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New, long-acting, potent bradykinin antagonists
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1 Three new bradykinin (BK) antagonists, D-Arg0-Hyp3-Thi3-D-Tic7-Oic8-BK (compound I), D-Argo-
Hyp3-D-Tic7-Oic8-BK (compound II), and Arg(Tos)'-Hyp3-Thi5-D-Tic7-Oic8-BK (compound III), were
tested against the effects of BK in 9 bioassay preparations including visceral smooth muscles, vasocons-
triction, plasma protein extravasation, release of prostaglandin E2, bronchoconstriction, and stimulation
of afferent C-fibre nociceptors. In some of these tests the effects of the new compounds were compared
with those of the antagonist D-Arg0-Hyp2-Thi5'8-D-Phe7-BK (compound IV), described by Stewart &
Vavrek (1987).
2 For all bioassays the general rank order of potency of the compounds was found to be
I > II > III > IV. The new antagonists were long-acting; in some bioassays their effects outlasted the
duration of the experiment.
3 The inhibitory effects of the new BK antagonists were specific for BK; actions of noradrenaline, angio-
tensin II, acetylcholine or histamine were unaffected by the antagonists. They did not stimulate the
release of histamine or prostaglandins. An agonistic effect was observed only with very high concentra-
tions of compounds I and II in the plasma protein extravasation test.
4 The long duration of action of the new BK antagonists is probably due to a high and long-lasting
affinity to the BK receptors. A high resistance of the antagonists to enzymatic destruction may be another
reason.

5 The new BK antagonists will be valuable tools for the investigation of the pathophysiological role of
BK. In addition they may offer a potential for therapeutic applications.

Introduction

Following the synthesis of the first bradykinin (BK) antago-
nists (Regoli & Barabe, 1980) and the discovery of novel
potent BK antagonists of broad spectrum by Vavrek &
Stewart (1985), a number of further antagonists have been
synthesized and are being explored at present from different
angles. Although the specificity and high potency of these
antagonists has been unequivocally established (Regoli et al.,
1986; Griesbacher & Lembeck, 1987; Schachter et al., 1987;
Steranka et al., 1988; Francel et al., 1989; Griesbacher et al.,
1989), their susceptibility to fast enzymatic degradation
limited their usefulness (Griesbacher et al., 1989). Now, new
analogues of BK have been synthesized in which unusual
amino acids have been inserted with the intention of making
the antagonists more resistent to enzymatic cleavage. In the
present investigation the BK antagonistic potency and dura-
tion of action of the following 3 new compounds were tested:
D-Arg0-Hyp3-Thi5-D-Tic7-Oic8-BK (compound I), D-Argo-
Hyp3-D-Tic7-Oic8-BK (compound II), and Arg(Tos)1-Hyp3-
Thi5-D-Tic7-Oic8-BK (compound III). They were compared
with the BK antagonist D-Arg0-Hyp2-Thi5'8-D-Phe7-BK
(compound IV) described earlier (Stewart & Vavrek, 1987;
Francel et al., 1989; Linz et al., 1990).

In vitro and in vivo tests were carried out in several BK
bioassay systems which had been used in our previous work
on BK antagonists (Griesbacher & Lembeck, 1987; Griesba-
cher et al., 1989). In addition, the BK-induced longitudinal
contraction of the guinea-pig ileum (in vitro), and plasma
protein extravasation in internal organs of the rat and bron-
choconstriction in guinea-pigs (in vivo) were used.

Methods

Isolated visceral smooth muscle preparations

Rat uterus (in oestrous) Female Sprague-Dawley rats were
injected with diethylstilboestrol (lOOpgkg-1, s.c.) 16h before
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the uterus was used. The distal parts of the uterine horns were
suspended at 320C in De Jalon solution containing atropine
(0.35 uM) and indomethacin (2.8 FM). Isotonic contractions
were recorded under a resting tension of 0.5 g. BK (1.6 nM) was
added to the organ bath at 5min intervals and left in the
organ bath for 1 min. Compounds I (0.25-2.5 nM), 11 (0.2%
7.5 nm), III (0.75-25 nM), or IV (75-750nM) were added to the
bath 4min before the 3rd dose of BK; thus, they were in
contact with the tissue for a total period of 5 min.

Rat duodenum The proximal part (L.5 cm) of the duodenum
of female Sprague-Dawley rats was suspended at 32°C in De
Jalon solution containing atropine (0.35 pM) and indomethacin
(2.8 pM). A resting tension of 2g was applied to the tissue and
isotonic relaxations in response to BK (3 nM) were recorded.
Compounds I (1.25-5 nM), 11 (1.25-5 nM), III (1.25-50 nM), or
IV (4-500 nM) were added 4 min before a subsequent addition
of BK.

Guinea-pig ileum The ileum (1.5cm) was suspended in
Tyrode solution at 32°C. Isotonic contractions were recorded
under a resting tension of 0.5g. BK (73 nM) was applied
repeatedly at intervals of 3 min. One min after each addition
of BK the bath solution was replaced. Compounds I (3-
lOOnM), II (1-lOOnM), III (3-300nM), or IV (100-lOOOOnM)
were added to the organ bath 2 min before the following dose
of BK.

