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Potentiation by endothelin-1 of cholinergic nerve-mediated
contractions in mouse trachea via activation of ETB receptors

'Peter J. Henry & Roy G. Goldie

Department of Pharmacology, University of Western Australia, Nedlands, 6009, Australia

1 We have previously shown that endothelin-1-induced contraction of mouse isolated tracheal smooth
muscle was mediated via both ETA and ETB receptors. In the current study, we have investigated
endothelin-1-induced potentiation of cholinergic nerve-mediated contractions in mouse isolated trachea
and have characterized pharmacologically the endothelin receptors mediating this response.
2 Electrical field stimulation (EFS; 70 V, 0.5 ms duration, 10 s train, 0.1-60 Hz) of mouse isolated
trachea caused frequency-dependent, monophasic contractions (magnitude of contraction of 60 Hz was
56 ± 4%Cma,, (n = 6), where Cma, is the contractile response to 10 AM carbachol). EFS-induced contrac-
tions were abolished by either 0.1 M atropine or 3 AM tetradotoxin, but were not affected by 1 AM
hexamethonium, indicating that they were induced by stimulation of postganglionic cholinergic nerves.
In contrast, contractions induced by exogenously applied acetylcholine were inhibited by atropine, but
not by either tetrodotoxin or hexamethonium.
3 The ETB receptor-selective agonist, sarafotoxin S6c, caused marked concentration-dependent poten-
tiation of EFS-induced contractions in mouse isolated tracheal segments. At 0.1 nM, sarafotoxin S6c
exerted no direct contractile effect, but significantly increased a standard EFS-induced contraction of
20%Cma by 8 ± 2%Cm,, (i.e. 1.4 fold, n = 5, P<0.05). At higher concentrations, 10 nM sarafotoxin S6c
induced a large, transient contraction (peak response of 74 ± 2%Cmax at 10 min; 3 + 2%Cmax at 45 min)
and enhanced the standard EFS-induced contraction by 30 ± 4%Cmax (i.e. 2.5 fold, n = 5, P <0.01). In
contrast, 10 nM sarafotoxin S6c did not enhance contractile responses to exogenously applied acetyl-
choline (n = 6).
4 Endothelin-1 also modulated EFS-induced contractions. At 0.1 nM, endothelin-1 exerted no direct
contractile effect, but significantly increased the standard EFS-induced contraction of 20%Cma, by
7 ± 2%Cma, (i.e. 1.35 fold, n = 5, P<0.05). At 1 nM, endothelin-l induced a small, sustained contrac-
tion (16 ± 3%Cmo) and increased the standard EFS-induced contraction by 19 ± 2%Cmax (i.e. 1.95 fold,
n = 5, P <0.01). Finally, 10 nM endothelin-1 induced a large, sustained contraction (98 ± 8%Cma), but
the EFS-induced contraction was significantly reduced from 20%Cmax to 6 ± 4%Cmax (n = 6, P <0.05).
In contrast, in the presence of 3 AM BQ-123 (ETA receptor-selective antagonist), 1O nM endothelin-1
induced a transient contraction mediated via ETB receptors (peak response of 59 ± 10%Cmax at 10 min;
8 ± 2%Cmax at 45 min). Under these conditions, the standard EFS-induced contraction was increased by
26± l%Cmax (i.e. 2.3 fold, n = 6, P<0.01).
5 The potentiation of EFS-induced contractions produced by 1 nM endothelin-1 was not mediated by
ETA receptors, since 3 JAM BQ-123 did not diminish this effect (n = 6). Furthermore, 1 nM endothelin-1
did not potentiate EFS-induced contractions in preparations in which the function of the ETB receptor-
effector system had been attenuated by desensitization (n = 6).
6 In summary, endothelin-1 potentiates cholinergic nerve-mediated contractions in mouse isolated
trachea, apparently by activating prejunctional ETB receptors. This neuronal pathway offers an addi-
tional mechanism through which endothelin-1 may elevate bronchomotor tone.

Keywords: Endothelin-1; sarafotoxin S6c; endothelin receptors; electrical field stimulation; parasympathetic nerves; cholinergic
nerves; airway smooth muscle

Introduction

There is accumulating evidence that the elevated levels of
endothelin-1 detected in the airways during asthma may con-

tribute to the bronchial obstruction associated with this air-

ways disease (Springall et al., 1991; Hay et al., 1993a). For

example, it is well established that many of the changes in

the airway wall that lead to bronchial obstruction, including
bronchoconstriction, mucous gland hypersecretion and air-

way wall thickening (oedema and airway smooth muscle
proliferation) can be induced by endothelin-I in various ex-

perimental systems (Advenier et al., 1990; Henry et al., 1990;
Shimura et al., 1992; Mullol et al., 1993; Pons et al., 1991;
Ercan et al., 1993; Noveral et al., 1992; Tomlinson et al.,
1994). To date, most attention has focussed on the marked
bronchoconstrictor actions of endothelin-1.
The precise mechanisms through which endothelin-1 causes

bronchoconstriction is unclear, although a variable combina-

Author for correspondence.

tion of direct and indirect actions may be involved. With
respect to the direct actions of endothelin-1, airway smooth
muscle contains high densities of endothelin receptors (Gol-
die et al., 1994), that are linked to the influx of extracellular
calcium and the release of intracellular calcium (via stimula-
tion of the phosphoinositide pathway); processes known to
be intimately associated with airway smooth muscle contrac-
tion. Whereas the direct actions of endothelin-I on airway
smooth muscle are well established, there is conflicting
evidence as to whether endothelin-1-induced contraction also
occurs through an indirect mechanism involving the release
of secondary mediators. For example, there is general agree-
ment that the in vivo bronchoconstrictor actions of
endothelin-I are inhibitable by the cyclo-oxygenase inhibitor,
indomethacin, and may be mediated by thromboxane A2
(Payne & Whittle, 1988; Macquin-Mavier et al., 1989;
Lagente et al., 1989). However, in contrast, recent studies by
Hay and coworkers have demonstrated that although
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endothelin-1 evokes the release of an array of prostanoids
from guinea-pig and human airways, they do not appear to
have any significant effect on the contractile response (Hay et
al., 1993b,c).
An additional potential mechanism through which endo-

thelin-l might cause bronchoconstriction is neuromodulation.
In a recent study of rabbit bronchial segments, McKay and
coworkers (1993) reported that the purported neural form of
endothelin, endothelin-3 augmented the contractile responses
induced by electrical field stimulation of postganglionic
cholinergic nerves, via a prejunctional mechanism. Further-
more, endothelin receptors have been demonstrated on the
cell bodies, processes and varicosities of cholinergic and
adrenergic intramural neurones present in primary cultures of
guinea-pig tracheal smooth muscle. Moreover, stimulation of
these neuronal endothelin receptors produced a tetrodotoxin-
sensitive elevation of calcium and contraction of adjacent
smooth muscle cells (Takimoto et al., 1993). The aim of the
current study was to characterize pharmacologically the
endothelin receptor subtype(s) through which endothelin-1
exerts its enhancing effects on cholinergic nerve-mediated
contractions in the airways.

Methods

Mouse isolated tracheal tissue

Male CBA/CaH mice between 8 and 10 weeks of age were
obtained from the Animal Resources Centre (Perth, Aust-
ralia). Mice were anaesthetized with halothane (Fluothane,
ICI) and killed by cervical dislocation. The trachea and
surrounding tissue was gently dissected free and placed in a
Petri dish containing oxygenated Krebs-bicarbonate solution
(KBS). The trachea was then dissected free of adhering tissue
and cut transversely to yield two tracheal segments of
2-3 mm in length, which were suspended under 0.5 g tension
in organ baths containing 3 ml KBS at 37TC, bubbled with
5% C02 in 02 Care was taken to ensure that the tracheal
smooth muscle band was always located between the sup-
ports to maximize tension recordings. Changes in tracheal
smooth muscle tension were recorded isometrically via FT03
force-displacement transducers (Grass Instruments) linked to
a Grass Polygraph (Model 7D). Each tracheal segment was
equilibrated for 45 min, with changes in KBS every 15 min
during this period. The viability of each preparation was then
assessed by the cumulative addition of 0.2 pM (submaximally-
effective concentration) and 10 [IM carbachol (maximally-
effective concentration; Henry et al., 1990; 1991). Upon
reaching a contraction plateau with 10 JiM carbachol
(lO0%Cmax), preparations were repeatedly washed and rested
for a further 20 min. A non-cumulative frequency-response
curve was then constructed for each preparation (70 V,
0.5 ms, 10 s train; 0.3, 1, 3, 10 and 30 Hz at 2 min intervals).
Electrical field stimulation (EFS) was delivered by a Grass
S44 stimulator connected to a stimulus isolation unit (SIU5,
Grass Instruments) and a timing devise. Stimuli were applied
across the tracheal ring preparations by means of two parallel
platinum electrodes. The composition of KBS was (in mM):
NaCl 117, KCl 5.36, NaHCO3 25, KH2PO4 1.03, MgSO4.7H20
0.57, CaCl2 2.5 and glucose 11.1. The cyclo-oxygenase
inhibitor, indomethacin (2.5 lIM) was present in the KBS
during all studies.

Experimental protocols

In each protocol, the contractile responses of four tracheal
rings (from two mice) were examined concurrently. One seg-
ment was used as a time-control and the remaining three as
test preparations.

Nature of EFS-induced responses

To evaluate the role of cholinergic nerves in the contractile
responses to EFS (non-cumulative frequency-response curve,
0.1-60 Hz), we investigated the effects of the muscarinic
cholinoceptor antagonist, atropine (0.1 pM), the neurotoxin,
tetrodotoxin (3 JIM) and the ganglion blocker, hex-
amethonium (1 JIM). The influence of these agents on con-
tractile responses to cumulatively applied acetylcholine
(10 nM-0.3 mm at 0.5 log concentration increments) was also
tested. Each of the three test preparations was exposed to a
different antagonist.

Endothelin receptor-mediated modulation ofEFS
responses

A major aim of the current study was to evaluate the
influence of ETA and ETB receptor stimulation by sarafotoxin
S6c (ETB receptor-selective agonist) and endothelin-l
(nonselective ETA/ETB receptor agonist) on EFS-induced
contractions. From the EFS frequency-response curve, an
EFS frequency that produced 20%Cma,, was estimated and
applied to the preparations at 3 min intervals. After three
consecutive, equivalent EFS-induced contractions had been
obtained (standard EFS-induced contractions), each of the
three test preparations was exposed to a different concentra-
tion (0.1 nM, 1 nM or 10 nM) of sarafotoxin S6c or
endothelin-1, and the selected frequency of EFS applied
every 3 min for a further 45 min. The control preparation
was exposed to EFS, but not to an endothelin receptor
agonist. A similar protocol was used to investigate the role of
ETA receptors in endothelin-1-mediated modulation of EFS-
induced contractions. In these studies, 3 JIM BQ- 123 (ETA
receptor-selective antagonist) was applied at least 20 min
prior to the addition of 1 nM endothelin-1. In addition, in
some experiments, preparations were exposed for 40 min to a
high concentration (100 nM) of sarafotoxin S6c to desensitize
the ETB receptor-effector system. After this desensitization
period, preparations were repeatedly washed for 30 min and
the influence of 1 nM sarafotoxin S6c or 1 nM endothelin-1
on EFS-induced contractions determined as described
above.

Data analysis

Contractile responses to EFS, acetylcholine and peptides
have been expressed as a percentage of the response obtained
to a maximally-effective concentration of carbachol (10lIM,
100%Cmax) at the beginning of the experiment. In control (C)
and test (T) preparations, the mean of the three initial stan-
dard EFS-induced contractions was estimated (CO, TO) and
subtracted from the subsequent EFS-induced contractions
(C,, T,) produced at three min intervals over the 45 min
period. Thus, at each of these time-points, changes in the
magnitude of EFS-induced contractions induced as a func-
tion of time and by an endothelin receptor agonist in a test
preparation (AT = T, - TO) and by time alone in a control
preparation (AC = C, - CO) were estimated. Time-related
changes in EFS responses were subtracted (ATCO, = AT -AC)
to isolate agonist-induced changes at each time-point.
Agonist-induced changes were expressed as mean
ATcor ±s.e.mean of n different preparations. The time-related
changes in EFS-induced contractile responses (AC) were
small and consistent; an increase of 2.9 ± 0.4%Cma,, was
observed at 20 min and of 5.6 ± 0.7%Cmax at 45 min (n = 22
control preparations).

Drugs

Endothelin- 1 and sarafotoxin S6c were purchased from
Auspep (Melbourne, Australia) and stored as 50 JM solutions
in 0.1 M acetic acid at - 70'C. Other drugs used included
carbamylcholine chloride, acetylcholine chloride, indo-
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methacin, tetrodotoxin, hexamethonium chloride (Sigma
Chemical Co, St Louis), atropine sulphate monohydrate
(Fluka AG), and BQ-123 (cyclo[D-Trp-D-Asp-L-Pro-D-Val-L-
Leu], generous gift from Dr D.W.P. Hay, SmithKline
Beecham Pharmaceuticals, King of Prussia). All dilutions
were made in saline, stored on ice and protected from
light.

Results

EFS-induced contractions in mouse isolated tracheal
preparations

EFS (70 V, 0.5 ms duration, 0.3-30 Hz, 10 s train every
2 min) induced frequency-dependent contractions in mouse
isolated tracheal segments (Figure la). Representative
examples of the monophasic contractions induced by EFS
are shown in Figures 2a and 4a. EFS-induced contractions
were prevented by prior incubation with either the
neurotoxin, tetrodotoxin (3 pM) or the muscarinic
cholinoceptor antagonist, atropine (0.1 IM), but were not
inhibited in the presence of the ganglion blocker, hex-
amethonium (1 JIM) (Figure la). These data indicate that the
EFS-induced contractions resulted from the activation of
postganglionic cholinergic nerves. As expected, contractions
induced by exogenously added acetylcholine were inhibited
by atropine, but not by tetrodotoxin or hexamethonium
(Figure Ib).

Potentiation of EFS-induced contractions by the ETA
receptor-selective agonist sarafotoxin S6c

In mouse isolated tracheal segments, the ETB receptor-
selective agonist, sarafotoxin S6c (10 nM) induced large, tran-
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sient contractions that peaked within 10 min (74 ± 2%Cma,
n = 5) but which waned towards baseline levels of tone over
a 45 min period (3 ± 2%Cmax, n = 6) (Figure 2a). In the
presence of 10 nM sarafotoxin S6c, contractile responses to
EFS were augmented at all stimulation frequencies tested
(0.1-60 Hz) (Figure 2a,b). Thus, the EFS frequency required
to produce a contraction of 40%Cmax in the presence of
10 nM sarafotoxin S6c (0.37 Hz; 95% confidence limits,
0.16-0.85, n = 6) was 13.8 fold lower than that in paired
control preparations (5.1 Hz; 0.9-28, n = 6, P<0.01).
Although 10 nM sarafotoxin S6c potentiated contractile re-
sponses to EFS, it had no significant effect on responses to
exogenously added acetylcholine (Figure 2c). As shown in
Figure 3, the extent to which the contractile responses to
EFS was enhanced depended upon the concentration of
sarafotoxin S6c. Interestingly, at a concentration of 0.1 nM,
sarafotoxin S6c induced no direct contractile response but
produced a significant potentiation of the EFS-induced con-
traction (8 ± 2%Cma,,, n = 5, P <0.05). The potentiations
observed in the presence of 1 and 10 nM sarafotoxin S6c were
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Figure 2 (a) Typical isometric tension recording demonstrating the
enhanced EFS-induced contractions of mouse isolated tracheal
segments produced in the presence of sarafotoxin S6c (STX S6c).
The solid bars represent non-cumulative EFS frequency-response
curves (0.1, 0.3, 1, 3, 10, 30 and 60 Hz for lOs at 2 min intervals)
determined in the presence (upper trace) and absence (lower trace,
time-control) of 1O nM sarafotoxin S6c. (b) Mean EFS frequency-
response curves obtained in the absence (0) and presence (0) of
10 nm sarafotoxin S6c, using the protocol depicted in (a). Shown are
the mean ± s.e.mean responses from 6 experiments. (c) Mean
cumulative concentration-response curves to acetylcholine obtained
in the absence (0) and presence (0) of 10 nM sarafotoxin S6c.
Shown are the mean ± s.e.mean responses from 6 experiments.
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23 ± 2%Cmax and 30 ± 4%Cmax respectively (n = 5; P<0.01)
i.e. equivalent to a 2.15 and 2.5 fold increase in the standard
EFS-induced contraction, respectively.

All contractile responses obtained in the current study
have been standardized by expressing them as a percentage
of the response obtained to 10 laM carbachol at the beginning
of the experiment (100%Cmax). In additional experiments, we
demonstrated that it was unlikely this initial exposure to
carbachol (an exogenous cholinoceptor agonist) had any
significant effect on subsequent contractile responses to EFS
(mediated by the endogenous cholinoceptor agonist acetyl-
choline). For example, both the EFS frequency-response rela-
tionship and the magnitude of the sarafotoxin S6c-induced
potentiation of EFS-mediated contractions were found to be
independent of whether preparations had been initially
exposed to 40 mM KCl (a depolarizing spasmogen) or to
1OpM carbachol (n = 4, data not shown).

Modulation of EFS-induced contractions by endothelin-J

In mouse isolated tracheal segments, 10 nM endothelin-l
induced large contractions that peaked at about 10 min
(97 ± 6%Cmax, n = 6) and were sustained for at least 45 min
(98 ± 8%Cmax, n = 6) (Figure 4a, middle trace). In the
presence of 10 nM endothelin-1, the upper limit of smooth
muscle contraction in these preparations was approached and
subsequent EFS-induced contractions were suppressed
(Figure 4a,b). However, in the presence of the ETA receptor-
selective antagonist BQ-123 (3 1LM), the contractions induced
by 10 nM endothelin-l (Figure 4a, upper trace) closely
resembled the transient contractions induced by sarafotoxin
S6c (Figure 4a, lower trace). These data are consistent with
previous observations that endothelin-1-induced contractions
in mouse isolated tracheal preparations were mediated via
both ETA and ETB receptors (Henry & Goldie, 1994). Under
these conditions, endothelin- 1 enhanced EFS-induced con-
tractions by 26 ± 1 %Cmi,, (i.e. 2.3 fold, n = 6) towards the
levels of potentiation produced by 10 nM sarafotoxin S6c
(30 ± 4%Cmax, n = 5) (compare Figures 3 and 4). In the
presence of lower concentrations of endothelin- 1, which
induced little (I nM endothelin-1; 16 + 3%Cmax at 45 min,
n = 5) or no (0.1 nM endothelin- 1, n = 6) direct smooth mus-
cle contractile response, EFS-induced contractions were again
markedly enhanced (Figure 4b).

Relative contributions of ETA and ETE receptor-effector
systems in augmenting EFS-induced contractions

Data presented in Figures 3 and 4 showing marked potentia-
tion of EFS-induced contractions by sarafotoxin S6c and by
endothelin-l in the presence of BQ-123, indicate an impor-
tant role for ETB receptors in mediating this effect. Addi-
tional experiments were performed to establish the extent to
which the ETA receptor-effector system contributed to
endothelin-l-induced potentiation of EFS-induced contrac-
tions. Firstly, we investigated the influence of 3 1M BQ-123
on the magnitude of the endothelin-l-induced potentiation of
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Figure 3 Effect of the ETB receptor-selective agonist, sarafotoxin
S6c on EFS-induced contractions in mouse isolated tracheal
segments. From the EFS frequency-response relationship determined
in each preparation (open columns), a stimulus frequency was

selected that induced a 20%Cmax contraction (0.5-0.7 Hz, stippled
column). The potentiating effect of sarafotoxin S6c on EFS-induced
contractions at this stimulus frequency were concentration-dependent
(hatched columns). The EFS-induced contractions presented were

determined 45 min after the addition of 0.1, 1 or 1Onm sarafotoxin
S6c when the residual levels of sarafotoxin S6c-induced contraction
were respectively, 0 ± O%Cmax (from a peak of 0 ± O%Cmax),
14 ± 4%Cmax (peak, 21 ± 5) and 3 ± 2%Cmax (peak, 74 ± 2). At each
concentration of sarafotoxin S6c, the mean ± s.e.mean responses
from 5 animals are presented. *P< 0.05, compared to control
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Figure 4 (a) Typical isometric tension recordings demonstrating the
effects of 10 nM endothelin- 1 (ET-1) on EFS-induced contractions in
the presence (upper trace) and absence (middle trace) of 3 JM BQ-
123. The solid bars represent non-cumulative EFS frequency-
response curves (0.3, 1, 3, 10 and 30 Hz for 10 s at 2 min intervals)
and the dots (o) represent the application of a 0.7 Hz stimulus
frequency (3 min intervals). In the presence of 1OnM endothelin-l
alone, a large, sustained contraction was induced and EFS-induced
contractions were attenuated. However, in the presence of BQ-123,
endothelin-l-induced contractions resembled the transient contrac-
tions induced by 10 nm sarafotoxin S6c (STX S6c, lower trace) and
EFS-induced contractions were augmented. The mean results are
shown in (b). (b) Effect of endothelin-1 on EFS-induced contractions
in mouse isolated tracheal segments. From the EFS frequency-
response relationship determined in each preparation (open col-
umns), a stimulus frequency was selected that induced a 20%Cmax
contraction (0.5-0.7 Hz stippled column). At low concentrations of
endothelin-1 (0.1 or 1 nM), EFS-induced concentrations at this
stimulus frequency were potentiated (hatched columns). However,
unless 3 JAM BQ-123 was also present, EFS-induced contractions
were suppressed in the presence of 1O nM endothelin- 1. The EFS-
induced contractions presented were determined 45 min after the
addition of 0.1, 1 or 10 nm endothelin-1 when the residual levels of
endothelin-l-induced contraction were respectively, 0± O%Cmax
(from a peak of 0± O%Cmax), 16 ± 3%Cm.X (peak, 19 2) and
98 ± 8%Cmax (peak, 97 ± 6). In the presence of BQ-123, the residual
level of endothelin-l-induced contraction was 8 ± 2%Cmax, from a
peak response of 59 ± 10%C.,,. At each concentration of endo-
thelin-1, the mean ± s.e.mean responses from 6 animals are present-
ed. *P<0.05, compared to control (stippled column).
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EFS-induced contractions. As shown in Figure 5a, BQ-123
produced no significant inhibition of the effects induced by
1 nM endothelin-1. Secondly, studies were performed to
determine whether an ETA receptor-mediated effect could be
unmasked following attenuation of the ETB receptor-effector
system by desensitization. Exposure of mouse isolated
tracheal segments to a high concentration of sarafotoxin S6c
(lOd nM) for 40 min prevented the subsequent augmentation
of EFS-induced contractions usually produced by 1 nM
sarafotoxin S6c (Figure 5b). Under conditions of ETB recep-
tor desensitization, 1 nM endothelin-l was also without any
significant enhancing effect on EFS-induced contractions
(Figure 5b). Together, these studies indicate that ETA recep-
tor stimulation played no significant role in the potentiation
of EFS-induced contractions produced by endothelin-1.

Discussion

In the current study, evidence is provided that endothelin-1
enhances the contractions induced by parasympathetic nerve
stimulation via an action on prejunctional ETB receptors.
These studies are in accord with recent reports that
endothelin-1 and related peptides modulate cholinergic
neurotransmission within the airways (McKay et al., 1993;
Takimoto et al., 1993) and are suggestive that neurotransmis-
sion may be a relevant mechanism through which endothelin-
1 produces bronchoconstriction in diseases of the airways
such as asthma.
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Figure 5 (a) Influence of 1 nM endothelin-l on EFS-induced con-
tractions in the presence and absence of the ETA receptor-selective
antagonist BQ-123 in mouse isolated tracheal segments. The EFS-
induced contractions presented (0.5 Hz; hatched columns) were
determined 21 min after the addition of 1 nm endothelin-1 when the
residual levels of endothelin-1-induced contraction were 16 ± 4%Cmax
in the presence of BQ-123, and 16 ± 3%Cx in its absence. (b)
Influence of ET5 receptor-desensitization on EFS-induced contrac-
tions in the presence and absence of 1 nM endothelin-I (ET-1) or
sarafotoxin S6c (STX S6c). The EFS-induced contractions presented
(0.7 Hz, hatched columns) were determined 21 min after the addition
of either 1 nM endothelin- or 1 nM sarafotoxin S6c. At this time the
levels of contraction induced by endothelin-I and sarafotoxin S6c
were 22 + 5%Cmax and 0 ± O%Cmax, respectively. In both (a) and (b),
the mean ± s.e.mean responses from 6 experiments is presented.

