987; Den Hertog et al., 1988) which
have been shown to involve activation of B2 recep-
tors. Likewise, bradykinin was shown to produce a
transient rise in intracellular free neuronal calcium
associated with transient hyperpolarization due to
activation of an apamin-sensitive outward K current
(Miller, 1987).

It is interesting to note that the B2 receptor
antagonist used in this study had a similar pA2 value
(about 5.5) when tested against bradykinin-induced
contraction and relaxation. Thus the same receptor
could mediate both responses in the guinea-pig
bladder. [D-Argo, Hyp3, Thi5'8, D-Phe7] bradykinin
has been shown to be quite a potent (pA2 > 6.5)
bradykinin antagonist in some systems (rabbit
jugular vein, rat vas deferens) (Rifo et al., 1987;
Whalley et al., 1987) while in other tissue (guinea-pig
taenia caeci, Field et al., 1988; guinea-pig urinary
bladder, this study) it showed a consistently lower
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affinity for B2 receptors (pA2 about 5.5). Further
studies are needed to assess which subtype of the B2
receptor (see Plevin & Owen, 1988 for review) medi-
ates the motor responses to this peptide in the
guinea-pig urinary bladder.

Activation ofsensory nerves by bradykinin

There is ample evidence indicating that bradykinin is
a potent stimulant of sensory nerves and this action
produces not only pain and activation of reflex
responses (Lembeck et al., 1976; Kumazawa et al.,
1980; Hori et al., 1986; Dray et al., 1988a,b; Rioux et
al., 1987; Staszewska-Woolley et al., 1988) but also
neuropeptide release from peripheral endings of
capsaicin-sensitive nerves which exert a variety of
motor and inflammatory actions. As discussed
above, the motor effects produced by neuropeptides
released by bradykinin in the guinea-pig urinary
bladder are probably obscured by the motor effects
produced by bradykinin itself (B2 receptor
activation) and prostanoid generation. It is however
possible that peptides released from sensory nerves
(Saria et al., 1984; Markowitz et al., 1987) play a role
in the inflammatory response produced by brady-
kinin in the urinary tract. In a previous study (Maggi
et al., 1988) we demonstrated a simultaneous release
of both SP-LI and CGRP-LI by capsaicin from
mucosa-free muscle strips of the guinea-pig urinary
bladder. Tissue content of both peptides is depleted
(> 90% reduction) by systemic capsaicin desensi-
tization. Therefore we can reasonably assume that
CGRP-LI released by bradykinin in the present
experiments originated from peripheral endings of
these primary sensory neurones. The reason why no
SP-LI release was detected in response to bradykinin
is at present unclear. However, the CGRP-LI release
induced by bradykinin is only a fraction (<20%) of
the response to capsaicin (unpublished data). When
looking at the response to capsaicin in the guinea-
pig urinary bladder, the released CGRP-LI/SP-LI
ratio lies between 12-16/1 (Maggi et al., 1988). It is
therefore conceivable that a putative SP-LI release
by bradykinin might have been too low to be
detected with RIA.

Using different experimental models, evidence has
been presented that bradykinin might excite sensory

fibres both directly and through the release of pros-
tanoids (Lembeck et al., 1976; Hori et al., 1986). In
some instances evidence has been presented indicat-
ing the involvement of B2 receptors (Dray et al.,
1988a; Staszewska-Woolley et al., 1988).
The present findings indicate that SP-LI and

CGRP-LI release by bradykinin in the guinea-pig
urinary bladder is largely indirect, via prostanoid
production. A similar conclusion was drawn about
the SP-LI and CGRP-LI release from sensory nerves
in the guinea-pig heart (Manzini et al., 1989). When
looking at the contractile response produced by
bradykinin in the guinea-pig bladder (cf. Rhaleb et
al., 1988) one might speculate that B2 receptors play
a minor role in activating sensory fibres in this prep-
aration, but further studies are needed to elucidate
this point.

Conclusions

The present findings indicate that bradykinin pro-
duces multiple responses in the bladder which
involve activation of both B2 receptors and prosta-
noid synthesis, apparently via independent mech-
anisms. The consequences of mucosal removal and
addition of thiorphan suggest that potent endo-
genous mechanism(s) operate to limit the activity of
this peptide. When produced in biologically relevant
quantities during an inflammatory process such as
cystitis (cf. Marceau et al., 1980) the effects of brady-
kinin would probably be such as to affect reflex regu-
lation of bladder motility, by stimulation of
capsaicin-sensitive nerves which regulate the afferent
branch of reflex micturition in this species (Maggi et
al., 1987c). This may occur through stimulation of
sensory nerves (either directly or via prostanoid
production) and the motor response to the peptide
which could itself activate bladder mechanorecep-
tors. Thus, bradykinin might contribute significantly
to the genesis of symptoms such as urinary frequency
in addition to sustaining neurogenic inflammation.
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