In all tissues a concentration-response curve to BK was
established at the beginning of each experiment in order to
insure that the test doses of BK used were submaximal. After
the addition of the antagonists, the BK additions were contin-
ued for a period of 30 min to monitor the recovery of the BK
response.

Vasoconstriction in the isolated perfused ear of the rabbit

Rabbits of either sex were killed by an i.v. injection of an over-
dose of pentobarbitone sodium. The auricular arteries of both
ears were cannulated and the ears were then separated from
the head as described earlier (Griesbacher & Lembeck, 1987).
The ears were perfused with Tyrode solution (37°C) and the
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perfusion pressure was adjusted to give a flow rate of
5 ml min 1. Then, the perfusion pressure (30-60cmH2O) was
kept constant. Vasoconstriction was measured by recording
the venous outflow with an electronic drop interval timer. BK
(100 pmol) was injected into the arterial inflow cannula at
intervals of 30 min. The antagonists were infused during the
5 min period preceding the third injection of BK, the sub-
sequent doses of BK were injected as before. On several
occasions angiotensin 11 (30 pmol) or noradrenaline (100 pmol)
were injected between the BK injections to test the specificity
of the antagonists.

Release of prostaglandin E2from the rabbit ear

Rabbit isolated ears were prepared as described above. Per-
fusion with Tyrode solution at 370C was carried out at a con-
stant flow rate of 1.6 ml minm l using a roller pump for at least
30 min before the tests were started. The BK antagonists (final
concentration 20 nM) were then added to the perfusion
medium of one ear for a period of 5 min. In each experiment a
corresponding volume of a 154 mm solution of NaCI was
infused into the contralateral control ear. Five min after the
end of these infusions, BK (1 nmol) was injected into the
arterial inflow cannula of each ear. The venous outflow was
collected in 5 min fractions before and after the BK injections
and stored at - 20'C. The prostaglandin E2 (PGE2) content
of these fractions was estimated by radioimmunoassay (Juan,
1977).

Plasma protein extravasation in rats

Female Sprague-Dawley rats (150-200g) were anaesthetized
with pentobarbitone sodium (SOmgkg -, s.c.). A jugular vein
was cannulated and Evans blue dye (20mgkg-1) was injected
i.v. to stain plasma proteins. Compound I or II
(500nmolkg-1) was given i.v. 5min later, followed by BK
(500nmolkg-1) injected i.v. 3, 10 or 30min after the BK
antagonist. In 2 control groups no BK antagonists were used:
in one of them BK was injected, in the second group physio-
logical saline was used instead of BK. At the end of the experi-
ments, 5 min after the last injections, the thorax was opened
and the rats were perfused via the aorta with 50 ml of physio-
logical saline. The trachea, the urinary bladder, and the duo-
denum (proximal 1.5 cm) were dissected, weighed and
incubated for 48 h in formamide at 50°C (Saria et al., 1983).
The amount of Evans blue extracted was measured photo-
metrically at 620 nm. Plasma protein extravasation was
expressed as ng Evans blue mg-1 wet weight.

In order to establish whether a BK antagonist increased
plasma protein extravasation when given on its own, com-
pounds I, II or III were injected i.a. at the 10 fold higher dose
of 5 pmol kg-1 and the experiment terminated 5 min later. To
test whether histamine, acting via H, receptors, or prostaglan-
din release contributed to the observed BK-induced plasma
protein extravasation, animals were pretreated with mepyra-
mine maleate (10mg kg-1, s.c.) or indomethacin (10mg kg 9

s.c.) 30 min before the beginning of the experiment.

Bronchoconstriction in guinea-pigs

Guinea-pigs of either sex (400-700 g body weight) were anaes-
thetized with urethane (25% w/v in physiological saline,
7.5 ml kg- , i.p.). The trachea was cannulated and the animals
were put on artificial respiration (stroke volume 10 ml kg- ,
65 strokes min- 1). As an index of bronchoconstriction the pul-
monary inflation pressure (PIP) was measured in a side arm of
the tracheal cannula with a Statham pressure transducer (Jin
et al., 1989). One carotid artery was cannulated to measure the
arterial blood pressure. BK (1 nmol) was injected into a
jugular vein at intervals of 10min. The BK antagonists I
(1 nmol) or II (1 nmol) or III (2 nmol) were injected i.v. min
before a subsequent injection of BK. Compound IV
(100nmol) was injected i.v. immediately before the test dose of

BK. To test the specificity of the antagonists, experiments
were carried out in which histamine (10nmol) was injected
instead of BK. The injection volume of BK, the BK antago-
nists, and histamine was 0.1 ml.

Rabbit iris sphincter muscle

To test the antagonists in a system where BK acts on pep-
tidergic afferent C-fibre nociceptors, the isolated sphincter
muscle of the rabbit was used. In this preparation the BK-
induced contractions of the smooth muscles are induced by
the release of tachykinins from primary afferent trigeminal
neurones (Bynke et al., 1983; Ueda et al., 1984; Hakanson et
al., 1987). Rabbits of either sex were killed by an i.v. injection
of an overdose of pentobarbitone. The eyes were enucleated
and the iris sphincter muscles were prepared as described by
Kern (1970). Isotonic contractions were recorded under a
resting tension of 0.5 g. The BK antagonists were added to the
organ bath (Krebs solution, 37°C) Smin before cumulative
concentration-response curves to BK were established
(Griesbacher & Lembeck, 1987); an appropriate amount of
physiological saline was added to the organ bath of control
tissues.