In mouse isolated tracheal preparations, EFS caused
monophasic contractions that were abolished by either tetro-
dotoxin or atropine, but were not inhibited by hexa-
methonium. Thus, EFS-induced contractions in mouse
trachea occurred in response to the release of acetylcholine
from postganglionic parasympathetic nerves. These observa-
tions are in line with those of others who have recently
investigated EFS-induced contractions in mouse trachea (van
Oosterhout et al., 1991; Larsen et al., 1992).
A major finding of this study was the concentration-

dependent potentiation of contractile responses to EFS pro-
duced by the ETB receptor-selective agonist, sarafotoxin S6c.
This effect was seen even at low concentrations of
sarafotoxin S6c which exerted little or no direct contractile
effect. Potentiation of contractile responses to EFS was
observed at all frequencies of stimulation tested, although
relatively greater enhancement was observed at the lower
stimulus frequencies. This pattern is consistent with that
previously seen with tachykinins, thromboxane A2-mimetics
and 5-hydroxytryptamine in several airway preparations in-
cluding mouse trachea (Tanaka & Grunstein, 1986; Hall et
al., 1989; van Oosterhout et al., 1991; Yanawaki et al., 1992)
and may represent an important mechanism of bronchocon-
striction, since autonomic nerves generally discharge at
relatively low frequencies (Widdicombe, 1966; Yanawaki et
al., 1992).

Although sarafotoxin S6c markedly potentiated contrac-
tions induced by EFS, contractions induced by exogenously
added acetylcholine were unaltered. This suggests that
sarafotoxin S6c-induced augmentation was not due to post-
junctional events such as increased muscarinic receptor bin-
ding or attenuated degradation of endogenous acetylcholine.
Rather, sarafotoxin S6c probably stimulated prejunctional
ETB receptors on cholinergic postganglionic nerves to
facilitate EFS-induced acetylcholine release. These findings
are entirely consistent with the recent report by McKay and
coworkers (1993) that the ETB receptor-preferring peptide,
endothelin-3, has a prejunctional, neuromodulatory effect on
cholinergic parasympathetic nerves in rabbit airways.
Confirmation of this postulated mechanism awaits the
identification of prejunctional ETB receptors on cholinergic
nerves and the development of more sensitive techniques to
assess acetylcholine release from murine airways.

Sarafotoxin S6c and other activators of ETB receptors,
including endothelin-l are potent spasmogens of airway
smooth muscle in many animal species including man
(Advenier et al., 1990; Hay et al., 1993c). Thus, these agents
potentially have a dual bronchoconstrictor action such that
they directly contract airway smooth muscle and can aug-
ment neurally-mediated contraction of airway smooth mus-
cle. In this respect, of particular interest was the finding that
while the direct contractile effect mediated by ETB receptor
stimulation was transient in nature, its augmentary effect on
EFS-induced contractions was relatively resistant to
tachyphylaxis. The underlying reasons for these differences
are currently unknown. However, the phenomenon of sus-
tained neurally-mediated effects in the face of diminished
direct smooth muscle effects has also been observed with
tachykinin receptors activated by substance P in canine air-
ways (Tanaka & Grunstein, 1986).

Contractions induced by EFS were also modulated by the
nonselective ETA/ETB receptor agonist, endothelin-1. At low
concentrations of endothelin-1, which induced little or no
direct spasmogenic action, EFS-induced contractions were
enhanced. On the other hand, at higher concentrations of
endothelin-1 which induced large sustained contractions in
mouse tracheal smooth muscle preparations, contractions
induced by EFS were suppressed as the upper limit of the
contractile response in these preparations was approached.
However, in the presence of the ETA receptor-selective
antagonist, BQ-123, high concentrations of endothelin-1
induced contractile responses which were similar to the tran-
sient contractions induced by sarafotoxin S6c and also
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markedly enhanced contractions induced by EFS. Thus, like
sarafotoxin S6c, endothelin-1 can enhance EFS-induced con-
tractions by stimulating ETB receptors.
We investigated the possibility that ETA receptor activation

may also have contributed to the potentiation of EFS-
induced contractions produced by endothelin-l. Two indirect
approaches were used to investigate the influence of ETA
receptors on endothelin-1-induced potentiation of contractile
responses to EFS. Firstly, we investigated whether the poten-
tiation of EFS-mediated contractions produced by
endothelin-l was attenuated in the presence of BQ-123.
Secondly, we investigated whether endothelin-l was able to
potentiate EFS-induced contractions, via activation of ETA
receptors, in preparations in which the ETB receptors had
been desensitized by prolonged exposure to high concentra-
tions of sarafotoxin S6c. In neither case was any evidence
obtained in support of a role for ETA receptors in
endothelin-l-induced potentiation of EFS-mediated contrac-
tions in mouse trachea. These findings are consistent with
those of a preliminary report that endothelin-l-induced
release of radioactivity from [3H]-choline-labelled guinea-pig
airways was not blocked by BQ-123 (Nomura et al., 1994).
Thus, although endothelin-l-induced contraction of airway
smooth muscle in murine trachea is mediated via the activa-
tion of both ETA and ETB receptor subtypes (Henry &
Goldie, 1994), it appears that the neuromodulatory effects of
endothelin-l were mediated predominantly via the activation
of ETB receptors. Although not available for use in the
current study, the recent development of ETB receptor-
selective antagonists such as BQ-788 (Ishikawa et al., 1994)
and RES-701-1 (Tanaka et al., 1994) promise to be powerful
tools in the further characterization of these
neuromodulatory ETB receptors.
A significant component of endothelin-l-induced bron-

choconstriction is attenuated by inhibitors of cyclo-oxygenase
and thromboxane A2 synthase (Payne & Whittle, 1988;
Macquin-Mavier et al., 1989; Nambu et al., 1990), indicating
that the generation of secondary mediators, such as throm-
boxane A2, play an important role in mediating this in vivo
bronchoconstrictor response. Furthermore, endothelin-1
elevates the levels of numerous prostanoids including throm-
boxane B2 (an inactive metabolite of thromboxane A2),
although there are conflicting views as to whether these
released prostanoids play a major role in endothelin-l-
induced contraction of human or guinea-pig isolated airways
preparations (Filep et al., 1990; Hay, 1990; Hay et al.,

1993a,b). Nevertheless, the endothelin-l-evoked release of
prostanoids might contribute to the overall pulmonary res-
ponse to endothelin-1, since thromboxane A2 and stable
thromboxane analogues such as U-46619 have been shown to
facilitate cholinergic neurotransmission in airways (Chung et
al., 1985; Serio & Daniel, 1988). It is unlikely that pros-
tanoids contributed to the endothelin-l-induced potentiation
of EFS-mediated contractions observed in the current study
because all experiments were performed in the presence of
the cyclo-oxygenase inhibitor indomethacin. On the other
hand, we cannot unequivocally rule out the possibility that
endothelin-1 generated non-prostanoid secondary mediators
(e.g. histamine, leukotrienes) or that these mediators may
have contributed to the neuromodulatory effects of
endothelin-1. However, it is unlikely that this latter
mechanism was of major significance in the current study.
Firstly, endothelin-l appears to be a poor generator of his-
tamine and leukotrienes in airways (Hay et al., 1993b).
Secondly, the leukotrienes exert little or no direct facilitory
effects on cholinergic neurotransmission in airways (Inoue &
Ito, 1985; Serio & Daniel, 1988; Jacques et al., 1991). Finally,
although the release of secondary mediators within the air-
ways appears predominantly to be an ETA receptor-mediated
process (Hay et al., 1993b,c), the ETA receptor antagonist,
BQ-123 had no significant inhibitory effect on endothelin-l-
mediated potentiation of EFS-induced contractions in the
current study.

In summary, evidence is provided that endothelin-1
stimulates prejunctional ETB receptors and thereby poten-
tiates parasympathetic nerve-mediated contractions. This
raises the possibility that the elevated levels of endothelin-l,
which reportedly exist in the airway wall during disease states
including asthma (Springall et al., 1991), may contribute to
elevated bronchomotor tone through several mechanisms.
Firstly, the potent spasmogenic actions of endothelin-l on
airway smooth muscle have been well established in human
isolated bronchial smooth muscle. Secondly, a component of
the bronchoconstriction induced by endothelin-1 may be
mediated via the generation of secondary mediators. Further-
more, as proposed in the current study, there is emerging
evidence that endothelin-1 possesses potent neuromodulatory
actions which potentiate the contractile responses induced by
cholinergic nerve stimulation.

This work is supported by grants from the National Health and
Medical Research Council of Australia.
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An investigation into the mechanism of capsaicin-induced
oedema in rabbit skin
P. Newbold & 'S.D. Brain

Pharmacology Group and Vascular Biology Research Centre, Biomedical Sciences Division, King's College, Manresa Rd.,
London SW3 6LX

1 Oedema formation induced by intradermal capsaicin has been studied in rabbit skin. The effect of
the anti-inflammatory steroid dexamethasone and also of a range of known inhibitors of oedema
formation have been investigated in order to elucidate mechanisms involved in capsaicin-induced
oedema formation.
2 Oedema formation, in response to intradermally-injected test agents, was measured by the local
extravascular accumulation of intravenously injected '25I-labelled albumin. In separate experiments skin
blood flow was assessed by the clearance of intradermally-injected 33xenon.
3 Oedema formation induced by intradermal histamine (3 nmol) and bradykinin (1 nmol), when in the
presence of vasodilator doses of calcitonin gene-related peptide (CGRP) (3 pmol) or prostaglandin El,
(PGEI) (lOpmol), was significantly inhibited (P<0.01) in rabbits pretreated with intravenous dexa-
methasone (3 mg kg-', -4 h). In contrast dexamethasone had no effect on capsaicin (3 tmol)-induced
oedema formation or, on capsaicin (30-100nmol)-induced blood flow.
4 Oedema formation observed in response to intradermal capsaicin (3 ftmol) was significantly inhibited
(P<0.01) when the selective capsaicin antagonist, ruthenium red (3 nmol) was co-injected. This suggests
that the mechanism of capsaicin-induced oedema involves activation of sensory nerves. However,
oedema was not inhibited when capsaicin was co-injected with the neurokinin NKI receptor antagonist,
RP67580 (10 nmol), the NK2 antagonist SR48960 (10 nmol) or the CGRP antagonist CGRP8-37
(300 pmol).
5 Oedema formation induced by capsaicin was not inhibited when co-injected with the histamine HI
receptor antagonist, mepyramine (3 nmol), the PAF antagonist, WEB 2086 (100 nmol), the bradykinin
B2 receptor antagonist, Hoel4O (1 nmol), or the cyclo-oxygenase inhibitor, indomethacin (10 nmol),
suggesting that these mediators do not play a major role in the capsaicin-induced response.

6 Histological analysis of capsaicin-treated skin sites revealed undamaged, intact microvessels and lack
of haemorrhage. Further, co-injection of capsaicin with the hydrogen peroxide remover, catalase
(2,200 u), had no effect on oedema formation. This suggests that capsaicin does not induce oedema
formation secondary to free radical-induced damage.
7 These results indicate that capsaicin-induced oedema in rabbit skin involves activation of sensory

nerves. However, the oedema is not inhibited by pretreatment with the anti-inflammatory steroid,
dexamethasone. Further the mechanisms which lead to the oedema formation observed after intradermal
capsaicin remain unknown.

Keywords: Capsaicin; dexamethasone; oedema; rabbit skin; microvascular permeability; neurogenic inflammation

Introduction

Capsaicin is a well utilized pharmacological tool which is
used to activate selectively sensory nerves. Work in many
models has shown that capsaicin can activate sensory nerves
to induce release of neuropeptides, in particular calcitonin
gene-related peptide (CGRP) and substance P (SP) (Lund-
berg et al. 1985; Martling et al. 1988; Hua & Yaksh, 1992). It
is generally accepted that, in the microcirculation, SP in-
creases microvascular permeability leading to oedema forma-
tion whilst CGRP is an extremely potent vasodilator. There
is evidence in animal skin that intradermal (i.d.) vasodilators,
as a consequence of increasing local blood flow, potentiate
oedema formation induced by i.d. mediators of increased
microvascular permeability (see Williams & Morley, 1973).
This is clearly observed in rat skin where SP and CGRP act
together synergistically to potentiate inflammatory oedema
formation (Brain & Williams, 1985).

It has previously been shown in rabbit skin that low doses
of i.d. capsaicin can induce an increased local skin blood
flow whereas high doses of i.d. capsaicin induce local oedema
formation (Buckley et al. 1990). Similarly in man, it has been

' Author for correspondence.

shown that topical capsaicin can induce an increase in local
skin blood flow (Roberts et al. 1992) but higher doses of
capsaicin given i.d. induce an oedema response which accom-
panies the erythema response (Wallengren & Hakanson,
1992). The increase in blood flow induced by low doses of
i.d. capsaicin in rabbit skin has now been attributed to the
release of CGRP, as the CGRP antagonist CGRP8-37 inhibits
capsaicin-induced blood flow (Hughes & Brain, 1991; Hughes
et al., 1992). The mechanisms responsible for the oedema
response in rabbit skin, induced by higher doses of capsaicin
have not been previously investigated.
Dexamethasone is an anti-inflammatory glucocortico-

steroid with the ability to inhibit oedema induced by a wide
range of mediators of increased microvascular permeability.
These include platelet activating factor (PAF), bradykinin
(BK) and histamine (Ahluwalia et al., 1992; Yarwood et al.
1993). It has been proposed that the anti-inflammatory
activity of dexamethasone is due to the induction of de novo
synthesis of the proteins vasocortin and lipocortin-1 (Saute-
bin et al., 1992 for review). The anti-inflammatory steroids
have also been shown to inhibit cytokine production in cel-
lular inflammatory processes and to inhibit the upregulation
of adhesion molecules on endothelial cells (Barnes & Adcock,
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1993). Recently, sensory nerve endings have been suggested
as a possible site of action of anti-inflammatory steroids
(Ahluwalia & Flower, 1993a) and Tafler and co-workers
(1993) have demonstrated that topical steroid treatment
inhibits the flare response to topical capsaicin in human
skin.
The aim of this study was to investigate the effect of the

anti-inflammatory steroid, dexamethasone on capsaicin-
induced oedema and to elucidate the mechanism of action of
capsaicin-induced oedema formation in rabbit skin. Some of
these data has been previously reported to the British Phar-
macological Society (Newbold & Brain, 1994).

Methods

Measurement of skin oedema

Oedema formation was measured by the local accumulation
of '25I-labelled human serum albumin (['25I]-HSA) into extra-
vascular tissue from the systemic circulation. (Brain & Wil-
liams, 1985). Male New Zealand white rabbits (2.5-3 kg)
were anaesthetized with sodium pentobarbitone (Sagatal
30 mg kg' i.v.). The dorsal skin was shaved with clippers
and [1251]-HSA (185 kBq) together with ml 2.5% Evan's
blue dye, were injected i.v. via the marginal ear vein. Test
agents (0.1 ml i.d.) were injected according to a randomized,
balanced site pattern with six replicates for each test agent
and with up to 12 different agents in each experiment. After
an accumulation period of 30 min a 5 ml blood sample was

collected into heparin (10 u ml-') by cardiac puncture. The
blood was centrifuged at 8000 g for 5 min and plasma (two
1 ml plasma samples) prepared. The rabbits were killed by
anaesthetic overdose and the skin was then removed. Skin
sites were punched out (16 mm diameter) and counted
together with the plasma samples in a T-counter (LKB 1282
commpugamma CF). Oedema was expressed as plasma pro-
tein extravasation in jyl by dividing counts in each skin site

by counts in 1 gl of plasma. Results are shown as p1 plasma
(mean ± s.e.mean) for Figures 1, 2 and 3 whilst results are

shown as % of control (mean ± s.e.mean) for Figures 4 and

5. For data expressed as % of control, the results were

calculated by comparing oedema responses obtained in the

presence of antagonist/inhibitor with control oedema res-

ponses induced by the inflammatory mediator(s) injected in

the same rabbit. In Table 1 the response to saline (vehicle)
was subtracted from all oedema responses and the results

were calculated as % inhibition of control response
(mean ± s.e.mean).

Measurement of skin bloodflow

Blood flow changes were measured in rabbit skin by a

'33xenon ('33Xe) clearance technique (Williams, 1976; 1979;
Hughes & Brain, 1994). Male rabbits (2.5-3 kg) were anaes-

thetized with sodium pentobarbitone (Sagatal 30 mg kg- ',
i.v.) and the dorsal skin shaved.

Test agents were made up in saline in 1 ml volumes con-

taining 0.74 MBq '33Xe and kept at 4'C. Agents were rapidly
injected i.d. in 0.1 ml volumes according to a previously
determined randomized balanced site pattern with six repli-
cates per test agent and up to nine agents tested per rabbit.

After a clearance period of 15 min the rabbits were killed by
anaesthetic overdose. The skin was removed and skin sites,
together with test agent samples, were counted for radio-

activity. Changes in blood flow were expressed as percentage
change in '33Xe clearance in test sites compared to clearance

in control saline-treated sites (as detailed in Hughes et al.,
1994).

Effect of dexamethasone on oedema and bloodflow

Test rabbits were pre-injected with dexamethasone at 3 mg
kg-' i.v., 4 h prior to i.d. injection of test agents. Control

animals were pretreated with saline vehicle by a similar route
and pretreatment time. This pretreatment time and dose have
previously been shown to inhibit significantly oedema induc-
ed by mediators that include PAF (0.1-1 nmol) and BK
(10-100 pmol) when injected in the presence of vasodilators
in rabbit skin (Yarwood et al., 1993). Oedema induced by
capsaicin, as well as by histamine and BK in the presence of
a vasodilator, was investigated in test and control rabbits.
Blood flow changes induced by capsaicin were investigated in
a separate study in test and control rabbits.

In further experiments the effect of dexamethasone on the
time course of capsaicin-induced oedema was investigated to
establish whether the steroid could modulate the capsaicin
response at specific time points over the 30 min measurement
period. Capsaicin (3 gmol) or BK (1 nmol) were injected i.d.,
in 0.1 ml volumes, at 0, 5, 10 and 15 min prior to the i.v.
injection of ['251]-HSA such that oedema formation was

measured at differing periods (0-30 min, 5-35 min, 10-40
min and 15-45 min) after i.d. injection of capsaicin or BK.
Thirty minutes after i.v. ['25I]-HSA, the rabbits were killed by
anaesthetic overdose and samples evaluated.
The effect of ruthenium red on capsaicin-induced oedema

formation was evaluated at doses determined in a previous
study (Buckley et al., 1990).

Contribution of vasodilators to capsaicin-induced oedema
The effect of a vasodilator component in capsaicin-induced
oedema in rabbit skin was investigated with a range of agents
as follows. The CGRP antagonist, CGRP837, was used at
doses of 0.3 and 1 nmol/site. CGRP8-37 at a dose of 0.3 nmol/
site has been previously shown to inhibit the increase in
blood flow induced by capsaicin (100 nmol/site) in rabbit
skin (Hughes & Brain, 1991; Hughes et al., 1992). The cyclo-
oxygenase inhibitor, indomethacin, which inhibits the conver-

sion of arachidonic acid (AA) to vasodilator prostaglandins
was used at a dose of 10 nmol/site which has been previously
shown to abolish the potentiation of oedema induced by BK
(0.1 nmol) when given together with AA (3 nmol) in rabbit
skin (Hellewell et al., 1992). The nitric oxide synthase inhib-
itor NG-nitro-L-arginine methyl ester (L-NAME, 30 nmol)
was used at a dose which has been previously shown to
inhibit capsaicin-induced blood flow in rabbit skin (Hughes
& Brain, 1994).

Effect of inhibitors of mediators of increased
microvascular permeability
The effect of a number of antagonists of mediators of in-
creased microvascular permeability were tested against
capsaicin-induced oedema in the skin of control rabbits by
co-injection with capsaicin (3 gmol). Where possible, the
effectiveness of the antagonist was demonstrated by inhibi-
tion of oedema induced by the agonist in the presence of a

vasodilator dose of CGRP (see Brain & Williams, 1985). The
dose of antagonist was chosen as follows: The histamine Hi
receptor antagonist, mepyramine (3 nmol/site), and the PAF
antagonist WEB2086 (100 nmol/site) were used at doses pre-
viously shown to inhibit effectively oedema induced by his-
tamine (10 nmol/site) or PAF (1 nmol/site) respectively, in
the presence of a vasodilator in rabbit skin (Hellewell et al.,
1992). The bradykinin B2 receptor antagonist, Hoe 140, was

used at a dose of 1 nmol/site, after preliminary experiments
had indicated this to be an appropriate dose to inhibit
oedema induced by bradykinin in rabbit skin. The effect of a

tachykinin NK, antagonist and a tachykinin NK2 antagonist
was also investigated. Neurokinins do not induce oedema
formation after intradermal injection in rabbit skin (Brain &
Williams, 1985), thus the effectiveness of the antagonists
could not be tested in this model. However, the NKI
antagonist, RP67850, was used at a dose of 10 nmol/site, a

dose previously shown to inhibit significantly oedema
induced by substance P (30 pmol/site) in the presence of a
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vasodilator in guinea-pig skin (Wilsoncroft et al., 1994) and
rat skin (unpublished data). The NK2 receptor antagonist,
SR48968, was used at a dose of 10 nmol/site since doses of
6.5 nmol and 65 nmol injected intrathecally have been shown
to inhibit neurokinin-induced nociception in the rat (Picard
et al., 1993).
The ability of other agents to modulate capsaicin-induced

oedema formation was tested as follows. The peptidase tryp-
sin degraded and abolished vasodilator activity of CGRP in
rat skin (Brain & Williams, 1988). Trypsin (100 ng) was
therefore used in this study to determine if a trypsin-sensitive
(i.e. peptide) component was involved in the capsaicin-
induced oedema. The involvement of free radicals was inves-
tigated by using the free radical remover catalase (2200u/
site) at a dose greater than that shown to be effective in
inhibiting albumin transport across endothelial cells in vitro
(Berman & Martin, 1993).

Histology

Skin sites (16 mm diameter) were fixed in 10% formalin
saline for 48 h. They were processed in a Shandon automatic
histokinette tissue processor and cast into wax blocks. Tissue
sections were cut at 5 tm on a microtome and mounted on
glass slides and dried. They were stained by the haematoxylin
and eosin method. Sections were rinsed twice with histoclear
and then with 70% alcohol in distilled water. They were
stained with Ehrlich's haematoxylin for 20 min and washed
briefly with water. Sections were differentiated in 1% hydro-
chloric acid in 70% alcohol and washed well with running
tap water. Sections were then counterstained with 5%
aqueous eosin and rinsed with distilled water. The slides were
dehydrated with 70% alcohol rinsed with histoclear and
mounted in diphenyl xylene mountant (DPX). Sections were
then examined under a microscope at x 40 magnification

Materials

All drugs were made up in isotonic sterile saline except where
specified. Bradykinin, catalase (bovine liver), dexamethasone
diphosphate, histamine diphosphate, mepyramine (pyrilamine
maleate), N0-nitro-L-arginine methyl ester (L-NAME) and
trypsin were all purchased from Sigma Chemical Co., U.K.
Arachidonic acid (sodium salt), indomethacin, platelet
activating factor and PGE1 were also purchased from Sigma
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but were initially dissolved in ethanol and further diluted
with saline prior to injection. Ruthenium red, also purchased
from Sigma, was initially dissolved in distilled water and
further diluted with saline. Capsaicin (pelargonic acid vanillyl
amide, purchased from Fluka Chemical Ltd., U.K.) was
initially dissolved in ethanol: Tween 80: saline in the ratio
3:1:6 and further diluted in saline for injection. CGRP837,
D-NAME and human endothelin-l were purchased from
Bachem, U.K. Human x-CGRP was a gift from Dr U. Ney,
Celltech, U.K. RP67580 (7,7-diphenyl-2[1-imino-2(2-meth-
oxyphenyl)-ethyl] per hydroisoindol-4-one(3aR,7aR)) was a
gift from Dr Garret at Rhone Poulenc Rorer, France.
SR48968 ((S)-N-methyl-N[4-(4-acetylamino-4-phenyl piper
idino)-2-(3,4-dichlorophenyl) butyl] benzamide) was a gift
from Dr X. Edmonds-Alt at Sanofi, France. WEB 2086
(3-(4-(2-chlorophenyl)-9-methyl-6H-thieno-(3,2-f) (1,2,4)-
triazola-(4,3-a) (l,4)-diazepine-2-yl)- 1-(4-morpholinyl)- I -pro-
panone) was a gift from Boehringer Ingleheim, Germany.
Hoe 140 D-Arg-[Hyp3, Thi5, D-Tic7, Oic8J bradykinin was
purchased from Peninsula, U.K. Sagatal (sodium pentobar-
bitone) was purchased from Rhone Poulenc Rorer, U.K.
['251]-HSA was purchased from Amersham International,
U.K. '33Xe was purchased from Megidex, Belgium. His-
toclear was purchased from National Diagnostic, U.K.
Eoson and DPX (xylene) were purchased from BDH,
U.K.