Stimulation of nociceptors in the rabbit ear

Rabbits of either sex (3-6kg) were anaesthetized with pento-
barbitone sodium (45mgkg-', i.v.). The arterial blood pres-
sure in a carotid artery was recorded by means of a Statham
pressure transducer on a Grass Model 7B Polygraph. To
maintain anaesthesia small amounts of pentobarbitone
sodium (6 mg) were injected into a jugular vein; the stability of
blood pressure and the corneal reflex were used to monitor
anaesthesia. The central ear artery was cannulated and the ear
separated from the head with the exception of the auricular
nerve, which remained connected to the head (Griesbacher &
Lembeck, 1987). The ear was perfused with Tyrode solution
under constant pressure at a flow rate of Smlmin-'. PGE1
(final concentration 30nM) was added to the Tyrode solution
in order to augment the responses to BK and acetylcholine
(ACh) (Juan & Lembeck, 1974). BK (100 pmol) and ACh
(60nmol) were injected alternately into the arterial inflow
cannula at intervals of 15min; 26min after the second injec-
tion of BK compound I (final concentration 1.5 or 15 nM) or
compound III (final concentration 5 or 50nM) were infused
into the arterial inflow cannula of the ear for 4min. Imme-
diately after the end of this infusion the next dose of BK was
injected. The reflex falls in carotid blood pressure induced by
BK and ACh were then monitored over a period of 1 h.

Substances

Bradykinin (BK) was obtained from Bachem, Switzerland.
The BK antagonists D-Arg0-Hyp3-Thi5-D-Tic7-Oic8-BK
(compound I), D-Arg0-Hyp3-D-Tic7-Oic8-BK (compound II),
Arg(Tos)'-Hyp3-Thi5-D-Tic7-Oic8-BK (compound III), and
D-Arg0-Hyp2-Thi5 8-D-Phe7-BK (compound IV) (Thi = fi-
(2-thienyl)-L-alanine; D-Tic = D-(1,2,3,4-tetrahydroisoquinolin-
2-yl-carbonyl); Oic = L-[(3aS,7aS)-octahydroindol-2-yl-car-
bonyl]; Arg(Tos) = N0-tosyl-L-arginine) were synthesized by
solid phase peptide synthesis by Hoechst AG.

Further substances used were: acetylcholine chloride
(Becker, Austria); atropine sulphate (Merck Sharp & Dohme,
F.R.G.); diethylstilboestrol, histamine dihydrochloride (Serva
Feinbiochemie, F.R.G.); Evans blue, indomethacin, nor-
adrenaline hydrochloride, prostaglandin (PG) E1 (Sigma,
U.S.A.); mepyramine maleate (Smith Kline & French, U.K.);
pentobarbitone sodium (Ceva, F.R.G.); PGE2 antiserum
(BioMakor, Israel); [3H]-PGE2 (Amersham International,
U.K.).

All peptides were dissolved in physiological saline contain-
ing 1 g 1- gelatine and 25mg 1' cialit (sodium 2-
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ethylmercuriothio-benzoxazole-5-carboxylate, Asid-Institut
GesmbH, F.R.G.) to prevent absorption to glass and bacterial
growth. Diethylstilboestrol was dissolved in and diluted with
olive oil. Indomethacin was dissolved in 2% Na2CO3 and
diluted with phosphate buffer (20mM KH2PO4 and 50mM
Na2HPO4). PGE1 was dissolved in 50% ethanol. All other
substances were made up in physiological saline.
The compositions of the physiological salt solutions were

(in mM): De Jalon: NaCl 154.0, KCl 5.6, CaCl2 0.54, MgCl2
0.05, NaHCO3 11.9, D-glucose 3.0; Krebs: NaCl 118.0, KCl
4.6, CaCl2 2.5, MgSO4 1.17, NaH2PO4 25.0, D-glucose 10.1;
Tyrode: NaCl 136.9, KCI 2.7, CaCl2 1.8, MgCl2 1.15,
NaH2PO4 0.42, NaHCO3 11.9, D-glucose 5.6; physiological
saline: NaCl 154. All solutions used in in vitro experiments
were gassed with a mixture of 95% °2 and 5% CO2.

Statistical analysis

In the smooth muscle preparations, the effects of BK before
and after the addition of the antagonists were compared by
the Quade test (Conover, 1980). To quantify the potency of
the antagonists, the % inhibition, transformed to logits as a
linearising transformation, was plotted against the negative
logarithm of the antagonist concentrations and log-logit
regression analysis was used to calculate IC50 values. Log-
logit regression analysis was used to test the concentration-
response curves to BK on the rabbit isolated iris sphincter
muscle for non-identity and non-parallelism. Where the
concentration-response curves in the absence and presence of
an antagonist proved not to deviate significantly from paral-
lelism, the horizontal displacement to the right was calculated
(Geigy, 1980) to determine the concentration-ratio.

Vasoconstriction in rabbit isolated perfused ears was
analyzed by performing multiple nonparametric comparisons
(Zar, 1984) of the BK-induced effect in antagonist-treated ears
compared with that in the saline-treated control ears. The
Mann-Whitney U test was used to compare the magnitude of
the release of PGE2 from rabbit ears that had been perfused
with an antagonist with the release of PGE2 from control
ears. Dunnett's t test was employed to compare results
obtained in individual groups in the plasma protein extrava-
sation test. The effects of the BK antagonists in vivo on BK-
induced bronchoconstriction in guinea-pigs and on
BK-induced nociceptor stimulation in the perfused rabbit ear
were analyzed by comparing the effects of BK before and after
the administration of the antagonists with the Quade test.

Values calculated by regression analysis are given with 95%
confidence intervals. All other values are given as
means + s.e.mean.

Results

Isolated visceral smooth muscle preparations

All BK antagonists tested inhibited the contractile effects of
BK on the rat uterus and on the guinea-pig ileum, as well as
the relaxant effects of BK on the rat duodenum in a
concentration-dependent manner. However, the concentra-
tions of compound IV that were needed to inhibit effectively
the actions of BK were about 2-3 orders of magnitude higher
than those of compounds I, II and III (Table 1).

In addition, there was a difference in the duration of the
action of the antagonists in these preparations (Figure 1
shows the results from the rat uterus). Compound IV reduced
the effects of BK only while it was present in the organ bath;
the next application of BK already produced a response as
before the addition of compound IV. The new antagonists I, II
and III inhibited BK for a much longer time, despite the
repeated washing procedures after each addition of BK. A
period of 30min was required to restore the full potency of

Table 1 Inhibition of the bradykinin (BK-induced contrac-
tions of the isolated rat uterus and the guinea-pig ileum, and
of the BK-induced relaxations of the isolated rat duodenum

-log IC5O
Antagonist Rat uterus Rat duodenum

I
II
III
IV

9.3 (8.6-10.0)
9.2 (8.5-10.0)
8.4 (7.3-9.5)
6.2 (5.3-7.1)

8.7 (8.3-9.3)
8.5 (7.9-9.1)
8.1 (7.4-8.7)
7.1 (5.3-8.8)

Guinea-pig ileum

8.1 (7.4-8.8)
7.9 (7.0-8.8)
7.8 (6.8-8.8)
6.3 (5.5-7.1)

BK was applied to the tissues at concentrations that gave
approximately 70% of the maximum effect. The inhibition by
the BK antagonists was plotted against the antagonist con-
centration and -log IC50 values were calculated by log-logit
regression analysis; 95% confidence intervals are given in
parentheses. Each value was obtained from a total of 24-30
experiments.

BK when these antagonists were used in concentrations which
almost abolished the effect of the first dose of BK added to the
organ bath while the antagonist was still present (see Figure
1).

Vasoconstriction in the rabbit isolated perfused ear

Intra-arterial injections of BK (100 pmol) at intervals of
30min elicited, under control conditions, consistent decreases
of the venous outflow between 60 and 70%. Short infusions
(5 min) of the BK antagonists reduced the effect of subsequent
injections of BK in a concentration-dependent manner (Figure
2). Compound I was the most potent antagonist: in a concen-
tration of 5 nM it reduced the effects of BK significantly
(P < 0.05); a concentration of 15 nm blocked the BK-induced
vasoconstriction completely (P < 0.001). Three times higher
concentrations of compound II and compound III were
required to obtain comparable inhibitory effects. The inhibi-
tion of the BK-induced vasoconstriction by these antagonists
persisted during the whole duration of the experiment, i.e. up
to 3 h (see Figure 2). In 2 ears the antagonistic effect of com-
pound I (15 nM) was monitored for a period of 6 h during
which the responses to BK did not recover.
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Figure 1 Inhibition of the effect of bradykinin (BK) on the rat
uterus: BK (1.6 nM) was added to the organ bath at intervals of 5min
and the medium (De Jalon solution) was changed 1 min later. Ordi-
nate scale: contractions of the uterus as % of the maximum BK-
induced response. Abscissa scale: time in min. At the time indicated
by the arrow, the BK antagonists compound I (2.5 nm, 0), compound
11 (2.5 nM, A), compound III (25 nm, V), or compound IV (2500 nM, <O)
were added. The effect of the subsequent dose of BK was, in all cases,
nearly abolished (P < 0.001). The next response to BK was again
normal when compound IV had been used; in the case of the other
antagonists the BK response stayed significantly decreased for at least
25 min. Symbols represent mean values (n = 6); vertical lines show
s.e.mean. Where no s.e.mean is given it was smaller than the symbol.
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Figure 2 Rabbit isolated ears were perfused under constant pressure
with Tyrode solution at an initial flow rate of 5 ml min- 1. Bradykinin
(BK, 100pmol) was injected i.a. at intervals of 30min. The BK-
induced vasoconstriction was quantified as % reduction of the venous
outflow from the ear. Compound I was infused into the arterial inflow
(final concentrations 1.5nm, 5nm, and 15nM, 0) during a period of
5min prior to the third injection of BK (cross-hatched squares);
control animals (0) received a corresponding volume of physiological
saline (open square). Subsequent effects of BK were either completely
blocked (15 nM, P <0.001) or partly inhibited (5 nM, P <0.05) by
compound I. Each antagonist concentration was tested in 5-7 ears.
Symbols represent mean values; vertical lines show s.e.mean. Where
no s.e.mean is given it was smaller than the symbol.