Statistics

Statistical analysis was carried out by two way analysis of
variance (ANOVA) and Bonferroni's modified t-test used for
comparison of multiple site treatment. Where data are ex-
pressed as percentages, analysis for significance was carried
out on the raw data.

Results

Effect of dexamethasone on rabbit skin oedema

Capsaicin acted in a dose-related manner to induce oedema
when injected i.d. in rabbit skin, with results (gld plasma
extravasation, mean ± s.e.mean, n = 4) as follows: saline i.d.
8.0 ± 1.3 fil, capsaicin 300 nmol 9.9 ± 1.8 gil, 1 gmol 21.1 ±
3.3 pl, 3 ;tmol 49.2 ± 8.1 1l4. In further experiments the effect

+ +

PGE1 CGRP
10 pmol 3 pmol

Histamine
3 nmol

+ +

PGE, CGRP
10 pmol 3 pmol

Capsaicin CGRP PGE,
3jmol 3 pmol 10 pmol

Bradykinin
1 nmol

Figure 1 Effect of i.v. dexamethasone on capsaicin, histamine and bradykinin-induced oedema. Test agents were injected alone or
together with vasodilator doses of prostaglandin El (PGE1) or calcitonin gene-related peptide (CGRP) in 0.1 ml volumes i.d. Open
columns represent oedema responses (Jd) in animals pretreated with saline and cross-hatched columns represent animals pretreated
with dexamethasone 3 mg kg-1, i.v. 4 h prior to injection of test agents. The dotted horizontal line represents a basal effect
measured at i.d. saline treated sites. Data are means ± s.e. mean (n = 6). **P<0.01 compared to response in control saline-treated
rabbits.
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of dexamethasone on capsaicin 3 ptmol/site was investigated.
Oedema was induced in the skin of control rabbits with
histamine (3 nmol), bradykinin (BK 1 nmol) and capsaicin
(3 fmol) as shown in Figure 1. Oedema induced by histamine
and BK was potentiated by co-injection with PGEI (10 pmol)
or CGRP (3 pmol). Oedema induced by histamine when
injected together with each vasodilator and induced by BK
alone, or when given together with each vasodilator was
significantly (P<0.01) inhibited in dexamethasone pretreated
animals. Oedema induced by capsaicin was similar in dexa-
methasone-treated rabbits when compared with control rab-
bits. It can be seen in Figure 2 that in control animals,
ongoing oedema formation could be measured at 5, 10 and
even 15min after the injection of capsaicin. Oedema could
no longer be measured 10 min after i.d. BK (1 nmol). This
suggests that oedema induced by capsaicin in rabbit skin is a
long-lasting event when compared with that of BK. Dexa-
methasone pretreatment had no modulatory effect on the
capsaicin-induced oedema time course at any of the time
points where oedema was measured after capsaicin injection.
However, dexamethasone significantly inhibited BK oedema
(P <0.01).

Effect of dexamethasone on skin bloodflow

Low doses of capsaicin (30-100 nmol, i.d.) dose-dependently
increased local skin blood, in the absence of oedema forma-
tion, as previously shown (Hughes & Brain, 1991). Dexa-
methasone pretreatment had no modulatory effect on blood
flow induced by capsaicin when compared to responses in
control rabbits. Results expressed as % increase in '33Xe
clearance compared with saline-injected sites are as follows in
control rabbits, capsaicin 30 nmol 33.9 ± 5.1% increase,
100 nmol 49.6 ± 10.8% increase and in dexamethasone-treat-
ed rabbits, capsaicin 30 nmol 39.7 ± 4.2% increase, 100 nmol
49.6 ± 9.4% increase (mean ± s.e.mean, n = 6 for all data).
Further, dexamethasone was without effect on the increased
blood flow induced by PGEI and CGRP, and clearance of
'Xe was similar in both groups of rabbits indicating that
dexamethasone pretreatment did not affect basal blood flow
(results not shown).

Effect of ruthenium red on capsaicin-induced oedema

The selective capsaicin antagonist, ruthenium red (RR), was
used to investigate whether the capsaicin-induced oedema
could be selectively inhibited. RR was co-injected i.d. with
the capsaicin. RR at 3 nmol and 10 nmol per site significantly
(P<0.01) inhibited the capsaicin-induced oedema in a dose-
dependent manner. These doses of RR had no effect on
BK-induced oedema (Figure 3).

Contribution of vasodilators

The CGRP antagonist CGRP8-37 at 300 pmol, significantly
inhibited oedema induced by BK given together with CGRP
(P<0.0 1). CGRP8-37 at 300 pmol and 1 nmol had no inhibi-
tory effect on capsaicin-induced oedema. The cyclo-oxygen-
ase inhibitor, indomethacin at 10 nmol, which significantly
(P<0.01) inhibited oedema induced by BK given together
with arachidonic acid (AA), also had no effect against
capsaicin-induced oedema as shown in Figure 4. Combina-
tion of CGRP8-37 and indomethacin did not further inhibit
capsaicin or BK induced oedema formation (results not
shown).

Figure 5 shows that co-injection of a vasodilator dose of
PGEI at 10 pmol significantly potentiated BK-induced
oedema (P<0.01) but had no modulatory effect on capsai-
cin-induced oedema. This suggests that there is a maximal
vasodilator component present in the capsaicin-injected site
which cannot be potentiated further. Co-injection of the
vasoconstrictor endothelin-l (ET-l) significantly inhibited
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Figure 2 Effect of dexamethasone on the time course of capsaicin-
induced oedema. Capsaicin was injected at 0, 5, 10 and 15 min and
bradykinin (BK) at 0, 5 and 10 min prior to the systemic injection of
251-labelled human serum albumin [251I]-HSA such that oedema for-
mation was measured (i1) for 30 min from those time points after
i.d. capsaicin and BK: (0) oedema induced by capsaicin (3 Jmol) in
saline-treated rabbits; (-) oedema induced by capsaicin in dex-
amethasone (3 mg kg-' i.v., -4 h)-treated rabbits; (V) oedema to

BK (nmol) in saline-treated rabbits; (V) oedema to BK in dexa-
methasone-treated rabbits. The dotted line represents the response at

saline-injected sites. Data are means ± s.e. mean, n = 6-7 for each
time point. **P<0.01 compared to response in control rabbits.

Capsaicin 3 Smol BK 1 nmol RR RR
3 nmol 10 nmol

Figure 3 Effect of ruthenium red (RR) on capsaicin- and bradykinin
(BK)-induced oedema. RR (3 and 10 nmol) was co-injected with
either capsaicin (3 Ismol) or BK (1 nmol). The open columns repre-
sent control oedema (jIl) to either capsaicin or BK; hatched columns
represent oedema to capsaicin or BK plus RR (3 nmol) and stippled
columns represent oedema to capsaicin or BK plus RR (1O nmol).
The dotted horizontal line represents a basal effect measured at i.d.
saline-treated sites. Data are means ± s.e.mean (n = 6). **P<0.01
compared with response in the absence of RR.
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Figure 4 The effect of CGRP8-37 (300 pmol and 1 nmol) and indo-
methacin (10 nmol) on capsaicin-induced oedema. Responses are ex-

pressed as a percentage of the control response. Open columns repre-
sent responses to control treatment, hatched columns represent co-

treatment with CGRP8-37 300 pmol, and solid columns represent co-

treatment with CGRP8-37 1 nmol and cross hatched columns represent
co-treatment with indomethacin (10 nmol). Responses are means+
s.e.mean, n = 4-8. **P <0.01 compared to control response.
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both BK- and capsaicin-induced oedema which supports the
hypothesis that a vasodilator component is present in
capsaicin-induced oedema formation. Neither the nitric oxide
synthase inhibitor, L-NAME nor its inactive enantiomer D-
NAME had any inhibitory effect on capsaicin-induced
oedema as shown in Figure 5, suggesting that nitric oxide
does not play a major modulatory role.

Effect of inhibitors of increased microvascular
permeability

Table 1 shows results of experiments where a number of
different inhibitors of increased microvascular permeability
were given as co-injections with capsaicin. In other models of
inflammation, capsaicin has been shown to release tachy-
kinins such as SP and neurokinin A (NKA) to induce oedema.
Hence both the NKI receptor antagonist, RP67580 and the
NK2 receptor antagonist, SR48968 were given together with
capsaicin. Neither antagonist showed any ability to inhibit
the capsaicin response; however, no positive control could be
determined since SP itself, even when given together with
CGRP, had little oedema inducing capacity in rabbit skin
(Brain & Williams, 1985).

Other inhibitors of increased microvascular permeability
also had no effect on capsaicin-induced oedema. The his-
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tamine HI receptor antagonist, mepyramine, (3 nmol) which
significantly inhibited histamine (3 nmol) + CGRP (3 pmol)-
induced oedema (P<0.01); the PAF antagonist WEB 2086,
(100 nmol) which significantly inhibited PAF (1 nmol) +
CGRP (3 pmol)-induced oedema (P<0.01) and the BK B2
receptor antagonist, Hoe 140, (1 nmol), which significantly
inhibited BK (0.1 nmol) + CGRP (3 pmol)-induced oedema
(P<0.01), all failed to inhibit capsaicin oedema. Further the
peptidase, trypsin (100 ng) was co-injected with capsaicin at a
dose which significantly inhibited BK (1 nmol) + CGRP
(3 pmol)-induced oedema (P<0.01); again no inhibitory
effect on capsaicin-induced oedema formation was observed.
This is evidence that the mediator of increased microvascular
permeability may not be peptide in nature.

Effects of catalase and histology
Capsaicin, at the doses injected i.d. may have a neurotoxic
effect, possibly leading to the release of free radicals from
damaged nerves. The free radical remover catalase (2200 u)
was co-injected with capsaicin (3 ftmol). Capsaicin induced
mean oedema formation of 35.2 ± 8.2 Isl (n = 3) and cap-
saicin co-injected with catalase resulted in mean oedema
formation of 35.1 ± 5.5 pl (n = 3). Thus catalase had no
inhibitory effect on capsaicin-induced oedema at the dose
given. Histology carried out (Figure 6) indicated that there
was no breakdown of microvessel walls induced by the cap-
saicin as haemorrhage was not observed and the oedema
induced was quite distinct since there was no evidence of
damage to the aterioles and venules and no evidence of red
blood cell leakage into the surrounding tissue. There is
evidence of oedema formation in response to capsaicin
(Figure 6b) and to BK (Figure 6c) when compared to saline-
treated sites (Figure 6a) as indicated by gaps in the extravas-
cular tissue.

Capsaicin (3 pmol)
Figure 5 Effect of prostaglandin El (PGE,, 10 pmol), endothelin-l
(ET-1, 1 pmol), N0-nitro-L arginine methyl ester (L-NAME, 30 nmol)
and D-NAME (30 nmol) on bradykinin (BK)- and capsaicin-induced
oedema in rabbit skin. Responses are expressed as a percentage of
the control response. Open columns represent responses to control
treatment; hatched columns represent co-treatment with vasodilator
PGE1, and stippled columns represent co-treatment with vasocon-
strictor ET-1. Cross hatched columns represent co-treatment with
L-NAME and vertical bars D-NAME. Responses are means ± s.e.
mean, n = 4-8. **P<O.1 compared to control response.

Discussion

These results suggest that capsaicin induces oedema in rabbit
skin by uncharacterized mechanisms and show that the
oedema is insensitive to pretreatment with the anti-inflam-
matory steroid, dexamethasone given i.v. The lack of inhibi-
tion by antagonists of a range of mediators of increased
microvascular permeability is indicative that these mediators
do not play a major role in mediating capsaicin-induced

Table 1 Effect of co-injected inhibitors of increased microvascular permeability on capsaicin-induced oedema in rabbit skin

% inhibition of control
(a) Neuropeptide
antagonists

NKI
RP67850 (10 nmol)
NK2
SR48968 (10 nmol)
(b) Other antagonists
Histamine H1
Mepyramine (3 nmol)
PAF
WEB 2086 (100nmol)
Bradykinin B2
Hoel40 (I nmol)
(c) Miscellaneous
Peptidase
Trypsin (100 ng)

Capsaicin (3 jimol) Positive control

-0.5 ± 7.0

- 13.0 ± 5.9

ND

ND

n

5

4

Capsaicin (3 pmol) Histamine (3 nmol)+CGRP (3 pmol)
4.2 ± 8.8 92.1 ± 2.7**

PAF (1 nmol) +CGRP (3 pmol)
-13.1 ± 19.9 71.1 ± 5.2**

BK (0.1 nmol) +CGRP (3 pmol)
-16.7 ± 11.7 68.6 ± 3.3**

2.9 ± 5.2
BK (1 nmol)+CGRP (3 pmol)
58.0 ± 4.3**

3

3

4

4

Results are expressed as mean ± s.e.mean percentage inhibition of control response which was either capsaicin (3 pmol) or the
respective positive control. **P <0.01. ND = not determined. The response to saline was subtracted from all oedema responses and
results then calculated as percentage inhibition of control. Antagonist were co-injected together i.d. with test agent in 0.1 ml volumes.
Mean oedema responses were: capsaicin, 46.8 ± 2.8 pl (n = 21); histamine (3 nmol)+calcitonin gene-related peptide (CGRP, 3 pmol),
76.8 ± 28.2 Il; PAF (I nmol) +CGRP (3 pmol) 40.4 ± 12.2 il; bradykinin (BK, 0.1 nmol) +CGRP (3 pmol), 63.9 ± 10.4 ill; BK
(1 nmol)+CGRP (3 pmol), 52.2 ± 14.7 fil.

BK (1 nmol)
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Figure 6 Histological analysis of (a) saline, (b) bradykinin, (1 nmol)

and (c) capsaicin (3 Dimol) induced oedema in rabbit skin sites by

haematoxylin and eosin staining at x 40 magnification. Where indi-

cated an arteriole (A) and/or a venule (V) are shown on the photo-

micrographs. A scale of 100 jlm is shown on each photomicro-

graph.

oedema. The resistance of the capsaicin-induced oedema to
dexamethasone is of interest as, it has been previously shown
that pretreatment with anti-inflammatory steroids inhibits the
actions of a wide range of mediators of increased microvas-
cular permeability (Ahluwalia et al., 1992; Yarwood et al.,
1993). Similarly, pretreatment with dexamethasone signi-
ficantly inhibited oedema formation to the direct acting
mediators of increased microvascular permeability, BK and
histamine in this study. The mechanism by which dexametha-
sone inhibits oedema induced by these direct acting media-
tors of increased microvascular permeability is probably
dependent on de novo synthesis of a protein which act
directly at the endothelial cell to inhibit plasma leakage since
local pretreatment with actinomycin reverses the effect of
steroid pretreatment (Bjork et al., 1985; Peers & Flower,

1991). This protein may not be lipocortin-1 since lipocortin-1
has been shown to be ineffective against direct acting
mediators of increased microvascular permeability in the rat
paw (Cirino et al., 1989).

Tafler and co-workers (1993) showed that topical steroid
treatment could inhibit the flare response induced by topical
capsaicin in the skin of humans, although this inhibition,
whilst significant, was relatively small. In the rat, Ahluwalia
& Flower (1993b) demonstrated that topical steroid pretreat-
ment of skin sites using betamethasone, did not inhibit i.d.
capsaicin-induced blood flow. In agreement, we have shown
that systemic dexamethasone treatment has no effect on
capsaicin-induced blood flow in rabbit skin. Conversely
though, Ahluwalia & Flower (1993a) showed that topical
steroid treatment inhibited the putative sensory neurone com-
ponent of heat-induced vasodilatation in rat skin. It may be
therefore that the sensory nerve involvement in heat-induced
vasodilatation is via distinct mechanisms from those involved
in capsaicin-induced blood flow and oedema formation and
hence one mechanism may be steroid-sensitive and the other
not.
The oedema induced by capsaicin in this study was sen-

sitive to co-injection with ruthenium red (RR). RR is a
selective inhibitor of capsaicin-induced responses (Buckley et
al., 1990; Franco-Cereceda et al., 1991) which was confirmed
in our study by the lack of effect on BK-induced oedema.
RR is suggested to act at the sensory nerve membrane to
inhibit calcium influx induced by capsaicin upon opening of
the non-selective cation channel by coupling of capsaicin
with a binding site (receptor) found on sensory nerve endings
(Takaki et al., 1991). It is proposed that RR inhibits this
calcium influx by interfering with sialic acid residues required
for the transmembrane transport of calcium (Takaki et al.,
1992). The selective inhibitory activity of RR in this model
would suggest that the oedema response involves activation
of sensory nerve endings by capsaicin and certainly the
finding that the increased blood flow induced by lower doses
of capsaicin (30-100 nmol) is blocked by CGRP8 37 (Hughes
et al., 1992) is in agreement with such a suggestion. It is
possible that capsaicin can induce oedema formation in rab-
bit skin by a direct action on the endothelial cell lining of
blood vessels, although little evidence of capsaicin binding
sites in the periphery exists except for platelets (Hogaboam &
Wallace, 1991).

CGRP8-37, at doses of 300 pmol and 1 nmol did not inhibit
oedema formation when co-injected with capsaicin (3 ;Lmol).
This could be because there is a large release of CGRP from
capsaicin-activated sensory nerves which it is not possible to
block with the doses of CGRP8337 that can be given i.d., or
alternatively that CGRP release is not an important factor in
capsaicin-induced oedema in rabbit skin. The cyclo-
oxygenase inhibitor, indomethacin, also had no effect on
capsaicin-induced oedema. Indeed, if prostanoid generation
was involved in capsaicin-induced oedema in rabbit skin,
some inhibition of capsaicin-induced oedema would be
expected in dexamethasone pretreated animals since induced
lipocortin-1 would inhibit phospholipase A2 thus inhibiting
eicosanoid production (Blackwell et al., 1980). In addition,
the nitric oxide synthase inhibitor, L-NAME, did not modify
capsaicin-induced oedema. However, the oedema induced by
capsaicin was not further potentiated by the vasodilator,
PGEI and was inhibited by the vasoconstrictor, ET-1. These
latter findings are suggestive that the capsaicin-induced
oedema contains a vasodilator component.

In other systems, capsaicin induces microvascular leakage
by release of tachykinins from sensory nerves (Murai et al.,
1993; Moussaoui et al., 1993). Tachykinins are co-stored with
CGRP in sensory nerves and thus can be co-released (Lund-
berg et al., 1985). Oedema induced by endogenously released
or exogenously injected substance P can be inhibited by NKI
antagonists in the rat (Garret et al., 1991; Murai et al., 1993;
Moussaoui et al., 1993) and guinea-pig (Wilsoncroft et al.,
1994). Capsaicin-induced oedema in this study was not affect-
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ed by co-treatment with either an NK1 or NK2 antagonist.
This would suggest the mediator of increased microvascular
permeability is not a tachykinin. This is further supported by
the finding that SP, even when co-administered with CGRP,
has little oedema inducing ability in rabbit skin (Brain &
Williams, 1985). Our results also suggest that histamine, PAF
and BK are probably not involved to a major extent in
capsaicin-induced oedema since selective receptor antagonists
to these mediators of increased microvascular permeability,
when co-injected with capsaicin had no inhibitory effect on
oedema formation. Interestingly, trypsin had no inhibitory
effect on capsaicin-induced oedema. This would suggest that
the mediator of increased microvascular permeability may
not be peptide in nature as trypsin does inhibit peptide-
mediated responses as shown in this and previous studies
(Brain & Williams, 1988).

Capsaicin, given at high doses, is reported to have neuro-
toxic effects caused by calcium and sodium ion overload of
the nerve ending, inducing release of neuropeptides and des-
truction of the sensory nerve ending (Marsh et al., 1987).
Free radicals generated by cell damage, may act on the
endothelial cell lining of blood vessels to induce leakage. In
particular, hydrogen peroxide has been implicated as impor-

tant in endothelial barrier dysfunction and leakage (Berman
& Martin, 1993). The hydrogen peroxide remover, catalase,
had no effect on capsaicin-induced oedema at the dose tested,
suggesting that either hydrogen peroxide may not be
generated or it is not important in inducing plasma protein
leakage induced by capsaicin. Furthermore the histological
findings would suggest that oedema induced by i.d. capsaicin
is not a result of damage to microvascular blood vessels in
the dermal layers of the skin since blood vessels were intact
and there were no evidence of erythrocyte leakage into the
surrounding tissue.

In conclusion, high doses of i.d. capsaicin induce oedema
in the skin of rabbits. This oedema is sensitive to ruthenium
red suggesting an activation of sensory nerves although the
mediator of increased microvascular permeability remains'
unknown. The capsaicin-induced oedema is insensitive to
treatment with the anti-inflammatory steroid, dexametha-
sone, which is in contrast to other forms of inflammatory
oedema formation.
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Inhibition of carrageenin-induced rat paw oedema by
crotapotin, a polypeptide complexed with phospholipase A2

'Elen C.T. Landucci, Edson Antunes, Jose L. Donato, Renato Faro, Stephen Hyslop, *Sergio
Marangoni, *Benedito Oliveira, tGiuseppe Cirino & Gilberto de Nucci

Departments of *Biochemistry and Pharmacology, UNICAMP, PO Box 6111, 13081-970, Campinas (SP), Brazil and
tDepartment of Experimental Pharmacology, Faculty of Pharmacy, Naples, Italy

1 The effect of purified crotapotin, a non-toxic non-enzymatic chaperon protein normally complexed to
a phospholipase A2 (PLA2) in South America rattlesnake venom, was studied in the acute inflammatory
response induced by carrageenin (1 mg/paw), compound 48/80 (3 jig/paw) and 5-hydroxytryptamine
(5-HT) (3 jig/paw) in the rat hind-paw. The effects of crotapotin on platelet aggregation, mast cell
degranulation and eicosanoid release from guinea-pig isolated lung were also investigated.
2 Subplantar co-injection of crotapotin (1 and 10 jig/paw) with carrageenin or injection of crotapotin
(10 jig/paw) into the contralateral paw significantly inhibited the carrageenin-induced oedema. This
inhibition was also observed when crotapotin (10-30 jig/paw) was administered either intraperitoneally
or orally. Subplantar injection of heated crotapotin (15 min at 60°C) failed to inhibit carrageenin-
induced oedema. Subplantar injection of crotapotin (10 jig/paw) also significantly inhibited the rat paw

oedema induced by compound 48/80, but it did not affect 5-HT-induced oedema.
3 In adrenalectomized animals, subplantar injection of crotapotin markedly inhibited the oedema
induced by carrageenin. The inhibitory effect of crotapotin was also observed in rats depleted of
histamine and 5-HT stores.
4 Crotapotin (30 jig/paw) had no effect on either the histamine release induced by compound 48/80 in
vitro or on the platelet aggregation induced by both arachidonic acid (1 mM) and platelet activating
factor (1 jiM) in human platelet-rich plasma. The platelet aggregation and thromboxane B2 (TXB2)
release induced by thrombin (100 mu ml-') in washed human platelets were also not affected by
crotapotin. In addition, crotapotin (10 jig/paw) did not affect the release of 6-oxo-prostaglandin Flc, and
TXB2 induced by ovalbumin in sensitized guinea-pig isolated lungs.
5 Our results indicate that the anti-inflammatory activity of crotapotin is not due to endogenous
corticosteroid release or inhibition of cyclo-oxygenase activity. It is possible that crotapotin may interact
with extracellular PLA2 generated during the inflammatory process thereby reducing its hydrolytic
activity.