Compound IV infused at concentrations of 50, 150, and
500nm reduced, but did not abolish, BK-induced vasocon-
striction; 30min after the infusion the degree of vasoconstric-
tion induced by BK was again the same as in the control ears.
The order of potency of the antagonists was I > II z

III > IV (Table 2). Vasoconstrictions elicited by i.a. injections
of angiotensin II (30pmol) or noradrenaline (100pmol) were

not affected by the infusions of the BK antagonists (n = 4;
data not shown).

Release ofprostaglandin E2from the rabbit ear

The basal PGE2 release from rabbit isolated ears, perfused at
a constant flow rate of 1.6 ml min- l, was 0.2 + 0.05 ng
5 min-' (n = 22). Injection of BK (1 nmol, i.a.) caused a

release of a further 8.4 + 0.9 ng PGE2 during a period of
20min (compare Figure 3, upper panel). All antagonists were

infused i.a. (final concentration 20 nM) over a period of 5 min.
No increase of the PGE2 content of the venous outflow was

observed during these infusions. Five min after the infusion of
compound I the PGE2 release normally induced by an injec-
tion of 1 nmol BK was completely abolished (Figure 3b). Infu-
sions of compound II or compound III also abolished the
effect of BK (n = 5-6; results not shown). When compound IV
was infused, the PGE2 content of the venous outflow was not

Table 2 Inhibition of bradykinin (BK)-induced vasocon-

striction in the isolated perfused ear of the rabbit

Antagonist

I
II
III
IV

-log ICSO

8.5 (7.9-9.1)
8.2 (7.1-9.1)
8.2 (7.5-9.0)
6.9 (5.7-8.2)

BK (100 pmol) was injected into the arterial inflow cannula at
intervals of 30 min. The antagonists were infused i.a. during
the 5 min period preceding the third injection of BK.
-log IC50 values were calculated by log-logit regression
analysis; 95% confidence intervals are given in parentheses.
Each value was obtained from a total of 15-28 experiments.

Figure 3 Release of prostaglandin E2 (PGE2, in ng 5 min-1) from
the rabbit isolated perfused ear (Tyrode solution, constant flow of
1.6 ml min-1): bradykinin (1 nmol) was injected i.a. as a bolus
(indicated by the arrow). Compound I (final concentration 20nM) was

present in the Tyrode solution for 5min (indicated by cross-hatched
bar below abscissa scale in b). In control ears a corresponding volume
of physiological saline (indicated by open bar below abscissa scale, a)
was infused. The PGE2 content of the venous effluent, collected in
5min fractions, was determined by radioimmunoassay. Columns rep-

resent mean values with s.e.mean shown by vertical lines; n = 6. Sig-
nificance of difference from the corresponding fractions of control
ears: ** P < 0.01.

reduced; it amounted to 9.4 + 1.7 ng during 20 min (n = 6)
and did not differ from the values obtained in the correspond-
ing control ears (10.1 + 2.7 ng).

Plasma protein extravasation in rats

Intravenous injections of BK (500 nmol kg- 1) in anaesthetized
rats caused a significant increase (P < 0.01) in plasma protein
extravasation over control levels in the trachea, the urinary
bladder and the duodenum. It was most pronounced in the
duodenum. When compound I (500nmol kg-') or compound
11(500 nmol kg 1) had been given i.v. 3, 10, or 30 min before
the BK injection, BK-induced plasma protein extravasation
was completely abolished in all organs (Table 3). The effect of
BK was totally unaffected by pretreatment with either mepy-
ramine (10mg kg- , s.c.) or indomethacin (10mg kg- , s.c.).

Figure 4 shows plasma protein extravasation in the duo-
denum induced by i.v. injections of BK antagonists injected
alone in doses 10 times higher than those used in the experi-
ments above. Only compound I (5,umol kg-1) elicited plasma
protein extravasation to an extent comparable to that induced
by BK (500 nmol kg -). This effect was seen in duodenum,
trachea and bladder. Compound II caused plasma protein
extravasation only in the trachea, whereas compound III
showed no agonist activity in any of the organs tested.