Keywords: Crotapotin; crotoxin; phospholipase A2; acute inflammation; carrageenin oedema; histamine release; platelet agg-

regation

Introduction

Crotoxin, the main neurotoxic component of the venom of
the South American rattlesnake Crotalus durissus terrificus, is
a protein complex composed of a phospholipase A2 (PLA2)
and a polypeptide named crotapotin (Slotta & Fraenkel-
Conrat, 1938). The PLA2 blocks neuromuscular transmission
(Brazil, 1966) and is responsible for the neurotoxic and
myotoxic activities observed in vivo (Gopalakrishnakone et
al., 1984). Crotapotin consists of three polypeptides linked by
disulphide bridges and is thought to act as a chaperon pro-
tein for PLA2 (Bon et al., 1979). Although crotapotin has
been reported to be enzymatically and pharmacologically
inactive (Haberman & Breithaupt, 1978; Bon et al., 1979;
Verheij et al., 1980; Gopalakrishnakone et al., 1984), it does
enhance the toxicity of PLA2 (Bon, 1982).
PLA2 is responsible for arachidonic acid mobilization from

cell membranes and is believed to play a key role in the
inflammatory process (Flower & Blackwell, 1976; Vadas &
Pruzanski, 1986; Pruzanski et al., 1993). Extracellular group
II PLA2 levels are elevated in glycogen-induced ascitic fluid
in rabbits (Franson et al., 1978) and in the serum of rabbits
with experimental endotoxaemia (Vadas & Hay, 1983), of
patients with septic shock and rheumathoid arthritis (Pruzan-
ski et al., 1985; Green et al., 1991) and of healthy human
volunteers following lipopolysaccharide (LPS) administration
(Pruzanski et al., 1992). Since crotapotin binds to PLA2 in
vitro (Rubsamen et al., 1971), we have investigated the

' Author for correspondence.

influence of the former protein on acute inflammatory res-
ponses where PLA2 activation is clearly involved such as in
carrageenin-induced rat hind paw oedema (Di Rosa et al.,
1971). The actions of crotapotin on mast cell degranulation,
platelet aggregation and eicosanoid release (thromboxane A2
and prostacyclin) from guinea-pig isolated lungs have also
been investigated.

Methods

Rat paw oedema

Male Wistar rats (150-200 g) were used. Hind paw oedema
was induced by a single subplantar injection of carrageenin
(1 mg/paw), 5-hydroxytryptamine (5-HT) (3 jg/paw), com-
pound 48/80 (3jig/paw) or crotoxin complex (1-lOjg/paw)
in the left paw of rats under light ether anaesthesia in a final
volume of 0.1 ml. All drugs were dissolved in sterile saline
(0.9%). Paw volume was measured immediately before the
injection of the irritant and at selected time intervals there-
after with a hydroplethysmometer (model 7150, Ugo Basile,
Italy). Crotapotin (1-10jIg/paw) was dissolved in saline
(0.9%) and injected into the paw immediately before the
irritant. In another set of experiments, crotapotin (10-30 jg
kg-') was given either intraperitoneally or orally 30 min
before the local administration of the irritant. Results were
expressed as the increase in paw volume (ml) calculated by

BrRish Journal of Pharmacology (1995) 114, 578-583
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subtracting the basal (pre-injection) volume. In some cases,
the area under the time-course curve (AUC) was calculated
using a trapezoidal rule and the results expressed as
ml minm-.

Adrenalectomy procedure

Male Wistar rats (150-200 g) anaesthetized with ether were
used. The dorsal part of the animals was shaved and a small
incision of 1 cm performed. The adrenal glands were remov-
ed and the rats used one week after surgery. During the
entire post-surgical period, the rats were allowed to drink
only saline. The induction of the oedema induced by carra-
geenin injection was performed as described above. Sham-
operated rats received water instead of saline after
surgery.

Depletion of histamine and 5-HT stores

Rats were depleted of their stores of histamine and 5-HT by
repeated injections of compound 48/80 (Spector & Willough-
by, 1959; Di Rosa et al., 1971). Briefly, a 0.1% (w/v) solution
of compound 48/80 in saline was given i.p. morning and
evening for eight doses, starting with an evening dose. The
dose employed was 0.6 mg kg-' for the first six injections and
1.2 mg kg-' for the last two doses. Crotapotin and car-
rageenin were given 5-6 h after the last injection of com-
pound 48/80. Histamine and 5-HT depletion was considered
efficient since this treatment abolished the oedema induced by
compound 48/80 (data not shown; n = 10).

Isolation and incubation ofperitoneal mast cells

Male Wistar rats (200-300 g) were exsanguinated under
ether anaesthesia and 10 ml of Krebs-Ringer phosphate solu-
tion (KRP, pH 7.4) were injected into the peritoneal cavity.
The abdomen was carefully massaged, the fluid withdrawn
and spun at 300 g for 5 min at 4'C. The resulting cell pellet
(of which mast cells comprised 10%) was gently resuspended
in a small volume of KRP. The viability of the mast cells (as
assessed by 0.1% (w/v) trypan blue dye exclusion) was
approximately 90%. Aliquots of the mast cell suspension
(0.5 ml) were warmed to 37'C for 10 min. Compound 48/80
was added to the suspension (final volume of 1.0 ml) and the
incubation carried out for a further 20 min. When required,
crotapotin was incubated (10 min) with the mast cell suspen-
sion before adding compound 48/80. The reaction was stop-
ped by placing the test tubes in ice-cold water. The cells were
then centrifuged (300 g, 10 min) and the supernatant remov-
ed for histamine determination. Krebs-Ringer solution
(1.0 ml) was added to the cell pellet which was then boiled at
100°C for 10 min to release residual histamine. Histamine
concentrations were determined with a double antibody
radioimmunoassay (Biomerica). Histamine release was ex-
pressed as a percentage of the total cellular content of the
amine. All values (means ± s.e.mean) were corrected for the
spontaneous histamine release occurring in the absence of
stimulus. The composition of the KRP solution was (mM):
NaCl 154, KCl 6.2, NaHCO3 11.9, NaH2PO4 0.3, MgSO4 1.5,
glucose 5.6 and CaCl2 2.8.

Preparation ofplatelet-rich plasma and washed platelets:
measurement ofplatelet aggregation and thromboxane
B2 (TXB2) release

Blood from healthy volunteers who had not taken drugs for
at least 15 days was collected by venepuncture into a plastic
flask containing 3.8% sodium citrate. Platelet-rich plasma
(PRP) was prepared by centrifugation at 200 g for 12 min at
room temperature. Platelet-poor plasma (PPP) was obtained
by centrifuging the remaining blood at 900 g for 8 min at
room temperature. In some experiments, PRP was cent-
rifuged (900 g, 8 min) in the presence of the prostacyclin

analogue, iloprost (0.8 nM). The supernatant was removed
and the platelet pellet was resuspended in 15 ml of calcium-
free oxygenated (95% 02/5% CO2) Krebs buffer. Iloprost
(0.8 nM) was added again and the platelets were centrifuged
(900 g, 8 min) at room temperature. The supernatant was
aspirated and the pellet resuspended in calcium-free Krebs
solution (Radomski & Moncada, 1983). The platelet count
was determined automatically (Coulter Counter model T 890,
Hileah, Fla., U.S.A.) and adjusted to 1 x 108 cells ml-'.
Calcium chloride (1 mM) was added to the final platelet

suspension. A suspension of either PRP or washed platelets
(500 Ll) was incubated at 37°C for 1 min in a Payton dual-
channel aggregometer (Born & Cross, 1963) with continuous
stirring at 900 r.p.m. and then stimulated with arachidonic
acid (1 mm), platelet-activating factor (PAF; 1 lM) and
thrombin (200 mu ml-'). Changes in optical density (OD)
were recorded for 5 min after stimulation. For the measure-
ment of TXB2 release, washed platelet samples were exposed
to thrombin (200 mu ml-') followed by centrifugation for
3 min at full speed in a Beckman microfuge and the super-
natant removed and stored at - 20C until assayed. When
required, platelets were pre-incubated with either indo-
methacin (10ILM) or crotapotin (100-500 tLg ml-') before
aggregation. The procedure for the determination of TXB2
levels by radioimmunoassay and the specificity of the
antiserum employed have been described elsewhere (Salmon,
1978). The composition of the Krebs solution was (mM):
NaCl 137, KCl 2.7, NaHCO3 11.9, NaH2PO4 0.3, MgSO4 0.8,
glucose 5.6 and CaCl2 1.0.

Guinea-pig isolated lungs

Male guinea-pigs (250-350 g) were actively sensitized by
intraperitoneal injection of 50 mg of ovalbumin together with
a further 50 mg given subcutaneously (each in 1 ml of 0.9%
saline; Payne & De Nucci, 1987). Two weeks later, the
animals were anaesthetized with pentobarbitone sodium
(Sagatal, 60 mg kg', i.p). Following mid-thoracotomy, the
pulmonary artery was cannulated and perfused for 5 min
with 25 ml of heparinized (10 u ml-') Krebs solution. The
trachea was cannulated and the lungs were removed and
suspended in a heated chamber. The lungs were perfused via
the pulmonary artery with warmed (37°C) and oxygenated
(95% 02/5% C02) Krebs solution at 5 ml min-' and left to
stabilize for 20 min (Bakhle et al., 1985). Crotapotin
(10 jig ml-') was infused through the lungs for 30 min at
0.1 ml min-'. Control lungs were infused (0.1 ml min-') with
saline instead of crotapotin. Lung effluent was collected
before challenge with ovalbumin and in 4 min fractions after
challenge. 6-Oxo-prostaglandin F1. and TXB2 in the lung
effluent were determined by specific radioimmunoassay (RIA)
after suitable dilution in RIA buffer without prior extraction
or purification.

Materials

A Carrageenin, compound 48/80, arachidonic acid, 5-hydro-
xytryptamine, L-x-phosphatidylcholine ,-acetyl-7-0-alkyl
(platelet-activating factor), ovalbumin and indomethacin
were obtained from Sigma Chemical Co (U.S.A.). Iloprost
was obtained from Schering (Germany). [3H]-histamine radio-
immunoassay kits was purchased from Biomerica (U.S.A.).
5,6,8,9,11,12,14,15 [3H]-TXB2 (specific activity 140 Ci
mmol-') and 6-oxo-5,6,8,9,1 1,14,15(n)-[3H]-PGFI6, (specific
activity 150 Ci mmol ') were obtained from Amersham
International (U.K.), respectively. The 6-oxo-PGFl6 and
TXB2 antisera were provided by Dr J. Salmon (Wellcome
Research Laboratories, Beckenham, UK). All the salts were
obtained from Merck (Darmstadt, Germany). Crotalus duris-
sus terrficus venom was obtained from the Instituto Butan-
tan (Sao Paulo, Brazil). Crotoxin and crotapotin were
isolated and purified as previously described (Landucci et al.,
1994). Heated crotapotin was obtained by heating the protein
for 15min at 60'C.
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Statistical analysis

Results are expressed as mean ± s.e.mean for n experiments.
In some experiments of rat paw oedema, the area under the
time course curve (AUC) was determined by using the
trapezoidal rule. Statistical comparison was undertaken by
means of Student's unpaired t test (two-tailed) or by analysis
of variance (ANOVA) and application of the Bonferroni
corrected P value for multiple comparisons. Values of
P <0.05 were considered as significant.

Results

Effect of crotapotin and crotoxin on carrageenin-induced
rat paw oedema

The subplantar injection of carrageenin (1 mg/paw) induced a
paw oedema of slow onset (0.21 ± 0.03 ml by the 1st h) and
prolonged duration (0.52 ± 0.05 ml by the 3rd h, n = 20). In
contrast, crotoxin (10 pg/paw) induced a paw oedema of
rapid onset (0.53 ± 0.03 ml at 0.5 h) and short duration
(0.11 ± 0.02 ml at 2 h, n = 15). The co-injection of crotoxin
with carrageenin in the rat paw caused a greater oedema
(Figure 1). In contrast to crotoxin, crotapotin (3-100 ig/
paw) did not cause oedema formation (data not shown;
n = 15). However, co-injection of crotapotin (1-10 jig/paw;
n = 20) produced a dose-dependent reduction of the carra-
geenin-induced oedema (Figure 2). Inhibition was also
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Figure 1 Effect of subplantar injection of crotoxin on carrageenin
(1 mg/paw)-induced oedema. Crotoxin (10fig/paw) was injected
alone (-) or co-injected with carrageenin (0) in the rat paw.
Control animals received carrageenin with saline (0) instead of
crotoxin. The oedema is expressed as the increase in paw volume
(ml) above its basal value. Each point represents the mean with
s.e.mean from 15 rats. *P<0.05 compared to control animals receiv-
ing carrageenin with saline.

observed when crotapotin (10 lag/paw) was administered in
the contralateral paw (n = 10; Figure 2). In addition, intra-
peritoneal administration of crotapotin significantly inhibited
carrageenin-induced oedema (2.0 ± 0.3, 0.96 ± 0.24 and
0.76 ± 0.25 ml min-', AUC for control, crotapotin 10 and
30 ytg kg-', respectively, n = 10, P<0.05). Oral administra-
tion of crotapotin also inhibited carrageenin-induced oedema
(1.60 ± 0.26, 0.70 ± 0.06 and 0.46 ± 0.1Oml min-', AUC for
control, crotapotin 10 and 301g kg-', respectively, n =10,
P<0.05). Subplantar injection of heated crotapotin (10lig/
paw) did not affect carrageenin-induced oedema (2.80 ± 0.30
and 2.70 ± 0.20 ml min- , AUC for carrageenin-induced
oedema in the absence and in the presence of heated crota-
potin, respectively, n = 5).
The carrageenin-induced oedema in adrenalectomized rats

was significantly larger when compared to that observed in
sham-operated animals. The subplantar injection of crota-
potin (10 pg/paw) in adrenalectomized animals also caused a
significant inhibition of carrageenin-induced oedema (n = 10;
Figure 3). In rats depleted of histamine and 5-HT by chronic
intraperitoneal injection of compound 48/80, the oedema
induced by carrageenin was significantly reduced at 1-3 h
after injection. In these animals, the co-injection of crota-
potin (10 ftg/paw) abolished carrageenin-induced oedema
(n = 15; Figure 4).
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Figure 3 Crotapotin inhibits carrageenin (1 mg/paw)-induced paw
oedema in adrenalectomized rats. The animals were adrenalecto-
mized as stated in the Methods. Adrenalectomized rats (A) showed
greater oedema formation than sham-operated animals (0). Sub-
plantar injection of crotapotin (10 ytg/paw) in adrenalectomized rats
(U) significantly inhibited carrageenin-induced oedema. The oedema
is expressed as the increase in paw volume (ml) above its basal value.
Each point represents the mean with s.e.mean from 10 rats. *P<
0.05 compared with sham-operated rats. **P<0.01 compared with
adrenalectomized rats.
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Figure 2 Subplantar injection of crotapotin either together with
carrageenin or in the contralateral paw inhibits carrageenin (1 mg/
paw)-induced rat paw oedema. Crotapotin was co-injected with car-

rageenin at doses of 1 (0), 3 (U) and 10 (*) ylg/paw. Crotapotin
(10 g/paw) was also injected in the contralateral paw (A). Control
animals (0) received carrageenin with saline instead of crotapotin.
The oedema is expressed as the increase in paw volume (ml) above
its basal value. Each point represents the mean with s.e.mean from
10-20 rats. *P<0.05, **P<0.01 as compared with control rats.
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Figure 4 Crotapotin inhibits carrageenin (1 mg/paw)-induced rat
paw oedema in rats chronically depleted of histamine and 5-HT. The
depletion of these autacoids was performed as stated in the Methods.
The oedema induced by carrageenin in the depleted animals (A) was
significantly reduced when compared to control animals (0). Sub-
plantar injection of crotapotin (10 rig/paw) in the depleted rats (U)
virtually abolished the oedema. The oedema is expressed as the
increase in paw volume (ml) above its basal value. Each point
represents the mean with s.e.mean from 15 rats. *P<0.05 compared
with control rats. **P<0.01 compared with depleted animals.
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Table 1 Lack of effect of crotapotin on the release of
thromboxane B2 induced by thrombin in human washed
platelets

Treatment

Basal
Thrombin (100 mu ml-')
Crotapotin (500 pg ml-')
Crotapotin + Thrombin

Thromboxane B2 (ng ml-')

4.5±0.3 (n=5)
158.6 ± 18.4 (n = 5)*
3.8±0.2 (n=3)
177± 24.2 (n=5)

Time (min)

Figure 5 Crotapotin inhibits compound 48/80 (3 ig/paw)-induced
paw oedema. Crotapotin was co-injected with compound 48/80 at

doses of 3 (A) and 10 (A) jig/paw. Control animals (0) were

injected with compound 48/80 and saline. The oedema is expressed
as the increase in paw volume (ml) above its basal value. Each point
represents the mean with s.e.mean from 20 rats. *P< 0.05 compared
with control rats.

Effect of crotapotin on compound 48/80 and 5-HT-
induced oedema

Subplantar injection of either compound 48/80 (3 p.g/paw) or

5-HT (3 jg/paw) induced paw oedema that reached a maxi-
mum at 30 min and ended after 2 h. Subplantar injection of
crotapotin (3 and 10 fg/paw) inhibited compound 48/80-
induced oedema only at the higher dose (n = 20; Figure 5). In
contrast, crotapotin (10 jig/paw) had no effect on 5-HT-
induced oedema (3.90 ± 0.30 ml min -' and 3.20 ± 0.20 ml
min', AUC in the absence and in the presence of crotapotin,
respectively, n = 5).

Effect of crotapotin on rat mast cell degranulation in
vitro

Crotoxin (30 fig ml-') induced histamine release (44.6
3.0%, n = 5) from rat peritoneal mast cells. In contrast,
crotapotin (100lig ml-') did not induce histamine release per

se (10.0 ± 2.0%) nor did it affect the compound 48/80 (1.0 fsg
ml-')-induced histamine release (68.7 ± 3.5% and 68.1 +
3.0%, histamine release in the absence and in the presence of
crotapotin, respectively, n = 3).

Effect of crotapotin on human platelet aggregation and
on TXB2 release

Crotapotin (50-100 fig ml-') did not affect the platelet
aggregation induced by either PAF (1 EIM, n = 4) or arachi-
donic acid (1 mM, n = 4) in PRP nor did it influence the
platelet aggregation induced by thrombin (200 mu ml') in
washed platelets (n = 4; not shown). Crotapotin (100 and
500 jig ml-') did not induce TXB2 release from washed plate-
lets nor did it affect the TXB2 release induced by thrombin
(Table 1).

Effect of crotapotin on 6-oxo-PGF,,, and TXB2 release
from sensitized guinea-pig isolated lungs

Infusion of crotapotin (10 gig ml-') affected neither 6-oxo-
PGFI,, (14.0 ± 2 and 14.1 ± 2 ng ml1' for control and crota-
potin-treated lungs, respectively, n = 5) nor TXB2 (177.2 +
37.8 and 176 ± 34.9 ng ml-' for control and crotapotin-
treated lungs, respectively, n = 5) release induced by oval-
bumin (100 jig ml-') in the sensitized guinea-pig lungs.

Discussion

Our results show that crotapotin (but not the crotoxin com-

plex) significantly inhibited carrageenin-induced rat paw
oedema during the early and late phases of the response.

*P<0.01 when compared to basal values. n represents the
number of experiments

The most frequently encountered mechanism of action
amongst anti-inflammatory drugs is the inhibition of prosta-
glandin synthesis (Vane, 1971; Smith & Willis, 1971). Indeed,
carrageenin-induced oedema is mainly characterized by the
pivotal role of prostaglandin release (Di Rosa et al., 1971).
However, the findings that crotapotin did not inhibit the
release of either prostacyclin from guinea-pig lungs or TXB2
from platelets as well as the aggregation induced by arachi-
donic acid indicate that this protein has no inhibitory activity
on cyclo-oxygenase itself. Since inflamed tissues are known to
express inducible cyclo-oxygenase (COX II; Lee et al., 1992;
Masferrer et al., 1992), it is possible that crotapotin may

interfere with the induction of this enzyme.

Adrenal corticosteroids are well known anti-inflammatory
substances. Their anti-inflammatory effects are in part attri-
buted to the synthesis of lipocortins, a family of gluco-
corticoid-induced proteins with anti-phospholipase activity
(Flower, 1988). Lipocortins inhibit carrageenin-induced rat
paw oedema presumably by preventing arachidonic acid
mobilization from membrane phospholipids (Parente et al.,
1984; Flower et al., 1986; Cirino et al., 1989). Our results
showing that crotapotin inhibited carrageenin-induced
oedema in adrenalectomized rats to the same extent as in
sham-operated rats, clearly indicate that the anti-oedema-
togenic effect of crotapotin is independent of the release of
endogenous corticosteroids.
Mast cell degranulation followed by the release of both

histamine and 5-HT is the first event in carrageenin-induced
oedema (Di Rosa et al., 1971). The finding that the oedema
induced by 5-HT was not affected by crotapotin ruled out
the possibility that this protein was acting as a 5-HT
antagonist. The partial inhibition by crotapotin of compound
48/80-induced oedema suggests that the prevention of mast
cell degranulation is a factor which may contribute to its
anti-oedematogenic effect in the early stage of the inflam-
matory process. However, the marked inhibition caused by
crotapotin on carrageenin-induced oedema cannot be
explained solely by this action since other drugs which also
prevent mast cell degranulation are less effective in this type
of oedema (Di Rosa et al., 1971). The finding that crotapotin
had no effect on the in vitro histamine release induced by
compound 48/80 may reflect the different mast cell popula-
tion studied (i.e. paw vs peritoneal mast cells). In other
species such as the mouse, bone marrow-derived mast cells
have a different granule density, histamine content and his-
tamine releasing capacity compared to peritoneal mast cells
(Chiu & Burrall, 1990).

Crotapotin does not bind to membranes but may prevent
non-specific binding of the PLA2 component to them (Bon et

al., 1979). This raises the possibility that crotapotin could
interact with extracellular PLA2 generated during the inflam-
matory process thereby reducing the hydrolytic activity of the
latter. Indeed, this type of interaction with other group II

PLA2 has already been shown by Choumet et al. (1993).
These workers demonstrated the existence of a complex
between crotapotin and the single chain PLA2, agkistrodo-
toxin and that the formation of this complex enhanced the
biological activity of the PLA2. It is interesting to note that
crotapotin is derived by post-translational maturation from a

0.6

E 0.4

E

) 0.2
0

E.C.T. Landucci et al Crotapotin and acute inflammatory responses 581



582 E.C.T. Landucci et al Crotapotin and acute inflammatory responses

precursor, proCA, homologous with secreted PLA2 (Bouchier
et al., 1991). Thus, it is not unreasonable to suggest that
crotapotin may in someway be able to interact with the
secreted group II PLA2 to reduce its hydrolytic activity.
Alternatively, crotapotin may influence PLA2 activity by
interfering with on/off binding rates to membrane surfaces
(Berg et al., 1991; Jain et al., 1991).

Crotapotin was effective when given orally. Since it is
unlikely that a protein such as crotapotin could resist gastric
proteolysis and be absorbed, it is probable that in this cir-
cumstance smaller peptide(s) is (are) responsible for the anti-
oedematogenic activity observed. For instance, antiflammins
are nonapeptides derived from regions of high similarity in

uteroglobin and lipocortins and do retain their anti-inflam-
matory activity (Cirino & Flower, 1987; Cabre et al., 1992).
It is interesting to note that the crude venom of Crotalus
durissus terrificus induces analgesia in mice when given orally
(Giorgi et al., 1993). The identification of small crotapotin-
derived peptides which retain the anti-inflammatory activity
of the parent protein and the delineation of their mechanism
of action may widen the perspectives for the development of
a new class of anti-inflammatory agents. Actually, Crotalus
durissus terrificus venom was used clinically in the past for
treatment of several diseases, including cancer, epilepsy and
leprosy (Jenkins & Pendleton, 1914; Brazil, 1934).
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Regional haemodynamic effects of human and rat
adrenomedullin in conscious rats

'S.M. Gardiner, P.A. Kemp, J.E. March & T. Bennett

Department of Physiology & Pharmacology, University of Nottingham Medical School, Queen's Medical Centre,
Nottingham NG7 2UH

1 Male, Long Evans rats were chronically instrumented with pulsed Doppler flow probes and intravas-
cular catheters to permit assessment of the regional haemodynamic responses to human and rat
adrenomedullin, to compare the responses to human adrenomedullin to those of human a-CGRP in the
absence and presence of the CGRP,-receptor antagonist, human a-CGRP [8-37], and to determine the
involvement of nitric oxide (NO)-mediated mechanisms in the responses to human adrenomedullin,
relative to human a-CGRP.
2 Human and rat adrenomedullin (0.3, 1, and 3 nmol kg-', i.v.) caused dose-dependent hypotension
and tachycardia, accompanied by increases in renal, mesenteric and hindquarters flows and vascular
conductances. At the lowest dose only, the hypotensive and mesenteric vasodilator effects of rat
adrenomedullin were significantly greater than those of human adrenomedullin.
3 Human ac-CGRP at a dose of 1 nmol kg-' caused hypotension, tachycardia and increases in
hindquarters flow and vascular conductance, but reductions in renal and mesenteric flows, and only
transient vasodilatations in these vascular beds. These effects were substantially inhibited by human
a-CGRP [8-37] (100 nmol kg-'min-1), but those of human adrenomedullin (1 nmol kg-1) were not;
indeed, the mesenteric haemodynamic effects of the latter peptide were enhanced by the CGRP,-receptor
antagonist.
4 In the presence of the NO synthase inhibitor, NG-nitro-L-arginine methyl ester (L-NAME,
183 nmol kg-' min-'), there was only a slight, but significant, inhibition of the hindquarters hyperaemic
vasodilator effect of human adrenomedullin, but not that of human x-CGRP.
5 These results indicate that the marked regional vasodilator effects of human (and rat) adrenomedul-
lin are largely independent of NO and, in vivo, do not involve CGRPI-receptors.

Keywords: Adrenomedullin (human); rat adrenomedullin; haemodynamics; a-calcitonin gene-related peptide (a-CGRP)
(human); a-CGRP [8-37] (human)

Introduction

Recently, a novel peptide, designated adrenomedullin, consis-
ting of 52 amino acids, was isolated from human phaeo-
chromocytoma by Kitamura et al. (1993). Although the levels
of adrenomedullin were highest in phaeochromocytoma, the
peptide was also present in normal adrenal medulla and
other human tissues (Kitamura et al., 1993). Subsequently,
Sakata et al. (1993) detected adrenomedullin in various tis-
sues from normal rats, and showed -the peptide was distinct
from human adrenomedullin in having 50 amino acid resi-
dues, 6 of which differed from the corresponding ones in the
human peptide.
The presence of adrenomedullin in normal tissues and

plasma (Ichiki et al., 1994), and its synthesis and release by
endothelial cells in vitro (Sugo et al., 1994), raises the possi-
bility that the peptide has a physiological role in cardiovas-
cular control. This proposition is consistent with the finding
that human adrenomedullin exerts a potent hypotensive effect
in anaesthetized rats (Kitamura et al., 1993); subsequently,
this action was shown to be due to marked vasodilatation,
since adrenomedullin increased cardiac index and stroke
index (Ishiyama et al., 1993). Interestingly, the hypotensive
effect of human adrenomedullin was not accompanied by
tachycardia, although Ishiyama et al. (1993) acknowledged
this may have been due to inhibition of baroreceptor reflex
function by the barbiturate anaesthetic they used. It is
notable that Sakata et al. (1993) found rat adrenomedullin
was more potent than human adrenomedullin, both in terms
of eliciting hypotension in anaesthetised rats, and in stimu-
lating cyclic AMP levels in platelets.

Author for correspondence.

Recently, Kitamura et al. (1994) found plasma levels of
adrenomedullin were elevated in patients with hypertension,
and suggested the peptide might exert a beneficial arteriolar
vasodilator effect in this condition. However, there are no
data on the regional haemodynamic changes underlying the
hypotensive effects of human or rat adrenomedullin in the
absence of anaesthesia. Therefore, the first objective of this
work was to determine the dose-relatedness of the regional
haemodynamic actions of rat and human adrenomedullin in
conscious rats.
Although human, and rat, adrenomedullin show only

slight homology with human o-calcitonin gene-related pep-
tide (o-CGRP) (Kitamura et al., 1993), it has been reported
that, in the isolated mesenteric vascular bed of the rat,
human adrenomedullin caused vasodilatation which was
blocked by the CGRPI-receptor antagonist, human a-CGRP
[8-37] (Nuki et al., 1993). Since endogenous CGRP is
localized to perivascular nerve fibres in the mesenteric vas-
cular bed (Kawasaki et al., 1988; Han et al., 1990), the
findings of Nuki et al. (1993) could be explained either by
human adrenomedullin interacting with CGRPV- receptors,
and/or by adrenomedullin releasing endogenous CGRP.
However, although exogenous CGRP is a potent vasodilator
of the isolated mesenteric vascular bed of the rat (Marshall et
al., 1986), systemic administration of human or rat CGRP
causes mesenteric vasoconstriction, probably as a reflex re-
sponse to the systemic hypotension (Gardiner et al., 1988;
1989a,b). Therefore, our second objective was to compare
regional haemodynamic responses to human adrenomedullin
and human x-CGRP in conscious rats, and to determine the
influence of human at-CGRP [8-37] upon them.

There is some evidence that components of the regional
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haemodynamic response to infusion of human o-CGRP
involve nitric oxide (NO)-mediated mechanisms (Gardiner et
al., 1991), but the possible involvement of NO in the
haemodynamic effects of human adrenomedullin has not
been examined. Therefore, our third objective was to assess
the influence of the NO synthase inhibitor, NC-nitro-L-
arginine methyl ester (L-NAME), on responses to human
adrenomedullin. However, since L-NAME causes substantial
cardiovascular changes (Gardiner et al., 1990a) which could
influence responses to human adrenomedullin, independent
of an action involving inhibition of NO synthase, we also
assessed the effects of human adrenomedullin in the presence
of a co-infusion of angiotensin II and vasopressin that,
within experimental constraints, simulated the pressor and
regional haemodynamic effects of L-NAME. Some of the
results have been presented to the British Pharmacological
Society (Gardiner et al., 1994).

Methods

Male, Long Evans rats (350-450 g), bred in the Animal Unit
in Nottingham, were used for all experiments. Under sodium
methohexitone anaesthesia (Brietal, Lilly; 40-60mgkg-',
i.p., supplemented as required) pulsed Doppler flow probes
and intravascular catheters were implanted to monitor renal,
mesenteric and hindquarters flow, to measure blood pressure,
and to administer substances into the right jugular vein, as
described in detail previously (Gardiner et al., 1993). Doppler
probes were implanted at least 7 days before intravascular
catheters, and the latter were implanted no less than 24h
before experiments were begun in conscious, unrestrained
animals. The following protocols were run:

Dose-responses to human or rat adrenomedullin

Separate groups (n = 8 in each) of rats were given 3 increas-
ing i.v. doses (0.3, 1.0, 3.0 nmol kg-') of human or rat
adrenomedullin (Groups 1 and 2, respectively), with doses
separated by at least 2 h.

Effect ofhuman o-CGRP [8-37] on responses to human
ca-CGRP or human adrenomedullin

Rats (n = 8; Group 3) were randomised to receive human
adrenomedullin (1 nmol kg-') or human x-CGRP
(1 nmol kg-1) followed 2 h later by the other peptide. Two
hours thereafter, an infusion of human az-CGRP [8-37]
(100 nmol kg-' min-'; Gardiner et al., 1990b) was begun and
15 min later, human adrenomedullin or human a-CGRP was
again administered (whichever was the peptide given first
earlier). After a further 2 h, the infusion of human a-CGRP
[8-37] was begun again, and, 15 min later, human adreno-
medullin or human a-CGRP was again administered (which-
ever peptide was given second earlier).

In a separate group of rats (n = 8; Group 4) the protocol
above was followed, with the exception that an infusion of
isotonic saline (154 mmol 1' NaCl) was given instead of
human a-CGRP [8-37]. This allowed us to assess the repro-
ducibility of responses to human adrenomedullin and human
a-CGRP in the absence of the CGRP,-receptor antagonist.

Effect ofL-NAME or vasopressin plus angiotensin II on
responses to human ac-CGRP or human adrenomedullin

Animals were randomized to receive human adrenomedullin
(1 nmol kg-') or human a-CGRP (1 nmol kg-') followed 2 h
later by the other peptide. A further 2 h later, in one group
(n = 8; Group 5) of animals, an infusion of L-NAME
(183 nmol kg-' min-'; Gardiner & Bennett, 1992) was begun,
and 90 min later human adrenomedullin or human a-CGRP
was administered (whichever peptide was given first earlier).
The infusion of L-NAME was continued and 2 h later,

human adrenomedullin or human x-CGRP was again ad-
ministered (whichever peptide was given second earlier).

In a separate group of rats (n = 9; Group 6) the protocol
above was followed with the exception that, instead of L-
NAME, a co-infusion of vasopressin (3 pmol kg-' min l)
and angiotensin II (33 pmol kg-' min-') was given, to
simulate, as far as possible, the pressor and regional
haemodynamic effects of L-NAME. Pilot experiments showed
that the co-infusion was more effective in this respect than
either peptide alone.

Data analysis

Continuous recordings were made of phasic and mean arterial
blood pressure and instantaneous heart rate, together with
phasic and mean renal, mesenteric and hindquarters Doppler
shift signals. Percentage changes in mean Doppler shift sig-
nals were taken as indices of flow changes, and changes in
vascular conductance were calculated by dividing mean
arterial blood pressure into mean Doppler shift and express-
ing the change as a %. Within-group analysis was by Fried-
man's test applied to changes relative to baseline or to
integrated responses (areas under or over curves); between
group comparisons were made by the Mann-Whitney U test
or the Kruskal-Wallis test, as appropriate. A value for
P <0.05 was taken as significant.

Drugs and peptides

Human and rat adrenomedullin were obtained from the Pep-
tide Institute through their UK agents (Scientific Research
Associates). Human x-CGRP, angiotensin II and arginine
vasopressin were obtained from Bachem (UK), and human
x-CGRP [8-37] was a gift from Dr R. Foulkes (Celltech
Ltd.). L-NAME hydrochloride was obtained from Sigma. All
peptides were dissolved in sterile saline (154 mmolI 1 NaCl)
containing 1% bovine serum albumin (Sigma); L-NAME was
dissolved in sterile saline. Bolus injections were given in
100 ptl; infusions were at 400 fil h'-. Administration of saline
alone in these volumes has no consistent effects.

Results

Resting values for cardiovascular variables in the 6 groups of
rats studied are shown in Table 1. There were some slight
differences in hindquarters Doppler shift values only.

Dose-responses to human or rat adrenomedullin

Human adrenomedullin caused hypotension and tachycardia,
the magnitudes and durations of which were dose-dependent
(Figure 1, Table 2). There were significant increases in renal,
mesenteric and hindquarters flow with all 3 doses of human
adrenomedullin, and these were associated with vasodilata-
tions (Figure 1) which were dose-dependent when expressed
as the integrated response (Table 2).
Rat adrenomedullin also caused dose-dependent hypoten-

sion, tachycardia and dilatation in the renal, mesenteric and
hindquarters vascular beds (Table 2). However, only at the
lowest dose did rat adrenomedullin have a greater hypoten-
sive effect than human adrenomedullin; this difference was

accompanied by a greater mesenteric vasodilatation only
(Table 2).

Effect of human a-CGRP [8-37] on responses to human
ax-CGRP or human adrenomedullin

Bolus injections of human x-CGRP caused hypotension and
tachycardia, together with reductions in renal and mesenteric
flow and an increase in hindquarters flow; there were only
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transient increases in renal and mesenteric vascular conduct-
ance, but a marked hindquarters vasodilatation (Figure 2).
Repeated injection of human a-CGRP in the presence of
saline evoked responses similar to those above, with the
exception that the hindquarters vasodilator response was
enhanced (Figure 2). In contrast, in the presence of human
ox-CGRP [8-37], the hypotensive and tachycardic effects of
human x-CGRP were substantially inhibited, as were the
reductions in renal and mesenteric flow; indeed, under these
circumstances, human x-CGRP evoked a transient increase in
renal flow (Figure 2). However, the initial rise in renal vas-
cular conductance was significantly attenuated, and the
subsequent renal and mesenteric vasoconstrictions were
abolished in the presence of human z-CGRP [8-37], as were
the increases in hindquarters flow and vascular conductance
(Figure 2).

In the absence of human x-CGRP [8-37], the haemo-
dynamic responses to human adrenomedullin were very re-
producible (Figure 3). Interestingly, in the presence of human
z-CGRP [8-37], the increases in mesenteric flow and vascular
conductance evoked by human adrenomedullin were signifi-
cantly enhanced; no effect of the latter peptide was inhibited
by the CGRP,-receptor antagonist.

Effect ofL-NAME or vasopressin plus angiotensin II on
responses to human cx-CGRP or human adrenomedullin

Prior to infusion of L-NAME or vasopressin plus angiotensin
II, responses to bolus injection of human z-CGRP were as
described above (Figure 4).
The pressor effects of L-NAME and vasopressin plus

angiotensin II were well-matched (Figure 4). However,
infusion of vasopressin plus angiotensin II caused
significantly greater bradycardia and reductions in renal and
mesenteric flow and mesenteric vascular conductance than
did L-NAME (Figure 4). In the presence of L-NAME, the
integrated tachycardic and renal hyperaemic effects of human
x-CGRP were significantly less than in the presence of
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Figure 1 Cardiovascular changes following i.v. bolus injection of
human adrenomedullin (0, 0.3 nmol kg-'; *, 1 nmol kg-'; A,
3 nmol kg-'), in the same conscious Long Evans rats (n = 8; Group
1). Values are mean ± s.e.mean; for clarity statistics for the integ-
rated responses are shown in Table 2. HR = heart rate; MAP = -
mean arterial blood pressure.

Table 1 Resting cardiovascular variables in the 6 groups of conscious, Long Evans rats studied (see Methods)

Group I Group 2 Group 3 Group 4 Group S Group 6

Heart rate (beats min- 1)
Mean blood pressure (mmHg)
Renal Doppler shift (kHz)
Mesenteric Doppler shift (kHz)
Hindquarters Doppler shift (kHz)
Renal vascular conductance

([kHz mmHg- ']103)
Mesenteric vascular conductance

([kHz mmHg- ']103)
Hindquarters vascular conductance

([kHz mmHg- ']103)

338 ± 7
105 ± 2
7.1 ± 1.2
6.8 ± 0.5
4.5 ± 0.3
67 ± 11

65 ± 5

43 ± 3

334 ± 6
103 ± 2
7.2 ± 0.4
7.5 ± 0.7
4.2 ± 0.2
70 ± 4

73 ± 7

41 ± 3

316±4
101 ± 2
6.8 ± 0.4
6.1 ± 0.4
3.6 ± 0.3
68 ± 5

60± 3

36 ± 3

319 ± 7
103 ± 2
6.3 ± 0.5
7.6 ± 0.7
3.9 ± 0.5
62 ± 6

75 ± 9

38 ± 4

312±4
105± 1
6.5 ± 0.1
7.5 ± 1.0
3.1 ± 0.31,2
62 ± 2

75 ± 9

29 ± 3

325 ± 1
104±2
7.0 ± 0.5
6.8 ± 0.7
3.5 ± 0.2'
68 ± 5

66 ± 7

34±2

Values are mean ± s.e.mean.
Superscript numbers P <0.05 versus corresponding groups (Kruskal-Wallis).

Table 2 Integrated (area under or over curve 0-60 min) cardiovascular changes during infusion of human or rat adrenomedullin in 2
separate groups of conscious, Long Evans rats

Adrenomedullin
0.3 nmol kg-'

Human Rat
a b

Adrenomedullin
1.0 nmol kg-'

Human
c

Adrenomedullin
3.0 nmol kg-'

Rat Human i
d e

Rat
f

Heart rate (% min)
Mean blood pressure (% min)
Renal conductance (% min)
Mesenteric conductance (% min)
Hindquarters conductance (% min)

245 ± 98
- 101 ± 35
675 ± 240
362 ± 120
463 ± 111

378 ± 104
-284 ± 39a
788 ± 152
868 ± 143a
835 ± 224

619 ± 82a
-332± 68a
904 ± 182a
1175 ± 274a
1119 ± 281a

880 ± 162b
-461 + 97b
1378 ± 252b
1775 ± 224b
1343 ± 272

758 ± 108a
-790 + 60a c

1814 ± 324a~c
1990 ± 308a'c
2003 ± 356a~c

Values are mean ± s.e.mean.

Superscript letters P <0.05 versus corresponding column (Wilcoxon or Mann-Whitney U test, as appropriate).

1567 ± 157bd
-801 ± 67b d

2136 ± 245bd
2359 ± 226b~d
2034 ± 415b
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Figure 2 Cardiovascular changes following i.v. bolus injection of human a-calcitonin gene-related peptide (aCGRP) (1 nmol kg-').
Left-hand panels, responses in the absence (0) and during infusion of saline (A) in the same conscious, Long Evans rats (n = 8;
Group 3). Right-hand panels, responses in the absence (0) and during infusion of human ot-CGRP [8-37] (A,
100 nmol kg-' min 1) in the same conscious, Long Evans rats (n = 8; Group 4). Values are mean ± s.e.mean; *P <0.05 versus
baseline (Friedman's test), #P < 0.05 for the difference between the integrated responses in the absence and presence of saline
(left-hand panels) or human a-CGRP [8-37] (right-hand panels) (Wilcoxon's test).

vasopressin and angiotensin II; however, the renal,
mesenteric and hindquarters vasodilator actions of human
oc-CGRP were not significantly different in the two conditions
(Figure 4).

Prior to infusion of L-NAME or vasopressin plus angio-
tensin II, responses to human adrenomedullin were as de-
scribed above (Figure 5).
As in the experiment above, the pressor effects of L-

NAME and vasopressin plus angiotensin II were the same,
although the bradycardia and reductions in mesenteric and
hindquarters flows and vascular conductances in the presence
of vasopressin plus angiotensin II were greater than those in
the presence of L-NAME (Figure 5).
The integrated tachycardic and hindquarters hyperaemic

vasodilator responses to human adrenomedullin were slightly,
but significantly, less in the presence of L-NAME than in the
presence of vasopressin plus angiotensin II (Figure 5).

Discussion

The present work in conscious rats shows that human
adrenomedullin has clear, dose-dependent hypotensive and
tachycardic effects. While the changes in mean arterial blood
pressure are consistent with previous reports (Kitamura et
al., 1993; Ishiyama et al., 1993; Hao et al., 1994), the marked
increases in heart rate contrast with the absence of tachycar-
dic responses to human adrenomedullin in anaesthetized rats
(Ishiyama et al., 1993) and cats (Hao et al., 1994). This
difference is consistent with the heart rate effects of
adrenomedullin in our conscious rats being reflex responses
to the hypotension, and the absence of tachycardia in the
experiments of Ishiyama et al. (1993) and Hao et al. (1994)
being due to inhibition of cardiac baroreflexes by anaes-
thesia, rather than adrenomedullin having a unique profile of
action (Hao et al., 1994).
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Figure 3 Cardiovascular changes following i.v. bolus injection of human adrenomedullin (1 nmol kg-'). Left-hand panels,

responses in the absence (0) and during infusion of saline (A) in the same conscious, Long Evans rats (n = 8; Group 3).

Right-hand panels, responses in the absence (0) and during infusion of human a-calcitonin gene-related peptide (a-CGRP) [8-37]
(A, 100 nmol kg-i min- 1) in the same conscious, Long Evans rats (n = 8; Group 4). Values are mean ± s.e.mean; *P < 0.05 versus

baseline (Friedman's test), #P <0.05 for the difference between the corresponding integrated responses in the absence and presence

of human a-CGRP [8-37] (Wilcoxon's test).

It has been reported that rat adrenomedullin has a more

potent hypotensive action than human adrenomedullin
(Sakata et al., 1993; Lin et al., 1994) in anaesthetized rats.
However, such a difference was only apparent at the lowest
dose (0.1 nmol kg-') used in the present study in conscious
rats, and that difference was accompanied only by a greater
mesenteric vasodilatation.
Although there is some evidence that CGRP,-receptors

may be involved in the mesenteric vasodilator effects of
human adrenomedullin in vitro (Nuki et al., 1993), we could
find no evidence for their involvement in vivo. Using
equimolar doses (1 nmol kg-1) of human a-CGRP and
human adrenomedullin, the hypotensive and tachycardic
actions of the former were about twice those of the latter.
Human oe-CGRP caused reductions in renal and mesenteric
flows, and only transient increases in renal and mesenteric
vascular conductances. In contrast, human adrenomedullin
caused marked and persistent increases in renal and
mesenteric flows and vascular conductances. Interestingly,
however, both human ot-CGRP and human adrenomedullin
caused increases in hindquarters flows and vascular conduc-

tances. Elsewhere, (Gardiner et al., 1988; 1989a) we have
suggested that the relative lack of renal and mesenteric
vasodilator responses to human a-CGRP was due to activa-
tion of counter-regulatory vasoconstrictor mechanisms, such
as the renin-angiotensin system (Kurtz et al., 1988). How-
ever, since the hypotensive effect of the highest dose of
human adrenomedullin (3 nmol kg-') was similar to that of
human ax-CGRP at 1 nmol kg-', it appears that any activa-
tion of endogenous vasoconstrictor mechanisms was not able
to mask the vasodilator actions of human adrenomedullin.
These differences, alone, argue against the latter peptide
interacting, directly or indirectly, with CGRP,-receptors, a

proposal which is supported by the finding that human a-

CGRP [8-37] caused clear inhibition of the haemodynamic
effects of human a-CGRP, but not those of human adreno-
medullin. It is notable that the inhibition of the hypotensive
action of human a-CGRP by human a-CGRP [8-37] was

accompanied by clear suppression of its renal and mesenteric
vasoconstrictor effects, consistent with these being secondary
to the usual hypotension (see above).

Rather than inhibiting the haemodynamic effects of human
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Figure 4 Cardiovascular changes following i.v. bolus injection of human x-calcitonin gene-related peptide (a-CGRP) (1 nmol kg-')
before (left-hand panels, 0) and during infusion of N0-nitro-L-arginine methyl ester (L-NAME) (right-hand panels, 0) in the same
conscious, Long Evans rats (n = 8; Group 5), or before (left-hand panels, A) and during infusion of vasopressin plus angiotensin
II (right-hand panels, A) in a separate group of animals (n = 8; Group 6). Values are mean ± s.e.mean; *P <0.05 versus baseline
(Friedman's test); tP <0.05 for difference between resting values (Mann-Whitney U test); P <0.05 for difference between
integrated responses (Mann-Whitney U test) in the presence of L-NAME or vasopressin plus angiotensin II.

adrenomedullin, the CGRP,-receptor antagonist enhanced its
mesenteric haemodynamic action, and tended to do the same
in the renal vascular bed. One possibility is that antagonism
of the action of endogenous CGRP by human a-CGRP
[8-37] sensitizes the mesenteric (and renal) vascular beds to
human adrenomedullin. Although speculative, this suggestion
is consistent with the finding that human adrenomedullin
stimulates cyclic AMP formation in rat vascular smooth
muscle cells, and this action is not inhibited by human
a-CGRP [8-37] (Ishizaka et al., 1994).
A difference between human x-CGRP and human adreno-

medullin was also apparent when the possibility of the
involvement of NO was investigated by comparing responses
to each peptide in the presence of L-NAME or vasopressin
plus angiotensin II to simulate, as far as possible, the
haemodynamic effects of the former. Thus, the hindquarters
hyperaemic vasodilator effect of human adrenomedullin was
only slightly, but significantly, less in the presence of L-
NAME than in the presence of vasopressin plus angiotensin
II, indicating a small contribution from NO to this response.