Bronchoconstriction in guinea-pigs

BK (1 nmol) injected i.v. into anaesthetized guinea-pigs at
10min intervals elicited reproducible increases in PIP between
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Table 3 Plasma protein extravasation in the duodenum,
trachea and urinary bladder of anaesthetized rats (pretreated
i.v. with Evans blue)

Duodenum Trachea Bladder

Saline
BK
BK + I

3 min
10min
30min

BK +11
3 min
10min
30min

37+8 25±7 10± 1
140 + 22** 90 + 15** 74 + 12**

52 + 19
36 + 5
26 + 6

34+4
34 + 8
38 + 8

28 ± 5
30 + 5
20 + 3

30 + 5
28 + 4
18 + 3

14 + 2
12 ± 2
10 + 2

11 + 2
18 + 6
8 + 1

Bradykinin (500 nmol kg- 1) was injected i.v. either alone
(BK) or 3-30min after the i.v. injection of compound I or II.
Control animals were injected with physiological saline
instead of BK. Evans blue content of the tissues (in ngmg-'
wet weight) was determined 5 min after the injection of BK or
physiological saline. Means + s.e.mean; n = 4-10. Signifi-
cance of difference from saline controls: ** P < 0.01.

'a
I
E
E
a-

0

0
a.)
C

1br

0

Time (min)

Figure 5 Changes of pulmonary inflation pressure (PIP, in mmHg)
in anaesthetized guinea-pigs in vivo: bradykinin (BK, 1nmol) was
injected i.v. at intervals of 10min. At the time indicated by the arrow
an i.v. injection of compound I (1 nmol, 0), compound II (1 nmol, A),
compound III (2nmol, V), or compound IV (100 nmol, ') was made.
The response to the next dose of BK was nearly abolished by all
compounds (P < 0.001). The effects of subsequent 6 doses of BK were
significantly (P < 0.01) inhibited by compounds I and II. Symbols
represent mean values; vertical lines give s.e mean. n = 6-9.

5 and 8 mmHg (Figure 5). The BK antagonists were injected
i.v. 1 min before the third injection of BK. The response to this
BK injection was completely blocked when compound I
(1 nmol) or compound 11 (1 nmol) had been given; 60min later
the effect of BK was still reduced to 51% and 23%, respec-
tively. Compound III (2 nmol) reduced BK-induced broncho-
constriction to 16% of the control value; 30min later the BK
response was back to 70% of its original value. To block BK-
induced bronchoconstriction with compound IV, a dose of
100 nmol had to be given and the response to BK given
10 min later was already back to normal.
None of the antagonists had a significant effect on the

increase in PIP induced by i.v. injections of histamine
(1Onmol, n = 5).
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Figure 4 Plasma protein extravasation in the duodenum of anaes-
thetized rats (pretreated i.v. with Evans blue): column heights rep-
resent Evans blue content of the duodenum (in ngmg-' wet weight)
of rats 5min after the i.v. injection of physiological saline (open
columns), bradykinin (BK, solid column), or of the BK antagonists on
their own (compound I: cross-hatched column; compound II: stippled
column; compound III: shaded column). The doses of BK and the BK
antagonists are given below the columns (in umol kg- 1). Significance
of difference from saline controls: * P < 0.05. Means with s.e.mean
shown by vertical lines; n = 6.

Rabbit iris sphincter muscle

Cumulative concentration-response curves to BK were shifted
to the right when the antagonists were present in the bathing
solution of the preparations. The maximum contraction
obtained with BK in the presence of the antagonists was not
different from that seen with control tissues and was 70-90%
of the contraction induced by a maximal concentration of car-
bachol (10pM). The concentrations of the antagonists were
chosen so as to give a rightward shift by approximately 0.5 to
1 log unit. The regression lines for the concentration-response
relations proved not to differ significantly from parallelism.
Therefore, concentration-ratios were calculated by regression
analysis (Table 4). When Compound I was employed at the
same concentration as compound II and compound III (5 nM)
the highest BK concentration that could be used (5pM)
yielded only 42 + 11% of the carbachol-induced maximum.
Since no information on the upper regions of the
concentration-response curve could be obtained, no regression
line was calculated for this concentration of compound I.
However, the data available suggest a shift of the
concentration-response curve by 2-2.5 log units. Compound
IV was about 1000 times less potent than compound I and
about 100 times less potent than compounds II and III.

Stimulation of nociceptors in the rabbit ear

Basal systemic arterial blood pressure was 90-110mmHg and
remained constant throughout the course of the experiment.

Table 4 Bradykinin (BK)-induced contractions of the rabbit
isolated iris sphincter muscle

Antagonist Concentration [nM] Concentration-ratio for BK

I
II
III
IV

0.5
5
5

500

7.3 (5.3-10.0)
4.5 (3.8-5.5)
10.2 (7.7-13.5)
4.2 (3.3-5.3)

Cumulative concentration-response curves to BK were estab-
lished in the absence or presence of the BK antagonists. Log-
logit regression analysis was used to calculate regression
lines for the BK responses. All antagonists shifted the
concentration-response curves to the right. No significant
deviation from parallelism could be detected. The horizontal
displacement of the regression lines was used to calculate
concentration-ratios for BK with 95% confidence intervals
(given in parentheses). For each antagonist 5-6 pairs of tissue
preparations were used.

I
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Furthermore, a distinction between the BK antagonists
regarding their duration of action was demonstrated on the
rat uterus. Compound IV (2500nM) caused a complete inhibi-
tion of the response to BK by this tissue when it was present
in the organ bath. Much lower concentrations of the other
antagonists (e.g. 2.5 nM for compounds I and II) showed an
inhibitory effect for a much longer period of time. In spite of
repeated changes of the bath fluid, the inhibition by com-
pounds I, II and III did not fully disappear even 20-30min
after their washout, indicating that the new antagonists have a
long duration of action (Figure 1).