Such a difference was not apparent for human a-CGRP,
although a slow infusion, rather than bolus injection, of the
latter peptide appears to activate NO-mediated hindquarters
vasodilatation (Gardiner et al., 1991). While it is clear that
any involvement of NO in the responses to human adreno-
medullin was very marginal, this is an important observation,
since it would be reasonable to assume otherwise, considering
the marked and widespread vasodilator profile of human
adrenomedullin.

Overall, then, human and rat adrenomedullin are potent
vasodilator peptides that, unlike human a-CGRP, cause
marked increases in renal and mesenteric flows and vascular
conductances, as well as hindquarters hyperaemic vasodilata-
tion. While all the haemodynamic effects of human x-CGRP
are inhibited by human a-CGRP [8-37], none of the effects of
human adrenomedullin are, at least in conscious rats. Con-
trary to the findings of Nuki et al. (1993) these results
indicate that the actions of adrenomedullin do not involve
CGRPI-receptors, consistent with the recent findings of
Ishizaka et al. (1994).
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*Department of Surgery, Tulane Medical School, 1430 Tulane Avenue, New Orleans, LA 70112, U.S.A and tPheonix
Pharmaceuticals, 2462 Wyandotte Street, Moutainview, CA 94043, U.S.A.

1 Adrenomedullin (ADM), a recently discovered circulating hypotensive peptide, shares limited
sequence homology with the sensory nerve-derived vasodilator, calcitonin gene-related peptide (CGRP).
This study compared the vasodilator effect of sequence 13-52 of human adrenomedullin (ADM,352) with
that of human a CGRP (CGRP), in the microvasculature of the hamster cheek pouch and rat skin in
vivo.
2 Single arterioles (20-40 lim diameter) in the hamster cheek pouch were visualised by intravital
microscopy and video recording, and measured by image analysis. Both ADM1352 (1 pmol-0.4 nmol)
and CGRP (0.1 pmol-1 nmol) evoked dose-related increases in the diameter of preconstricted arterioles
(n = 6). ADM1352 (ED5o 14 pmol) was 20 fold less active than CGRP (ED50 0.71 pmol). The kinetics of
onset and decline of vasodilator responses to both peptides were similar, with vasodilator responses to
both peptides reaching a maximum at ca. 2 min, and reversing after 10-15 min (n = 5-7). The
submaximal increase in blood flow evoked by ADM,3.52 was significantly inhibited (P<0.05; n = 6) by
the CGRPI receptor antagonist, CGRP837, at a dose (300 nmol kg- ', i.v.) that we have previously shown
to inhibit significantly equivalent vasodilator responses to CGRP in this preparation.
3 In experiments measuring changes in local blood flow in rat skin by a 133xenon clearance technique,
intradermal injection of both ADM,352 (3- 300 pmol) and CGRP (0.1-30 pmol) evoked dose-related
increases in local blood flow. ADM13.52 (ED50 27 pmol) was 17 fold less potent than CGRP (ED50
1.6 pmol) (n = 6). The submaximal increase in blood flow evoked by both peptides was significantly
inhibited (P<0.02; n = 5) by CGRP837 (100 nmol kg-', i.v.).
4 We conclude that ADM1352 is a potent vasodilator in the microvasculature of the hamster and rat in
vivo. It mediates its vasodilator effect by arteriolar dilatation and this effect is due, at least in part, to the
stimulation of CGRPI receptors.

Keywords: Adrenomedullin; microvasculature; calcitonin gene-related peptide; CGRP837; hamster cheek pouch; skin (rat);
blood flow; vasodilatation; sensory neuropeptide

Introduction

Adrenomedullin (ADM) is a 52 amino acid peptide originally
isolated from human phaeochromocytoma tissue (Kitamura
et al., 1993a). Human and rat ADM mRNA have subse-
quently been shown to be expressed in various peripheral
tissues of rat and man, including the kidney, lung and
adrenal medulla (Kitamura et al., 1993b; Sakata et al., 1993;
Ichiki et al., 1994). In man, ADM had been shown to be
present at considerable concentrations in the blood (e.g.
3 fmol ml-', Kitamura et al., 1994a), and in several species
has been shown to have potent actions in the vasculature
both in vivo and in vitro. For example, in the anaesthetized
rat (Ischiyama et al., 1993) and cat (Hao et al., 1994),
intravenous injection of ADM causes a potent and long-
lasting hypotensive response, and when infused into the
intralobar artery of the cat, evokes vasodilatation in the
pulmonary circulation (DeWitt et al., 1994; Lippton et al.,
1994). In vitro, low doses of ADM evoke vasodilatation in
the isolated perfused mesentery of the rat (Nuki et al., 1993).
Recently, the 13-52 sequence of human ADM (ADM13.52)
has been shown to exhibit the full vasodilator properties of
the present peptide, ADMI,52, in vivo and in vitro (Perret et
al., 1993; Hao et al., 1994; Lippton et al., 1994), suggesting
that biological activity largely resides in this C-terminal frag-
ment.

Author for correspondence.

ADM and ADM1352 show some limited sequence homo-
logy with the sensory nerve-derived vasodilator calcitonin
gene-related peptide (CGRP), sharing a six residue ring struc-
ture formed by an intramolecular disulphide linkage and a
slight homology in the C-terminal amide sequence (Kitamura
et al., 1994b, Figure 1). It has recently been suggested that
the vasodilator effect of ADM is due to its interaction with
CGRP receptors, since vasodilator responses in the rat isolated
perfused mesentery evoked by ADM in vitro were inhibited
by the CGRP, receptor antagonist CGRP837 (Nuki et al.,
1993). Further, in cultured vascular smooth muscle cells,
CGRP displaced binding from specific sites labelled with
['251]-ADM (Eguchi et al., 1994), suggesting an interaction of
CGRP and ADM with common receptor sites.

In the present study, we have compared the activity of
ADM,352 with human a CGRP (CGRP) in microvascular
assays in vivo. In the hamster cheek pouch, we investigated
the vasodilator effect of the two peptides on single arterioles
viewed by intravital microscopy (see Hall & Brain, 1994),
and in rat skin, we determined the effect of the two peptides
on blood flow using a 133xenon-clearance technique (see
Lawrence & Brain, 1992). In both types of experiment, we
used the CGRP, receptor antagonist, human a CGRP837
(Dennis et al., 1990) to investigate whether the effects of
ADM1352 were mediated via stimulation of CGRP, recep-
tors.

Brftish Journal of Pharmacology (1995) 114, 592-597
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Sequence homology ofsome peptides compared to a human
calcitonin gene-related peptide (a-CGRPh)

1- 2- 3- 4- 5- 6- 7- 8- 9 - 10- 11- 12- 13- 14- 15- 16- 17- 18- 19- 20- 21- 22- 23- 24-

l
Al a-Cys-Asp-Thr-Al a-Thr-Cys-Val -Thr-His-Arg-Leu-Al a-Gly-Leu-Leu-Ser-Arg-Ser-Gly-Gly-Val -Val -Lys-
Asn --------------------------- - - - - --------Met-
Ser-----Asn------------------------------------------
Ser-----Asn------------------------------------------
Lys-M---Asn--l-------------- Ala--i--G1n------------- Asn-Phe ----Val -His ---- Ser-Asn-Asn-Phe-Gly-

Ser-Phe-Gly-Cys-Arg-Phe-Gly ----Cys-Thr-Val -G1 n-Lys-------- His-Gln-Ile-Tyr-Gln-Phe-Thr-Asp-Lys-Asp----

13- 14- 15- 16- 17- 18- 19- 20- 21- 22- 23- 24- 25- 26- 27- 28- 29- 30- 31- 32- 33- 34- 35- 36- 37- 38-

25- 26- 27- 28- 29- 30- 31- 32- 33- 34- 35- 36- 37
Asn-Asn-Phe-Val -Pro-Thr-Asn-Val -Gly-Ser-Lys-Ala-Phe-NH2
Ser ------------------------------------------------NH2
Asp------------------------------------- Glu--------- NH2
Asp-------------------------------------------------NH2
Ala-Ile-Leu-Ser-Ser-M------------------- Asn-Thr-Tyr-NH2
Asp----- Val -Ala ----- Arg-Ser-Lys-Ile----- Pro-Gln-Gly-Tyr-NH2
39- 40- 41- 42- 43- 44- 45- 46- 47- 48- 49- 50- 51- 52

aCGRPh
PCGRPh
aCGRPr
PCGRPr
Amyllnh
Adrenomedullinl3-52h

Figure 1 Comparison of amino acid sequences of calcitonin gene-related peptides, amylin, and adrenomedullin,352. Non-identical
homologous residues, and the internal disulphide links, are indicated.

Preliminary accounts of this work have been presented to
the 14th National Scientific Meeting of the Bayliss and Starl-
ing Society (Southampton, England) (Siney et al., 1994a),
and a Satellite Symposium of the XIIth IUPHAR Congress,
The Second International Symposium of Calcitonin Gene-
Related Peptide (Montreal, Canada) (Siney et al., 1994b).

Methods

Hamster cheek pouch

Male golden (Syrian) hamsters (85-106 g) were anaesthetized
with sodium pentobarbitone (Sagatal 50 mg kg-'; i.v.) and
anaesthesia maintained with 15 mg kg-' pentobarbitone as
required. A single layer of vascular membrane was prepared
as described by Duling (1973) with some modifications (Hall
& Brain, 1994). Briefly, the hamster was placed on a specially
designed stage with a central depressed well, the right cheek
pouch was carefully everted and placed in the well and
pinned to a silicon-rubber ring encircling the window. A
single vascular layer was dissected out keeping an intact
blood supply, and all connective tissue was removed. In some
experiments, the left jugular vein was cannulated (Portex 18
gauge) for intravenous administration of CGRP8-37. The tis-
sue was superfused with Krebs-bicarbonate solution (com-
position mM: NaCl 120, KCl 4.7, MgCl2 0.12, CaC12 0.18,
KH2PO4 0.4, NaHCO3 23, glucose 10) at a rate of 4 ml min-'
and the Krebs solution, warmed to 35°C, was gassed with
5% CO2 in air maintained at pH 7.4. An area of micro-
vasculature was selected which allowed an arteriole and adja-
cent venule (each between 20 and 40 1m in diameter) to be
viewed concomitantly. The microvessels were observed with a
Leitz Dialux microscope having a 27 x salt-water dipping
objective with 10 x eye pieces. Diameters of microvessels
were measured with a computerised imaging system (Kom-
pira Limited, Strathclyde, U.K.). In all experiments,

arterioles were pre-constricted (by ca. 50%) with human
endothelin-1 (usually 30-300pM) superfused 20min before,
and throughout, the experiment. CGRP and ADM1352, dis-
solved in Krebs solution, were applied topically in 10I (or
20 yI for 0.4 nmol ADM13-52 in view of the maximum concen-
tration of the stock solution) using a Finn pipette. The
CGRP receptor antagonist, CGRP837 (300 nmol kg-1), dis-
solved in 0.5 ml saline: bovine serum albumin (BSA;0. 1%),
was applied i.v. over 1 min, followed by i.v. 0.75 ml saline;
BSA over 2 min, 5 min before administration of ADM,3-52.
Following application of test agent, vessel diameter was
measure at 15 s, 30 s, 45 s, min, and every minute there-
after, until the dilator response had fully reversed and pre-
dilator vessel diameter was recovered.

In experiments comparing the vasodilator activities of
CGRP (0.1 pmol- 1 nmol) and ADM13-52 (1 pmol-0.4 nmol),
dose-response curves were obtained by applying single doses
of the peptide every 15 min. In half the experiments, the
dose-response curve to CGRP was obtained first followed by
ADM13-52, in the other half, vice versa. In all experiments,
control responses to the peptide solvent (10 or 20 Jl Krebs
solution) were measured. In another series of experiments,
the CGRP receptor antagonist, CGRP8g37, was tested against
submaximal vasodilator responses to ADM,3-52. The response
to a submaximal dose of ADM,3.52 (0.1 nmol) was obtained
and this was repeated 30 min later following i.v. administra-
tion of CGRP8.37 (300 nmol kg-'; i.v.). Reversal of the
antagonist effect was determined by obtaining responses to
ADM,352 30 and 60min after antagonist administration.

Rat skin

The effect of ADM,3.52 and CGRP on local blood flow was
evaluated by local clearance of '33xenon ('33Xe) in the dorsal
skin of male Wistar rats (200-230 g) following intradermal
(i.d.) injection of multiple test agents, as previously described
(Williams, 1976; Lawrence & Brain, 1992). Briefly, the rats
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were anaesthetized with sodium pentobarbitone (50 mg kg-')
and the dorsal skin was shaved. Each test solution was made
up in modified Tyrode solution (composition mM: NaCl 137,
KCl 2.7, MgCl2 1.1, NaHCO3 11.9, NaH2PO4 0.4, glucose
5.6), and equal quantities of '33Xe were mixed with 1 ml
samples of each. A 100 pl sample of each test agent was
rapidly injected i.d., in duplicate, in random order according
to a balanced site pattern. On completion of injections, a
100 fil aliquot of each solution was rapidly injected into vials
containing paraffin oil, and immediately capped: the total
radioactivity present in 100 ,il of each sample could then be
counted. After a clearance period of 15 min, the rat was
killed, the dorsal skin removed, and the sites punched out.
Radioactivity was measured using an automated gamma-
counter.

In experiments to compare the vasodilator activities of
CGRP and ADM1352, dose-response curves were determined
by the i.d. injection of five dose-levels of the two peptide
agonists, at different randomized sites in each rat. In all
experiments, control vehicle responses were measured. In a
separate series of experiments, the CGRP receptor antago-
nist, CGRP837, was tested against the vasodilator responses
to ADM1352 and CGRP. Some rats were treated with CGRP8-37
(100 nmol kg-', i.v.) 10 min before i.d. injections, and res-
ponses compared to those in control rats also injected 10 min
before with vehicle (0.9% saline). Dose-response curves for
ADM,352 and CGRP were then determined as before. In all
cases, changes in local blood flow were expressed as percen-
tage change in local clearance of 133Xe at test sites, as com-
pared to control sites injected with Tyrode solution (see
Lawrence & Brain, 1992). A decrease in clearance indicates a
decrease in local blood flow due to vasoconstriction of mic-
rovessels.

Results

Hamster cheek pouch

ADM,352 (1 pmol-0.4 nmol) and CGRP (0.1 pmol-l nmol)
potently evoked arteriolar vasodilatation but had no consis-
tent dilator effect on venules. The time-course of the vaso-
dilatation evoked by both peptides was similar. Figure 2
shows the time-course of vasodilatation of equi-effective
doses of ADM,352 (0.1 nmol) and CGRP (1O pmol). The
maximal vasodilatation was evoked 2 min after peptide appli-
cation, and reversed 10-15 min after application. ADM13 52
was ca. 20 fold less potent than CGRP in evoking arteriolar
vasodilatation (Figure 3a), EDM estimates were 14 pmol
(1.8-111) and 0.71 pmol (0.2-2.9), respectively. It was not
possible to determine the maximal dilator response to
ADM,352 in view of the limited concentration of the stock
solution; however, the maximal increase in vessel diameter
recorded at the highest dose tested was similar for ADM,3 52
and CGRP (140 ± 25% and 136 ± 28%, respectively). The
CGRP receptor antagonist, CGRP8-37 (300 nmol kg-'; i.v.), in
its own right produced a small constriction in arteriolar tone,
which was maximal (at 10.5 ± 1.8) 1.75 min after i.v. injec-
tion, but which had essentially reversed after 5 min. CGRP8.37
significantly inhibited (P<0.05) submaximal vasodilator re-
sponses to ADM,3 52. The antagonism was partially reversible
30 and 60 min after antagonist administration (Figure 2c).
We have previously shown that the same dose of CGRP837
significantly inhibits submaximal vasodilator responses to
CGRP in this preparation (for comparison, a 178% increase
in vasodilatation was reduced to 59% by CGRP837; unpub-
lished observations).

Rat skin

Source of drugs

Drugs were obtained as follows: pentobarbitone sodium
(Sagatal; Rhone Merieux Ltd, Essex, U.K.) endothelin-l,
human aCGRP and human xCGRP8-37 (Bachem, Essex,
U.K.). ADM1352 was dissolved in saline, all other peptides
were dissolved in distilled water and stored at -20°C, pep-
tide dilutions were made up in Krebs or Tyrode solution, as

appropriate. All salts were of analytical grade and were

obtained from B.D.H, U.K. ADM13 52 was synthesized by Dr
Jaw Kang-Chang, Pheonix Pharmaceuticals, California,
U.S.A.

Expression of results and statistical analysis

Arteriolar vasodilatation in the hamster cheek pouch was

calculated as % maximal increase in diameter (compared to
pre-constricted diameter). Changes in local blood flow in rat
skin were expressed as % change in local clearance of 133Xe
at test sites, compared with control sites injected with Tyrode
solution. Data from individual experiments were combined,
and results are expressed as mean ± s.e.mean of experiments
carried out in at least 5 animals for each study. Estimates of
ED50 with 95% confidence limits, calculated as geometric
means were made from individual log concentration-response
curves, and are defined as the dose producing 50% of the
maximal recorded increase in arteriolar diameter in the hams-
ter cheek pouch, or 50% of maximum response in blood flow
in rat skin. The maximum responses evoked by ADM13 52 and
CGRP were similar in both assays at the highest doses tested.
For the hamster cheek pouch experiments, tests for signifi-
cant differences between log EDms were made using Student's
paired or unpaired t tests, as appropriate. With the rat skin
assay, differences between means were assessed by Bonfer-
roni's modified t test, which uses the standard error estimate
for analysis of variance, to allow comparison of multiple
sites.

ADM15-52 caused a dose-related increase in blood from in the
rat cutaneous microvasculature (Figure 4a). However,
ADM,352 was shown to be ca. 17 fold less potent than
CGRP as compared in the same rats, yielding ED50 estimates
of 27 (22-32) pmol and 1.6 (0.9-2.9) pmol, respectively
(Figure 3a). In this system, there was no significant difference
in the maximal increase in blood flow induced by the two
peptides; 55 ± 6% and 46 ± 4%, for ADM,3.52 and CGRP,
respectively. The antagonist CGRP8-37 (100 nmol kg-')
significantly (P< 0.05) inhibited ADM,3 52-induced increases
in blood flow (30-100 pmol/site). Vehicle alone had no
significant effect on ADM,352-induced vasodilatation (Figure
4b). Further, CGRP837 alone (100 nmol kg-' i.v.), had no
significant effect on the clearance at saline-injected sites.

Discussion

This study demonstrates that ADM,3 52 is a potent vasodila-
tor in the microvasculature of the rat and hamster. It medi-
ates its vasodilator effect by arteriolar dilatation, and the
vasodilatation is due, at least in part, to the stimulation of
CGRP, receptors.

Interaction of ADM1352 with CGRP receptors

When applied topically in the hamster cheek pouch, or intra-
dermally in rat skin, microvasculature; both ADM13-52 and
CGRP, in a dose-related manner, potently evoked arteriolar
dilatation, or increased local blood flow, respectively. In both
microvasculature preparations, ADM,352 was ca. 20 fold less
active than CGRP. These results are consistent with results
of a recent in vitro studying using the full sequence ADMI-52
which was found to be ca. 10 fold less active than CGRP in
the rat isolated perfused mesentery (pD2 estimates were 8.3
and 9.2 respectively; Nuki et al., 1993).

In the hamster cheek pouch, the time-course of the arter-
iolar dilatation was similar for ADM,352 and CGRP, with
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Figure 3 Dose-related vasodilatation in the hamster cheek pouch
evoked by human adrenomedullin13.52 (ADM13.52) (A) or human a
calcitonin gene-related peptide (CGRP) (-) measured following
topical application of peptide (in 10 or 201lI Krebs solution).
Vasodilatation is expressed as maximal % increase in diameter of
arterioles preconstricted (by ca. 50%) by human endothelin-l, and
mean responses, ± s.e.mean, are shown for experiments carried out
in 6 hamsters. Estimates of ED50 were 14pmol (1.8-111) and 0.72
(0.2-2.9) pmol, respectively.
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Figure 2 (a) Shows a comparison of time-courses of arteriolar
vasodilatation evoked by human adrenomedullin 13-52 (ADM13.53) (l)
and human a calcitonin gene-related peptide (CGRP) (l) in the
hamster cheek pouch. Vasodilatation evoked by ADM13.52 (0.1 nmol)
and CGRP (1Opmol), is expressed as % increase in diameter of
arterioles preconstricted (by ca. 50%) by human endothelin-1. Vessel
diameter was measured 15, 30, 45, 60 s and then every minute up to
20 min after topical application of peptide (in 10 ill Krebs solution).
(b) Shows inhibition of submaximal vasodilator responses evoked by
ADM13.52 (0.1 nmol), Control (U), or after administration of the
CGRPI receptor antagonist CGRP8-37 (V) (300 nmol kg-, i.v.). (c)
Shows inhibition of the maximal vasodilator response evoked by
ADM13.52 by CGRP8-37. Control vasodilatation is shown by the open

column, and dilatation recorded 5, 30 and 60 min following int-
ravenous administration of CGRP8-37 respectively. Responses are

shown as the mean ± s.e.mean in 5-7 hamsters. Vehicle control
(10 j1l Krebs) produced an 18.6 ± 10.5% increase in arteriole
diameter. *P<0.05. NS not significant.
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dilatation reaching a maximum at 2 min and reversing after
10-15 min. The rate of onset and decline of responses to the
two peptides is relatively slow when compared to certain
other vasodilators such as substance P (see Hall & Brain,
1993; 1994). CGRP is well known to produce long-lasting
microvascular vasodilatation, characterized by a pronounced
and well maintained erythema in human skin (Brain et al.,
1985), maintained increases in blood flow in rabbit skin
(Brain et al., 1985), and prolonged decreases in perfusion
pressure in isolated preparations such as the rat mesentery
(Claing et al., 1992) and rat kidney (Chin et al., 1994). The
similarity in time-course of vasodilator responses to CGRP
and ADM,352 suggests a similar mechanism of vasodilata-
tion.

In the microvasculature of both the rat skin and the
hamster cheek pouch, the CGRP, receptor antagonist,
CGRP837, significantly inhibited the vascular effects of both
ADM1352 and CGRP. These results with the CGRP receptor
antagonist CGRP8-37 are consistent with an interaction of
ADM13 52 with CGRPI receptors. The doses of CGRP837 we
used to show inhibition of vasodilatation, 100 nmol kg-' and
300 nmol kg-' in the rat skin and hamster cheek pouch,
respectively, are comparable with those used previously to
exhibit a selective inhibition of CGRP-induced vasodilator
responses (Escott & Brain, 1993). CGRP837 did not inhibit
submaximal vasodilator responses to substance P (n = 5;
unpublished data) in the hamster cheek pouch, again indicat-
ing selective block of CGRP receptors. Inhibition of the
vasodilator effects of full sequence ADMI 52 by CGRP8-37 has
recently been reported in vitro (Nuki et al., 1993; Eguchi et
al., 1993); however, our study is the first demonstration of
inhibition of ADM13-52-evoked vasodilator responses in the
microvasculature in vivo by CGRP8-37. Further evidence also
suggests that ADM, or an ADM-related peptide, can interact
with the same receptor sites as CGRP. Thus, in vascular
smooth muscle cells in culture, CGRP displaced specific
binding sites labelled with '251-ADMI-52 (Eguchi et al., 1994),
and in several cell types it has been shown that both ADM
and CGRP stimulate the generation of cyclic AMP (Kita-
mura et al., 1993a; Eguchi et al., 1994).