Rabbit isolated perfused ear

Time (min)
Figure 6 Nociceptor stimulation in the rabbit ear: bradykinin (BK,
100 pmol) was injected into the arterial inflow of isolated perfused ears
(left in contact with the head only by the intact auricular nerve) at
intervals of 30mini. The ensuing reflex falls in systemic blood pressure
(in mmHg) were measured in a carotid artery. In two groups of
rabbits, compound I (final concentrations 1.5nm or 15nM, 0) was
added to the perfusion of the ears during a period of 5min (cross-
hatched bars) prior to the 3rd injection of BK. Control animals (0)
received a corresponding volume of physiological saline (open bar).
Symbols represent mean values, vertical lines show s.e.mean. For each
concentration of compound I (0-l5nM) 3 animals were used. Signifi-
cance of difference from values before the antagonist: ** P < 0.01.

Stimulation of paravascular nociceptors by injections of BK
(100 pmol) at intervals of 30min into the arterial inflow
cannula of the 'reflex ear' preparation (Juan & Lembeck, 1974)
caused short-lasting reflex falls in blood pressure by 35-
40mmHg (Figure 6). When compound I was present in the
perfusion medium (final concentration 15nM, n = 3) over a
period of 5 min, the effect of subsequent injections of BK were
completely abolished (P < 0.01); in a concentration of 1.5 nm
compound I significantly attenuated (P < 0.05) the actions of
BK. As with the results on vasoconstriction in the rabbit iso-
lated perfused ear (see Figure 2), the antagonism was not
reversible during the time of observation (1 h). Similar results
were obtained when higher concentrations of compound III
were used: a concentration of 5 nm reduced the BK-induced
fall in blood pressure from 34 + 6mmHg to 12 + lOmmHg,
and 50nm abolished the effect of BK. The complete block of
the effect of BK seen after compound III (50 nM) also lasted
throughout the course of the experiment (n = 3). However, a
reflex fall in blood pressure could still be elicited when much
higher doses of BK (1 and lOnmol) were injected. The noci-
ceptor stimulation by ACh (60 nmol, not shown in Figure 6)
was completely unaffected by compounds I or III. Com-
pounds II and IV were not tested in this preparation.

Discussion

Isolated smooth muscles

The actions of four new BK antagonists were studied on BK-
induced contractions of the guinea-pig ileum and the rat
uterus. The former preparation has often been used in earlier
investigations of this type of drugs (Vavrek & Stewart, 1985;
Regoli et al., 1986; Schachter et al., 1987; Stewart & Vavrek,
1987; Steranka et al., 1988), and the latter has been employed
because of its high sensitivity to BK. In addition, the rat duo-
denum was used because it responds to BK with a relaxation
by a mechanism which is not yet fully understood, but
involves activation of BK receptors (Boschcov et al., 1984;
Griesbacher et al., 1989; Pereira & Paiva, 1989; Altinkurt &
Oztiirk, 1990). The order of potency of the antagonists was
similar with all three preparations: I II > III >> IV (Table
1). Compound I was 100-1000 times more potent than com-
pound IV.

This preparation has previously been shown to be useful for
testing the inhibition of the BK-induced vasoconstriction, and
the BK-induced release of PGE2 by BK antagonists
(Griesbacher & Lembeck, 1987). The reduction in venous
outflow induced by BK results from venoconstriction (Guth et
al., 1966). To inhibit BK-induced venoconstriction the antago-
nists corresponded in potency to the rank order found in the
isolated smooth muscle preparations: I > II z III > IV (Table
2). The duration of action of the new compounds on the ear
veins was remarkable (Figure 2). The complete inhibition of
this BK response by compound I exceeded 3 h and in 2 prep-
arations lasted longer than 6 h. This is in contrast to the effect
of compound IV. Even at a concentration of 500nm the inhi-
bition was incomplete and terminated within 30min. Thus,
compounds I, II and III appear to have an unusually high
affinity for the BK receptor and/or are resistent to enzymatic
cleavage.
The antagonists I, II, III and IV (20 nM) did not evoke a

release of PGE2 by themselves, and thus did not act like BK
agonists in this test. The BK-evoked PGE2 release could be
blocked completely by compound I (Figure 3); it is likely that
such an effect could have been achieved by a concentration
much lower than 20nm. A complete inhibition of the BK-
evoked PGE2 release was also obtained with compounds II
and III. Compound IV was inactive at this concentration. The
related BK antagonist B4310 (Stewart & Vavrek, 1987) was
found to inhibit the BK-induced PGE2 release only at a con-
centration of 800nm (Griesbacher & Lembeck, 1987). The
mechanism involved in the BK-induced synthesis and release
of PGE2 is unknown. The present results suggest that the
mode of action involves specific BK receptors.