In terms of structure-activity relationships, it is interesting
that peptides with such limited sequence-homology can inter-
act, and stimulate, the same receptors. Indeed, this 'cross-
talk' is not limited to CGRP, ADM and its fragments. For

example, the 37 amino acid hormone amylin, which exhibits
ca. 50% sequence homology with CGRP, has also been
shown to evoke various biological effects including vaso-
dilatation in the rat isolated perfused kidney (Chin et al.,
1994), and inhibition of nerve or spasmogen-evoked contrac-
tions of non-vascular smooth muscle (e.g. Giuliani et al.,
1992), via an interaction with CGRPI receptors. The main
structural similarity between CGRP, ADM and amylin is the
presence of six-residue ring structure formed by an intra-
molecular disulphide linkage, and a C-terminal amide struc-
ture (see Figure 1). It has been previously shown that the
N-terminal sequence of CGRP is important for agonist activ-
ity of CGRP, in as much as opening or modification of the
disulphide bond leads to a considerable loss in vasodilator
activity (Tippins et al., 1986; Maggi et al., 1990; Zaidi et al.,
1990). This suggests that the disulphide bond may well also
be of importance for agonist activity of amylin and adreno-
medullin at CGRP receptors. Further, the ability of the
N-terminally deleted CGRP fragment, CGRP8-37, to act as a
receptor antagonist suggests that the C-terminal sequences of
amylin and adrenomedullin are important in determining
affinity, rather than intrinsic efficacy at the CGRP receptor.
This is interesting since Figure 1 shows that the structural
homology in the C-terminus sequences of the various
naturally-occurring homologues of CGRP is very limited.

In conclusion, we have demonstrated for the first time that
ADM13-52 is a potent arteriolar vasodilator in the microvas-
culature, and that its effects in both rat skin and the hamster
cheek pouch vasculature are mediated, at least in part, via an
interaction with CGRPI receptors. Currently, it is not estab-
lished whether the whole of the ADM13 52 sequence is
required for full biological activity, nor whether ADM152,
ADM1352, or another fragment, is the biologically active
species secreted in vivo. The role of ADM in physiology or
pathophysiology remains to be determined, though it is
tempting to speculate that, in view of the interaction of
ADM and ADM1352 with CGRP receptors, that ADM or an
ADM fragment, may have a role as a circulating activator of
CGRP receptors and modulator of vascular tone.

We thank the Wellcome Trust and the British Heart Foundation for
support. We are grateful to Dr I.K.M. Morton for analysis and
preparation of the figures, and Dr U. Ney, Celltech Berkshire, for a
gift of CGRP.
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On the inhibition of prostanoid formation by SK&F 96365, a
blocker of receptor-operated calcium entry

Dedicated to Professor Ronald Kurz on the occasion of his 60th birthday

'Hans J. Leis, Doris Zach, Evelyn Huber, Laszlo Ziermann, Helmut Gleispach &
W. Windischhofer

Dept. of Biochemical Analysis, Univ. Childrens Hospital, Auenbruggerplatz 30, A-8036 Graz, Austria

1 The proposed blocker of receptor-operated calcium channels, SK&F 96365 was shown to inhibit
formation of prostaglandin E2 in two osteoblast-like cell lines, MC3T3-E1 and UMR-106 in a dose-
dependent manner at an IC50 of 3-4 JAM. Inhibition was observed with various stimuli (arachidonic acid,
bradykinin and calcium ionophore A23187).
2 This effect was also observed in human platelets, where SK&F 96365 dose-dependently blocked
thromboxane biosynthesis and formation of 12-hydroxy-heptadecatrienoic acid after stimulation with
arachidonic acid (IC50 = 4 JM).
3 The compound had no effect on 12-hydroxy-eicosatetraenoic acid production by human platelets.
Additionally, linoleic acid oxidation by soybean 15-lipoxidase was not impaired by SK&F 96365. The
results thus provide evidence for cyclo-oxygenase inhibition by SK&F 96365 at concentrations used to
block receptor-operated calcium influx.

Keywords: Cyclo-oxygenase; SK&F 96365; prostaglandins; HETE; thromboxane

Introduction

Stimulus-evoked influx of extracellular calcium can be re-
garded as a fundamental process in cell signalling and res-
ponse. Ca2+ entry via voltage-gated calcium channels is well
documented due to the availability of high-affinity ligands
(Campbell et al., 1988; Tsien et al., 1988). Studies on the
mechanism and function of receptor-mediated calcium entry
(RMCE) in non-excitable cells have proved difficult without
suitable ligands (Medolesi & Pozzan, 1987; Hallam & Rink,
1989). Recently, it has been proposed that the imidazole
compound, SK&F 96365 (1-(P-[3-(4-methoxyphenyl)prop-
oxy]-4-methoxyphenylethyl)- 1 H-imidazole hydrochloride) is
an inhibitor of RMCE (Merritt et al., 1990). Numerous
studies have been conducted with this ligand for blockade of
RMCE, thereby relating a wide range of cellular responses to
this inhibitory action. Thus, SK&F 96365 was shown to
inhibit muscarinic receptor-mediated tyrosine phosphory-
lation of phospholipase C-y (PLC-T) (Gusovsky et al., 1993)
and isolated sarcoplasmatic reticulum Ca2+-ATPase (Mason
et al., 1993). The drug also inhibited prostaglandin formation
and RMCE in the osteoblast-like cell line, MC3T3-E1 (Leis
et al., 1994). In human endothelial cells, diminished prosta-
cyclin production after stimulation with platelet activating
factor (PAF) and SK&F 96365-treatment was attributed to
the blockade of RMCE (Weber et al., 1993) as well as
inhibition of tumour cell growth in human astrocytoma
(U373 MG) and neuroblastoma (SK-N-MC) cells (Lee et al.,
1993). Besides having an effect on RMCE, SK&F 96365 has
also been shown to inhibit cytochrome P-450 mediated re-
actions (Sheets et al., 1986; Alonso et al., 1991) and rever-
sibly activates non-selective cation channels in human endo-
thelial cells (Schwarz et al., 1994). Thus, the compound may
exert multiple effects on fundamental biochemical mechan-
isms, and caution should be exercised when cellular responses
are attributed to its RMCE-blocking activity. This is also
suggested by studies on the T-cell leukaemia cell line Jurkat,
where the drug blocked calcium influx and imposed a total
cell cycle arrest in GM/2, which was reported to be depen-
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dent on drug concentration, but not on extracellular calcium
(Nordstrom et al., 1992).
Human platelets have been shown to possess receptor-

operated calcium channels (ROCC) (Zschauer et al., 1988),
and the inhibitory action of SK&F 96365 on ADP- and
thrombin-induced platelet activation has been correlated to
the blockade of RMCE (Merritt et al., 1990). Therefore the
aim of the present study was to investigate, whether SK&F
96365-evoked cellular responses are solely due to its effects
on cell calcium homeostasis, or if it also affects other fun-
damental metabolic events of the cell. Since the compound
has been shown to inhibit cytochrome P-450, a similar action
on other haeme-proteins like cyclo-oxygenase appears to be
very likely.

Methods

Cell culture

MC3T3-El cells were cultured routinely in DMEM contain-
ing 5% FCS, gentamycin-sulphate (83.4 mg I-'), and L-gluta-
mine (0.584 g -1') in a humidified atmosphere of 5% CO2 in
80cm2 flasks and transferred to 4cm2 12-well culture dishes
before experiments. At confluency medium (1 ml) was remov-
ed and the cell monolayer incubated in 1 ml of Ca2+-free
HEPES-buffered Hanks balanced salt solution (HBSS). After
preincubation with the indicated concentrations of SK&F
96365 for 5 min, Ca2+ was added to a final concentration of
1 mM. After 10 min, incubations with the appropriate stimuli
or vehicle were carried out for 30 min. For prostaglandin
measurement, the incubation buffer was removed and pro-
cessed as described below.
Human platelets were prepared from human plasma as

described by Mustard et al. (1989) and resuspended in
HEPES buffer as described above; 500 fLl (108 cells) of the
suspension was used. Incubation was stopped by addition of
500 [lI ice-cold ethanol and thromboxane (TX) B2, 12-
hydroxy-heptadecatrienoic acid (12-HHT) and 12-hydroxy-
eicosaetraenoic acid (l12-HETE) determined as described
below.
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Prostaglandin determination

Prostaglandin E2 (PGE2) thromboxane B2 (TXB2), 12-HHT
and 12-HETE were measured by gas chromatography-nega-
tive ion chemical ionization mass spectrometry (GC-NICI-
MS) (Leis et al., 1987a, b; Mayer et al., 1986; Malle et al.,
1987). Briefly, PGE2 and TXB2 were converted to their PFB
ester-TMS-ether-O-methyloxime derivative. Quantitation was
carried out by use of tetradeuterated PGE2 and '8O-TXB2 as
internal standard. 12-HHT and 12-HETE were quantified as
their PFB ester TMS-ether derivatives after catalytical hydro-
genation using [1802j-5-HETE as internal standard. A Fisons
Trio quadrupole mass spectrometer coupled to a Carlo Erba
GC 8000 was used. GC was performed on a 15 m DB5 fused
silica capillary column (Fisons Instruments). The temperature
of the splitless Grob injector was kept at 290'C, initial col-
umn temperature was 160'C for 1 min, followed by an in-
crease of 40'/min to 310'C. NICI was carried out in the
single ion recording mode with methane as a moderating
gas.

Activity of soybean 15-lipoxidase was assessed photometri-
cally with linoleic acid as a substrate following the protocol
of the manufacturers.

Materials

Bradykinin (BK), arachidonic acid (AA), EGTA, calcium
ionophore A23187, soybean lipoxidase, PGE2 and HEPES
buffer were from Sigma Chemical Co. (Munich, Germany).
DMEM and foetal calf serum (FCS) were obtained from
sera-lab (Vienna, Austria). L-Glutamine was from serva
(Vienna, Austria). Trypsin-EDTA was purchased from Boh-
ringer (Mannheim, Germany). Pentafluorobenzyl bromide
(PFBBr), bis-(N,O-trimethylsilyl)trifluoroacetamide (BSTFA),
silylation grade pyridine, acetonitrile, and 0-methoxyamine
hydrochloride (MOX) were from Pierce Chemical Co. (Rock-
ford, IL, U.S.A.). Culture dishes were from Falcon via Szabo
(Vienna, Austria). MC3T3-E1 cells were kindly supplied by
Prof. M. Kumegawa, Sakado, Japan. UMR-106 cells were
from the American Type Culture Collection, Rockville,
Maryland, U.S.A. Deuterated PGE2 was obtained through
MSD Isotopes via IC Chemikalien GmbH (Munchen, Ger-
many). All other chemicals and reagents were from Merck,
Darmstadt, Germany. SK&F 96365 was purchased from
Biomol, Hamburg, Germany. [180]-TXB2 and ['8]-5-HETE
were prepared as described (Leis et al., 1986).

Results

SK&F 96365 inhibited formation of PGE2 in arachidonate-
stimulated MC3T3-E1 (Figure 1) and UMR-106 cells (Figure
2) in a dose-dependent manner. This inhibitory effect was
influenced by the concentration of arachidonic acid used to
stimulate cells. IC50 values of 3-4 gM SK&F 96365 were
obtained in both cell systems. At a drug concentration of
50 JM, PGE2 production was reduced by more than 95%
with up to 10 JM arachidonic acid supplemented. SK&F
96365 at 50 JM also completely inhibited formation of PGE2
in both cell lines after stimulation with the calcium
ionophore A23187 (5 gM) and in MC3T3-E1 cells after treat-
ment with bradykinin (1 JM) (results not shown).

In arachidonate-challenged human platelets, SK&F 96365
blocked synthesis of TXB2 (Figure 3). This effect was dose
dependent with an IC50 of 4 JM. The arachidonic acid con-
centration used was 10JM. No effect of the compound on
TXB2 formation was seen in the absence of arachidonic acid.
Additionally, the cyclo-oxygenase-derived metabolite 12-
HHT was also blocked dose-dependently by the drug, follow-
ing nearly identical kinetics as for TXB2 (Figure 4). Levels of
12-HETE determined in the same samples, however, were not
altered by SK&F 96365 at concentrations up to 50 IM
(Figure 4).
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Figure 1 Inhibition of arachidonic acid-induced formation of
prostaglandin E2 (PGE2) by SK&F 96365 in the clonal murine
osteoblast-like cell line, MC3T3-E1. Cells were cultured as described
in experimental procedures and preincubated for 5 min with SK&F
96365 in Ca2+-free HEPES buffered HBSS. After addition of Ca2+ to
a final concentration of 1 mM, preincubation was continued for
another 10 min, and incubations with different concentrations of
arachidonic acid, 2 gM (-), 4 fM (0), 6 tM (A), IOJM (V) and
20 JM (*), were subsequently carried out for 30 min. Points repre-
sent means ± s.e.mean of 6 determinations.
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Figure 2 Inhibition of arachidonic acid-induced formation of
prostaglandin E2 (PGE2) by SK&F 96365 in the rat osteosarcoma
cell line, UMR-106. Cells were cultured as described in experimental
procedures and preincubated for 5 min with SK&F 96365 in Ca2+-
free HEPES buffered HBSS. After addition of Ca21 to a final
concentration of 1 mm, preincubation was continued for another
10 min, and incubations with different concentrations of arachidonic
acid, 2tiM (U), 4pM (0), 61JM (A) and 1OJiM (V), were subse-
quently carried out for 30 min. Points represent means ± s.e.mean of
6 determinations.

Hydroperoxide formation from linoleic acid by soybean
15-lipoxidase, as measured by u.v. absorption at 238 nm, was
not impaired by concentrations of the drug up to 100 JIM
(results not shown).

Discussion

With the advent of SK&F 96365, much progress has been
made in the elucidation of functional mechanisms of RMCE.
However, a variety of additional effects have been demon-
strated for the drug, thus caution should be exercised, when
biochemical cellular responses are attributed to the ubi-
quitous event of calcium influx. Our results clearly demon-
strate an inhibitory effect of SK&F 96365 on cyclo-oxygenase
activity in different cell systems: osteoblast-like cells cloned
from 'normal' mouse calvaria, MC3T3-E1 (Kodama et al.,
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Figure 4 Effect of SK&F 96365 on arachidonic acid-induced forma-

Figure 3 Inhibition of arachidonic acid-induced formation of tion of 12-hydroxy-eicosaetetraenoic acid (12-HETE, 0) and 12-
thromboxane B2 (TXB2) by SK&F 96365 in washed human platelets. hydroxy-heptadecatrienoic acid (12-HHT, A) in washed human
Cell suspensions were obtained as described in experimental pro- platelets. Cell suspensions were obtained as described in experimental
cedures and preincubated for 15 min with SK&F 96365 HEPES procedures and preincubated for 15 min with SK&F 96365 HEPES
buffered HBSS, containing 1 mM Ca"+. Incubations with arachidonic buffered HBSS, containing 1 mM Ca". Incubations with arachidonic
acid (10 iM, *) or vehicle (-) were subsequently carried out for acid (10 M) were subsequently carried out for 30 min. Points repre-
30 min. Points represent means ± s.e.mean of 6 determinations. sent means ± s.e.mean of 6 determinations.

1981), osteoblast-like rat osteosarcoma cells (UMR-106), and
human platelets. Effects on phospholipases as a primary
cause for inhibition (e.g. due to blockade of calcium entry)
can be ruled out under these experimental conditions, since
exogenous arachidonic acid would be metabolized in any
case. Additionally, stimulation of arachidonate metabolism
by the calcium ionophore A23187 should bypass any effects
on phospholipases related to blockage of RMCE. Since no
such stimulation occurs in MC3T3-E1 and UMR-106 cells,
the inhibitory effect can be related to the cyclo-oxygenase
enzyme. This is supported by the fact that the activity of
human platelet 12-lipoxygenase was not at all modulated by
the drug, whereas formation of 12-HHT was. From these
data it is evident, that SK&F 96365 is a selective blocker of
cyclo-oxygenase up to 50 fiM. At this concentration RMCE is
totally blocked by the compound. Lipoxygenases are
obviously not affected, which is confirmed by the lack of any
blocking-activity on soybean 15-lipoxidase. Since the inhibi-
tory effect is also dependent on the concentration of arachi-
donic acid used to stimulate cells, a reversible mode of action
is suggested.
Looking at certain cellular responses in the light of the

cyclo-oxygenase-blocking activity of the drug, some con-
clusions from previous studies might require re-inter-
pretation. Thus, a marked inhibitory effect of SK&F 96365
on agonist-stimulated prostacyclin synthesis after pretreat-
ment with platelet activating factor (PAF) in human endo-
thelial cells led to the conclusion, that PAF exerts its effect
via sensitizing ROCCs (Weber et al., 1993). Although this
might also contribute to the observed effects, diminished
prostacyclin production was probably mainly due to cyclo-
oxygenase inhibition by SK&F 96365.

Inhibition of tumour cell growth in human U373 MG
(astrocytoma) and SK-N-MC (neuroblastoma) cells (Lee et
al., 1993) as well as cell cycle arrest in a T-cell leukaemia cell
line (Nordstrom et al., 1992) has also been related to inhibi-
tion of RMCE by SK&F 96365. In the latter case, the
authors suggested a dual mode of action of the drug, since
the effect was not influenced by the concentration of extra-

cellular Ca2". It is well documented that prostaglandins
exhibit profound modulatory activity on cell proliferative
mechanisms. In mice, in vivo enhancement of experimental
bone metastasis by recombinant human interleukin-la is pre-
vented by indomethacin (Arguello et al., 1992) and cyclo-
oxygenase inhibitors have been evaluated for their potential
role in cancer chemoprevention, due to the stimulatory action
of prostaglandins on growth of certain tumour cell lines
(Earnest et al., 1992). Furthermore, inhibition of PGE2 syn-
thesis by dexamethasone reduced proliferation of osteoblasts
(Hughes-Fulford et al., 1992) and the mitogenic response of
BALB/c 3T3 fibroblasts to epidermal growth factor is
abolished by indomethacin (Nolan et al., 1988). It is thus
likely, that effects of SK&F 96365 on cell proliferation are
not or at least not solely due to diminished RMCE, but may
be attributed to impaired prostaglandin synthesis by cyclo-
oxygenase inhibition.
The same mechanism can be applied to the inhibitory

action of the drug on platelet activation. Reduced formation
of the potent proaggregatory TXB2 certainly prevents platelet
aggregation. On the other hand, blockade of RMCE also
should have effects on TXB2 levels due to lack of phospho-
lipase A2 activation. Again, this implies care in interpreting
the experimental results. Nevertheless, the nature of SK&F
96365 as a multiple effector ligand provides the possibility of
measuring cumulative effects and in combination with
specific cyclo-oxygenase inhibitors, of dissociating the two
mechanisms.

In summary, we conclude that the proposed inhibitor of
RMCE, SK&F 96365, also blocks cyclo-oxygenase at con-
centrations even lower than those for blockade of RMCE
(50I1M), and that some of the proposed cellular responses
may be attributed to this inhibitory action and concomitant
reduction of prostanoid formation.

This work was supported by grants from the Fond zur Forderung
der wissenschaftlichen Forschung, Austria, project numbers P-9337
and P-10542.
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Inhibition of muscarinic receptor-induced inositol phospholipid
hydrolysis by caffeine, 3-adrenoceptors and protein kinase C in
intestinal smooth muscle

'S.A. Prestwich & T.B. Bolton

Department of Pharmacology and Clinical Pharmacology, St George's Hospital Medical School, Cranmer Terrace, London
SW17 ORE

1 The effects of caffeine, isoprenaline, dibutyryl cyclic AMP, isobutylmethylxanthine (IBMX), 12-0-
tetradecanoylphorbol-13-acetate (TPA) or 1-oleoyl-2-acetylglycerol (OAG), (protein kinase C (PKC)
activators), 2-methoxy verapamil (D600), thapsigargin and ryanodine on muscarinic acetylcholine recep-

tor (AChR)-stimulated inositol phospholipid hydrolysis were studied in smooth muscle fragments from
the longitudinal layer of the small intestine of the guinea-pig.
2 Incubation of the fragments with the muscarinic agonist, carbachol (CCh) (100 gM) resulted in rapid
increases in the levels of all the inositol phosphate isomers with maximal increases in the [3H]-inositol
(1,4,5) trisphosphate ([3H]-Ins(1,4,5)P3) isomer occurring 10 s following incubation.
3 The P-adrenoceptor agonist, isoprenaline (1Og1M) and dibutyryl cyclic AMP (10tiM), a membrane
permeant analogue of cyclic AMP both reduced the CCh stimulation, but not the basal levels of
[3H]-inositol phosphates. This inhibition by dibutyryl cyclic AMP was enhanced in the presence of the
phosphodiesterase inhibitor, IBMX. CCh inhibited the isoprenaline-induced increases in the levels of
cyclic AMP and this was via a pertussi toxin (PTX)-sensitive G-protein mechanism.
4 TPA (1 tM) and OAG (100 LM) a 1,2-diacylglycerol (DAG) analogue both reduced the CCh-induced
increases in [3H]-inositol phosphates levels but neither affected basal values nor the basal levels of cyclic
AMP.
5 D600 (10 PM), which blocks voltage-dependent Ca2+ channels, also reduced the CCh-stimulated
levels of [3H]-inositol phosphates suggesting that some of the agonist-induced increases are due to a

potentiating effect of Ca2+ entering the cell.
6 Caffeine (0.5-30 mM) significantly inhibited both the basal and CCh-induced increases in all the
[3H]-inositol phosphate isomers. Its inhibitory action was not due to increases in cyclic AMP since
caffeine had no effect on the levels of cyclic AMP at concentrations up to 30 mM.
7 Incubation with thapsigargin (1 tM) and ryanodine (10 LM) had no effect on either basal or
CCh-induced inositol phospholipid hydrolysis or cyclic AMP levels.
8 The results indicate a reciprocal inhibition by P-adrenoceptors and muscarinic AChRs of their effects
on cyclic AMP and inositol phosphate levels respectively. Ca2+ entering the cell (but not the action of
ryanodine or thapsigargin) potentiates while caffeine inhibits muscarinic AChR-induced rises in inositol
phosphate levels. Diacylglycerols may exert a negative feedback inhibition on inositol phosphate
production.

Keywords: Smooth muscle; inositol phosphates; caffeine; isoprenaline; protein kinase C; 2-methoxy verapamil (D600); cyclic
AMP; pertussis toxin.

Introduction

Activation of muscarinic acetylcholine receptors (AChRs) on
the longitudinal smooth muscle layer from the small intestine
of the guinea-pig increases the activity of phospholipase C
(PLC) via a G-protein causing inositol(1,4,5)trisphosphate
(Ins(1,4,5)P3) levels to increase (Best & Bolton, 1986; Prest-
wich & Bolton, 1994). The Ins(1,4,5)P3 binds to its receptor
on the sarcoplasmic reticulum (Ehrlich & Watras, 1988)
which serves as a Ca2+ release channel and Ca2+ is released
from stores down its concentration gradient into the cell; this
contributes to the initial transient phase of contraction. Also,
Ca2"-induced Ca2" release may be activated via ryanodine
receptors on the sarcoplasmic reticulum membrane. Mus-
carinic AChR activation also causes receptor operated chan-
nels in the plasma membrane to open, allowing the influx of
cations (mainly Na') (Bolton, 1979) and this activation is
potentiated by Ca2+ released from the sarcoplasmic reticulum
stores (Pacaud & Bolton, 1991). The resulting change in
membrane potential triggers the opening of voltage-
dependent Ca2" channels resulting in Ca2" influx and this
contributes to the sustained phase of contraction.

Author for correspondence.

Most smooth muscle relaxation is thought to occur by
lowering the [Ca2+]i and by dephosphorylation of myosin
light chain (Gerthoffer & Murphy, 1983). Low levels of
[Ca2+]i are achieved following contraction by several
mechanisms, reuptake of Ca2" into the sarcoplasmic
reticulum via Ca2" ATPase, increased extrusion by the
plasma membrane Ca2" ATPase, Na'-Ca2" exchange, and
by the closure of voltage-operated calcium channels which
occurs when the membrane potential is restored or when the
membrane hyperpolarizes. An increase in [Ca]i results in
activation of Ca2"-dependent K+ channels which open caus-
ing the membrane to hyperpolarize and this helps to restore
the membrane potential towards the resting level. Hyper-
polarization caused by increases in K+ channel activity
decreases the opening of the voltage-dependent Ca2" chan-
nels that control Ca2" influx and contributes to relaxation.
Some of these mechanisms may also contribute to the switch-
ing off of inositol phospholipid hydrolysis and thus contri-
bute to relaxation (Quast, 1993).

Hydrolysis of inositol phospholipids produces a bifurcating
pathway and 1,2-diacylglycerol (DAG) is produced at the
same time as the inositol phosphates (Rana & Hokin, 1990).