Plasma protein extravasation

BK-induced plasma protein extravasation has usually been
tested in the skin of rats, guinea-pigs and rabbits. In a pre-
vious study, the combined injection of BK and BK antago-
nists in rabbit skin demonstrated that this response can be
inhibited (Griesbacher & Lembeck, 1987), but the method did
not seem to be very reliable. Therefore, in the present study,
plasma protein extravasation was measured in several internal
organs following i.v. injection of BK (Saria et al., 1983).
Plasma protein extravasation induced by BK was most
prominent in the duodenum, the urinary bladder and the
trachea. This effect was unaffected by mepyramine or by indo-
methacin. Thus, the release of histamine to act on H1 recep-
tors, or prostaglandins is not involved in the plasma protein
extravasation induced by BK. Compounds I and II blocked
BK-induced plasma protein extravasation for at least 30min
(Table 3). When the antagonists I, II and III were injected i.v.
alone in a dose that was 10 times as large as that required for
a full antagonistic effect (and 10 times as large as the dose of
BK employed in this test), only compound I caused plasma
protein extravasation (Figure 4). This indicates an agonistic
action of compound I only at extremely high doses.

Bronchoconstriction

Changes in pulmonary inflation pressure were used to assess
the action of the new antagonists on BK-induced broncho-
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constriction in vivo. All of the antagonists inhibited the BK-
induced bronchoconstriction within 1 min and the order of
potency was I ; II > III > IV. Similar differences were found
when the durations of inhibition were compared. The effect of
compound IV lasted for less than 10min whereas an inhibi-
tory effect of compounds I and II was still detectable after
60min (Figure 5). The new antagonists, therefore, also have a
high potency and long duration of action in the guinea-pig in
vivo. The bronchoconstriction induced by histamine was not
reduced by any of the four compounds, which demonstrates
their specificity. No bronchoconstriction occurred after the
injection of the antagonists on their own; thus, agonistic
effects at the BK receptor in the bronchi, or release of hista-
mine by the antagonists can be excluded.
Farmer et al. (1989) have reported that, in a similar experi-

mental setup, a bradykinin analogue similar to compound IV
(D-Arg-[Hyp3-D-Phe8]-BK) was only a very weak inhibitor of
BK, and other related antagonists were virtually inactive.
These findings, together with the results from binding studies,
have been interpreted by suggesting a B3 BK receptor
subtype. It is therefore remarkable that our new compounds
are very potent BK antagonists also in the guinea-pig airways
in vivo.

Effects ofbradykinin on afferent neurones

Two models of BK-induced stimulation of afferent neurones
have been used to test the new BK antagonists. BK is the
most potent stimulator known, of paravascular nociceptors in
the 'rabbit reflex ear' preparation in vivo (Juan & Lembeck,
1974). In addition, the BK-induced contractions of the iso-
lated iris sphincter muscle of the rabbit in vitro are due to the
release of tachykinins from peripheral terminals of afferent
neurones (Bynke et al., 1983; Ueda et al., 1984; HAkanson et
al., 1987).

In an earlier investigation (Griesbacher & Lembeck, 1987),
in which the BK antagonist B4310 was used, concentrations
of 50-500nm had been necessary to block the BK-induced
nociceptor stimulation in the rabbit ear in vivo. Moreover, this
effect was only present during the infusion of the antagonist.
In contrast, in the present investigation, the BK effect was
completely inhibited for at least 1 h after a 5 min infusion of
compound I in a concentration of 15 nm (Figure 6). Com-

pound III was less potent (by a factor of about 3). Thus, this
test provided evidence for the high potency and long duration
of action of the new antagonists on BK-induced nociceptor
stimulation.
The test on the rabbit iris sphincter muscle allowed an

evaluation of the antagonism by regression analysis. It con-
firmed the extremely high antagonistic potency of compound I
which, in a concentration as low as 0.5 nm, shifted the
concentration-response curve of BK to the right by a factor of
7. Compounds II and III were slightly less potent. In contrast,
compound IV was approximately 1000 times less potent than
compound I (Table 4).

In summary, the present experiments have demonstrated,
both in vitro and in vivo, that compound I is an extremely
potent antagonist ofBK in a number of different preparations.
Compounds II and III were slightly less active. The antago-
nistic effect was specific for BK, as responses to acetylcholine,
noradrenaline, and histamine were unaffected. It was not
intended, however, to determine whether the new antagonists
were specific for any BK receptor subtype. To investigate
receptor subtype specificity quite different methods would be
needed. An agonistic effect was observed only in the plasma
protein extravasation test with very high concentrations of
compound I, and with compound II in only one of the organs
tested. The long duration of the antagonists is especially
important. In some tests the inhibition of the BK response
was almost irreversible. BK is metabolized by a variety of
enzymes (Regoli & Barabe, 1980). A role of peptidases in the
inactivation of the new BK antagonists is possible but remains
to be investigated. At present it is most likely that the antago-
nists have a high affinity for BK receptors and that this is the
major reason for their long duration of action.

Finally, the high potency and the long duration of action of
the new antagonists will be of great value in the investigation
of the pathophysiological role of BK. Furthermore, the lack of
agonist effects should offer the possibility of therapeutic appli-
cations.
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by the Pain Research Commission of the Austrian Academy of Sci-
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