BrRish Journal of Pharmacology (1995) 114. 602-611
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The DAG (in conjunction with phosphatidylserine in the
membrane) activates Ca2"-dependent protein kinase Cs
(PKCs) leading to phosphorylation of proteins (Nishizuka,
1992). PKC may be involved in the tonic component of the
contractile response (Rasmussen et al. 1988). At the same
time PKC may serve as a negative feedback regulator of
inositol phospholipid hydrolysis thereby switching off not
only the increases in inositol phosphates but also increases in
DAG.

Application of caffeine to smooth muscle strips results in a
transient contraction by releasing Ca2 + from intracellular
stores (Matsumoto et al., 1990). The mechanism is indepen-
dent of Ins(1,4,5)P3 release, since the effect of caffeine is not
inhibited by heparin which prevents the binding of
Ins(1,4,5)P3 to its receptor (Komori & Bolton, 1991). In
addition to these contractile effects, caffeine has potent relax-
ing ability on precontracted smooth muscles (Karaki et al.,
1987); it inhibits voltage-dependent Ca2+ channels (Hughes et
al., 1990); it causes hyperpolarization of the membrane (Van
der Bent & Beny, 1991) and inhibits phosphodiesterase
activity resulting in increases in the levels of adenosine 3':5'-
cyclic monophosphate (cyclic AMP) (Butcher & Sutherland,
1962). Inhibition of Ins(1,4,5)P3 levels have also been
observed (Toescu et al., 1992).

Ryanodine and thapsigargin also cause Ca2+ release from
sarcoplasmic reticulum stores but by different mechanisms to
caffeine. Ryanodine causes Ca2+ store depletion by maintain-
ing the Ca2+ release channel in a partially open state (Fleis-
cher et al., 1985) and thapsigargin prevents the reuptake of
Ca2+ into the sarcoplasmic reticulum by inhibiting the Ca2+-
ATPase pump of the sarcoplasmic reticulum (not the plasma
membrane pump) in smooth muscle (Shima & Blaustein,
1992).
P-Adrenoceptors have been identified on longitudinal

smooth muscle cells from the small intestine (Broadley &
Grassby, 1985) and are of the P3-adrenoceptor type (Van der
Vliet et al., 1990). Isoprenaline, a P-adrenoceptor agonist has
been shown to cause relaxation in smooth muscle as a result
of increased protein kinase A activity through increases in
cyclic AMP levels (Bulbring & Tomita, 1987) due to activa-
tion of adenylyl cyclase via Gs (Iyengar & Birnbaumer,
1981). Activation of P-adrenoceptors has also been shown to
result in hyperpolarization of the membrane (Sadoshima et
al., 1988), inhibition of Ca2+ influx into cells (Abe & Karaki,
1988) and activation of specific kinases (PARKs) (Richardson
et al., 1993).
The aim of this study was to determine the effects of drugs

that might modify the muscarinic AChR-activated inositol
phospholipid pathway. To do this [3H]-inositol-labelled
smooth muscle fragments were incubated in the presence of
substances which can activate PKC, increase cyclic AMP
levels, decrease [Ca2+] levels or alter the membrane potential,
prior to muscarinic AChR activation. Since several of the
substances used have not been shown to elevate cyclic AMP
in smooth muscle from guinea-pig small intestine, changes in
the levels of cyclic AMP were also determined to see if
observed effects could be attributed to increases in adenylyl
cyclase activity.

Methods

Preparation and assay of [3H]-inositol-labelled
fragments
Guinea-pigs were killed by dislocation of the neck and exsan-
guinated and longitudinal muscle of the small intestine
removed. Contaminating circular muscle was removed and
fragments (350 x 350 flm) were prepared by tissue chopping
as previously described (Prestwich & Bolton, 1994). The
assay for the determination of the levels of [3H]-inositol
phosphates was the same as described by Prestwich & Bolton

(1991, 1994). Briefly, chopped fragments were incubated in
Krebs Ringer buffer of the following composition (final,
mM): NaCl 120, KCl 5.9, NaHCO3 15.4, NaH2PO4 1.2,
glucose 11.5, MgCl2 1.2, CaCl2 2.5 (pH was 7.25 when
equilibrated) containing [3H]-inositol and kept in a humidi-
fied atmosphere containing 95% 02/5% Co2 at 30TC for
20 h. When treated with toxin the fragments were incubated
with pertussis toxin (PTX) 6 ptg ml-' for 20 h at 30TC. Func-
tional responses of contraction of the fragments to CCh
could still be observed after this long incubation period.

For the assay, the tissue (about 1 mg ml- 1) was incubated
with or without the drug at 37TC. At the end of the incuba-
tion, 500 fLI 20% trichloroacetic acid and 50 tla 50 mM EDTA
were added to stop the assay. The trichloroacetic acid was
extracted from the supernatant with water-saturated diethyl
ether (4 x 5 ml); the residual ether was removed and the pH
of the samples adjusted to 7.0 with 1 M NaOH (5 pil). Protein
determination was done on the pellet using the method of
Lowry et al. (1951). The elution profiles of the labelled
inositol phosphate samples were assayed by anion-exchange
high performance liquid chromatography (h.p.l.c.) within 7
days using a method modified from Irvine et al. (1985) and
Batty et al. (1985) and described in Prestwich & Bolton
(1991). The identity of the various [3H]-inositol phosphate
isomers was determined by comparing their elution profiles
from the h.p.l.c. with those of labelled standards (see Prest-
wich & Bolton, 1991). From these standards the following
inositol phosphate isomers were identified: [3H]-inositol
monophosphates ([3H]-inositol (1) phosphate and [3H]-inosi-
tol (4) phosphate) (InsPl); [3H]-inositol (1,4) bisphosphate
(Ins(1,4)P2); [3H]-inositol (1,3,4) trisphosphate (Ins(1,3,4)P3);
[3H]-inositol (1,4,5) trisphosphate, (Ins(1,4,5)P3) and [3H]-
inositol tetrakisphosphates (InsP4). From the elution profiles
obtained by other workers, the other [3H]-inositol bisphos-
phate which is labelled sInsP2 in the figures, is likely to be
[3H]-inositol (3,4) bisphosphate. After samples had been ex-
pressed as d.p.m. mg-' protein, the agonist stimulated res-
ponses were compared with control values and the results
expressed as % change compared to control. The effects the
various agents had on basal and CCh-stimulated [3H]-inositol
phosphate formation were usually determined after a 10 min
incubation at 37'C with the agent unless otherwise stated.
Under these conditions CCh (100 pM) was added 10 s before
the end of the 10 min incubation period.

Cyclic AMP determination

Smooth muscle fragments were prepared and incubated as

previously described (Prestwich & Bolton, 1991) when
measuring [3H]-inositol phophates. Initial experiments to
determine agonist responses (data not shown) were carried
out in the absence of the phosphodiesterase inhibitor,
isobutylmethylxanthine (IBMX) but no changes in the basal
cyclic AMP levels could be seen with isoprenaline. Therefore
for the cyclic AMP measurements the fragments were

incubated in KRB containing 1 mM IBMX. After incubation
with or without drug (for 10 min) with and without CCh,
(100 jlM) 10 s before the end, the reaction was stopped with
10% (final) trichloroacetic acid. The trichloroacetic acid was

removed by diethyl ether extraction, the samples neutralized,
lyophilized and reconstituted in water. The cyclic AMP
formed was determined by competition binding assay with a

radiolabelled kit from Amersham International Ltd. The
results are expressed as either pmol mg-' protein or %
change compared to control.

Materials

1-Oleoyl-2-acetylglycerol (OAG), ryanodine, thapsigargin, 12-
O-tetradecanoylphorbol-1 3-acetate (TPA) and pertussis toxin
(PTX) were obtained from Calbiochem. [3H]-inositol and the
[3H]-cyclic AMP assay kit were obtained from Amersham
International Ltd. [3H]-inositol contained a PT6 tablet which
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absorbed any radiolysis products, which meant no
purification of the label was necessary before use. All the
other chemicals and drugs were obtained from either Sigma
Chemical Co. Ltd or BDH.

Data analysis

The average protein concentration in mg/tube was 1.1 ± 0.02
(n = 20). The data are expressed as the mean ± s.e. mean %
change over control of at least three paired experiments
performed on different occasions. Intra-assay variance was
very small and highly significantly less (P <0.001) than the
variance between guinea-pigs. Tests of pair differences from
zero were therefore applied. The statistical significance was
assessed by use of a Student's t test. P values that were less
than 0.05 were considered to be significant. Calculations were
performed using the computer programme INSTAT (Graph-
PAD software, U.S.A.).

Results

It was found previously, using the experimental protocol
adopted here, that the maximum increase in the [3H]-
Ins(1,4,5)P3 isomer during muscarinic AChR activation with
a concentration of 100 pM CCh occurs at lO s following
application and thereafter the level returns towards the basal
value (Prestwich & Bolton, 1994). Also, Konno & Takaya-
nagi (1989) showed that 100 jAM CCh was the concentration
required to obtain a maximal release of Ca2+ from the
sarcoplasmic reticulum for the guinea-pig ileum at 370C.
Therefore drugs were usually applied for the 10 min prior to
application of 100 JAM CCh for 10 s to determine the effects
on CCh-induced increases in [3H]-inositol phosphates.
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Incubation of the smooth muscle fragments with 20 or
30 mM caffeine for 5 or 10 min caused a time-dependent
decrease in the basal levels of all [3H]-inositol phosphates
(Figure 1). However, 1 min after application of caffeine a
very small increase in the basal levels of all of the [3H]-
inositol phosphates except [3H]-InsP1 and [3H]-sInsP2 occur-
red when compared to control. A 10 min incubation in either
20 or 30 mM caffeine significantly reduced basal levels of all
the [3H]-inositol phosphates (Figure 1). Concentrations of
caffeine of 3 mM or more have been shown to release Ca2"
from intracellular stores; however, when smooth muscle
fragments were incubated with different concentrations of
caffeine from 0.5 mM to 20 mM for 10 min, although a small
increase in levels of some [3H]-inositol phosphates was seen
at the lower concentrations of caffeine (0.5-1 mM), at higher
concentrations (10 and 20 mM) there was a concentration-
dependent decrease in basal levels of [3H]-inositol phosphates
(Figure 2). These effects of caffeine were not altered in the
presence of 0.5 JAM atropine, a concentration which inhibited
more than 95% of the CCh-stimulated increases in the levels
of the [3H]-inositol phosphates in these fragments.
The presence of increasing concentrations of caffeine from

0.5 mM to 20 mM, prior to addition of the CCh, significantly
inhibited in a concentration-dependent manner the CCh-
induced increases (10 s, 100 JM) in the levels of ['H]-inositol
phosphates (Figure 3). A 10 min incubation' in the presence
of 0.5 mM caffeine inhibited the CCh-induced production of
[3H]-Ins(1,4,5)P3 by 34% and a 10 min incubation with
20 mm caffeine the CCh-induced production of all the [3H]-
inositol phosphates by > 95% (Figure 3).

Ryanodine (10 ILM, 10 min) or thapsigargin (1 JAM, 10 min)
at concentrations shown to deplete Ca2+ stores in smooth
muscle (Hisayama et al. 1990; Low et al. 1991) had no effect
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Figure 1 The effect of incubation in caffeine for different times on basal levels of ['H]-inositol phosphates. ['H]-inositol-labelled
smooth muscle fragments were incubated with 20 mm caffeine for 1 min (1), 5 min (2) or 10 min (3) or incubated with 30 mM
caffeine for 1 min (4), 5 min (5) or 10 min (6). Results represent the mean ± s.e. mean of three experiments performed on separate
occasions and are expressed as the % change in ['HI-inositol phosphates compared to control where the control is in the absence of
caffeine. *P<0.05, **P<0.01, ***P<0.001.
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on either the basal (6.3 ± 2.6% change compared to control)
or CCh-induced increase in the levels of [3H]-inositol phos-
phates.

P-Adrenoceptor activation

Incubation with the P-adrenoceptor agonist, isoprenaline
(1OIM, 10 min) had no significant effect on the basal levels
of [3H]-inositol phosphates (5.3 ± 3.4% decrease compared to
control). However, incubation with isoprenaline prior to ap-
plication of CCh (100 tiM) for 10 s resulted in a significant
decrease in the CCh-induced increases in the levels of all the
[3H]-inositol phosphates compared to CCh alone (Figure 4).
Since isoprenaline increases the levels of cyclic AMP in
smooth muscle and other tissues (Iyengar & Birnbaumer,
1981) fragments were incubated with a cyclic AMP analogue,
dibutyryl cyclic AMP (10 iM, 10 min) under the same condi-
tions as for isoprenaline and this also reduced the CCh-
stimulation of [3H]-inositol phosphates by almost the same
amount (Figure 4). IBMX (1 mM) alone caused a small
inhibition of the CCh effects on labelled inositol phosphates
(Figure 4). When smooth muscle fragments were incubated in
the presence of dibutyryl cyclic AMP (10 jiM) plus IBMX
(1 mM) the response of most isomers to CCh was almost
completely inhibited (Figure 4).

Protein kinase C

To determine whether increased PKC activity, which may
occur following muscarinic AChR activation and inositol
phospholipid hydrolysis, could affect the CCh-induced in-
creases in the levels of the [3H]-inositol phosphates, fragments
were incubated with the phorbol ester, TPA. Incubation of

smooth muscle fragments for 10 min with TPA (1 pM) had no
effect on basal release of [3H]-inositol phosphates (data not
shown) but significantly inhibited the time-dependent in-
creases in the levels of [3H]-inositol phosphates seen in the
presence of CCh (100ILM) (Figure 5) (at least P<0.05 at all
time points). A 10 min incubation with TPA prior to applica-
tion of CCh for 10 s, also significantly inhibited increases in
the levels of all the [3H]-inositol phosphates produced by
0.1-1I00 jM CCh (Figure 6). When smooth muscle fragments
were incubated for 2 h with TPA (1 JiM) prior to addition of
CCh, the inhibition of CCh-induced increases in levels of
[3H]-inositol phosphates was greater (Table 1). Incubation
with the DAG analogue, OAG (100 JM), for either 10 min or
2 h resulted in similar inhibitions of CCh-induced increases in
the levels of [3H]-inositol phosphates as seen with TPA
(Table 1).

2-Methoxyverapamil (D600)

Incubation of the smooth muscle fragments with the voltage-
dependent Ca2+ channel antagonist D600 (10 JM) for 10 min
prior to addition of CCh (100JiM) significantly reduced the
early (2 s to 120 s) CCh-stimulated increases in the levels of
all the [3H]-inositol phosphates (Figure 7). The peak CCh-
induced response of [3H]-Ins(1,4,5)P3 was significantly
inhibited by 41% at 10s (P<0.05) and by 62% at 2 min
(P <0.05).

Cyclic AMP measurements

IBMX (1 mM, 10 min) increased the basal levels of cyclic
AMP from 2.01 0.26 pmol mg-' protein to 36 ± 2.7 pmol
mg-' protein (n =5). Changes in basal cyclic AMP levels
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Figure 5 The effect of 12-O-tetradecanoylphorbol-13-acetate (TPA) on the time course of carbachol (CCh)-induced increases in
the levels of [3H]-inositol phosphates. [3H]-inositol-labelled smooth muscle fragments were incubated for 10 min in the absence or

presence of 1 piM TPA. CCh (100 IM) was added for either 5 s, lO s, 30 s, 60 s or 120 s before the end of the incubation. Results are

shown as the time-dependent increases in [3H]-inositol phosphates in the presence of CCh alone (0) or in the presence of CCh plus
TPA (0). TPA had no effect on the basal levels of [3H]-inositol phosphates. Results represent the mean ± s.e. mean of three
experiments performed on separate occasions and are expressed as the % change in [3H]-inositol phosphates compared to control
where the control is in the absence of CCh.

could not be detected in the presence of several different
substances including isoprenaline, in the absence of IBMX.
Therefore all experiments were performed with IBMX in the
incubation buffer. Under these conditions isoprenaline
(10 g.M) increased the levels of cyclic AMP by 335 ± 43%
(n = 5). CCh (100 liM, 10 min) had no significant effect on the
basal levels of cyclic AMP (28.9 ± 6.7 pmol mg-' protein)
but significantly reduced the isoprenaline-induced increases
by 44.8 ± 5.3% (P <0.05, n = 5). Treatment with PTX (6 fg
ml-' 20 h at 30'C) did not affect the basal levels of cyclic
AMP but prevented the CCh-induced inhibition of isopren-
aline-induced increases in cyclic AMP levels.
The effects of several other substances (under conditions

where inhibition of CCh-induced increases in the levels of
[3H]-inositol phosphates had been observed) on the basal
levels of cyclic AMP and in the presence of CCh (1I00 M)
were measured. However, caffeine (up to 30 mM), TPA
(I #M), D600 (10 tiM) and aluminium fluoride (10 FM alumi-
nium chloride and 10 mM sodium fluoride) had no effect on

the basal levels of cyclic AMP in the presence or absence of
IBMX and had no effect on the levels of cyclic AMP in the
presence of CCh (100;LM).

Discussion

Except for thapsigargin and ryanodine, the substances used
in this study inhibited the CCh-induced increases in the levels
of all the [3H]-inositol phosphates. However, only caffeine, or
dibutyryl cyclic AMP in the presence of IBMX, could com-

pletely inhibit the effects of CCh and only caffeine affected
the basal levels of the [3H]-inositol phosphates.

Depletion of Ca2" from the stores is unlikely to account

for inhibition by caffeine of basal or agonist-induced changes
in levels of [3H]-inositol phosphates since neither thapsigargin
nor ryanodine had any effects on [3H]-inositol phosphate
levels. The decrease in the basal levels of [3H]-inositol phos-
phates by caffeine (Figures 1 and 2) may be due to its ability
to inhibit PLC directly. However, the small increase in basal
levels after 1 min incubation with caffeine may be due to the
transient increase in [Ca2+], caused by the release of Ca2+
from sarcoplasmic reticulum stores. This small increase in
[Ca2+], may be sufficient to increase the basal activity of PLC
and may also be sufficient to activate Ca2+-dependent K+
channels in the plasma membrane which would result in
hyperpolarization. This has recently been shown to inhibit
agonist-induced inositol phospholipid hydrolysis (Yamagishi
et al., 1992; Yanagisawa et al., 1993). Caffeine has been
shown to induce a transient contraction in coronary artery
smooth muscle followed by a sustained relaxation which
occurs simultaneously with the relaxation caused by a hyper-
polarization of the membrane (Van der Bent & Beny,
1991).

Isoprenaline causes hyperpolarization of smooth muscle
through cyclic AMP-dependent protein kinase (Kume et al.,
1989) or directly via the a subunit of Gs (Scornik et al., 1993).
K+-channel opening drugs which have been shown to inhibit
agonist-induced inositol phosphate increases (Yamagishi et
al. 1992), also cause hyperpolarization of the membrane and
relaxation which is independent of changes in cellular cyclic
nucleotide concentrations (Berry et al. 1991). So, hyper-
polarization may be a major mechanism by which various
substances may inhibit CCh-induced inositol phospholipid
hydrolysis.
Although caffeine has been shown to inhibit phospho-
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Figure 6 The effect of 12-0-tetradecanoylphorbol-13-acetate (TPA) on concentration-response curve to carbachol (CCh). [3H]-
inositol-labelled smooth muscle fragments were incubated in the absence or presence of 1 gLM TPA for 10 min; 10 s before the end
of the incubation period either 0.1 gM, 1 gM, 1O gM, or 100 gM CCh was added for 10 s and the incubation stopped. Results are

shown in the presence of CCh alone (0), or CCh plus TPA (0). Results represent the mean ± s.e. mean of three experiments
performed on separate occasions and are expressed as the % change in [3H]-inositol phosphates compared to control where the
control is in the absence of CCh.

diesterase activity (Butcher & Sutherland, 1962) thereby in-
creasing the levels of cyclic AMP, this was not how caffeine
inhibited the levels of [3H]-inositol phosphates in this muscle.
Under conditions where caffeine completely inhibited the
CCh-induced increases in [3H]-inositol phosphates it had no
effect on the levels of cyclic AMP, when assayed either in the
presence or absence of the phosphodiesterase inhibitor,
IBMX. Thus, it may also be that caffeine can inhibit PLC
activity directly.

However, when increases in the levels of cyclic AMP do
occur, these may contribute to the observed inhibition of
CCh-induced increases in the levels of [3H]-inositol phos-
phates. Isoprenaline increased the levels of cyclic AMP in
this study. Cyclic AMP has been shown to decrease [Ca2+]i as
a result of hyperpolarization due to stimulation of Ca2+-
activated K+ channel opening (Sadoshima et al., 1988),
inhibition of Ca2+ influx into cells (Abe & Karaki, 1988),
increased Ca2+ extrusion from cells through stimulation of
the membrane Ca2+-pump (Bulbring & den Hertog, 1980)
and increased Ca2+ uptake into intracellular stores (Saida &
Van Breemen, 1984). However, functional antagonism and
crosstalk have been shown to occur following muscarinic
AChR and P-adrenoceptor activation (Roffel et al., 1993).
The ability of isoprenaline to relax tone due to muscarinic
AChR activation has been shown to be increased following
treatment with PTX (Mitchell et al., 1993), possibly due to
loss of CCh inhibition of isoprenaline-induced increases in
cyclic AMP following treatment with PTX. It is possible that
the isoprenaline inhibition of CCh-induced inositol phos-
pholipid hydrolysis may have been greater following PTX
treatment, but this was not tested.
The membrane permeable analogue of cyclic AMP, dibuty-

ryl cyclic AMP, also reduced CCh-stimulated [3H]-inositol

phosphate levels. The addition of IBMX (1 mM) which is a
phosphodiesterase inhibitor (Smellie et al. 1979) with
dibutyryl cyclic AMP resulted in a further inhibition. This
suggests that when the hydrolysis of endogenous cyclic AMP
is inhibited, a further increase of cyclic AMP inside the cell
(from dibutyryl cyclic AMP) is enough to completely inhibit
increases in [3H]-inositol phospholipid levels following CCh-
induced stimulation. However, direct inhibition of PLC
acitivity by phosphodiesterase inhibitors has also been shown
(Hall et al., 1990) and non specific effects of the dibutyryl
moiety have been suggested to occur in smooth muscle (Bfil-
bring & Hardman, 1975). IBMX is a non selective phospho-
diesterase inhibitor and inhibits cyclic GMP-dependent
phosphodiesterase as well. However, the levels of cyclic GMP
were not measured in this study.

P-Adrenoceptor activation, however, also increases the
activity of P-adrenoceptor kinases (PARKs) and in the
presence of Pfy subunits they may phosphorylate the mus-
carinic AChR or the G-proteins involved in inositol phos-
pholipid hydrolysis serving to uncouple the receptor from the
G-protein (Richardson et al., 1993). Other protein kinases
exist distinct from 3-ARK, PKC or other putative second
messenger regulated kinases, which can phosphorylate the m3
AChR in CHO transfected cells (Tobin & Nahorski,
1993).
TPA can substitute for DAG in the activation of PKC

even in the absence of increases in [Ca2+]i (Castagna et al.,
1982) and inhibition of agonist-induced inositol phosphate
formation in smooth muscle by phorbol esters has been
shown (Olianas & Onali, 1993). Although in some studies
activation of PKC has been shown to increase the levels of
cyclic AMP (Katada et al., 1985; Yoshimasa et al., 1987) TPA
had no effect on cyclic AMP levels in this study. Several
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Table 1 Average percentage inhibition of the effects of a 10 s stimulation with 100 gM carbachol (CCh) on [3H]-inositol phosphate
formation following (a) a 10 min incubation with 1 gLM TPA (b) a 2 h incubation with 1 gM TPA (c) a 10 min incubation with 100 tM
OAG and (d) a 2 h incubation with 100 1M OAG

(a) 10 min
TPA + CCh

(n = 3)

[3H]-InsP1
[3H]-Ins(l,4)P2
[3H]-sInsP2
[3H]-Ins(1,3,4)P3
[3H]-Ins(1,4,5)P3
[3H]-InsP4

55**
42**
33*
53*
77**
76**

(b) 2 h
TPA + CCh

(n = 2)

91
72
52
79
92
88

(c) 10 min
OAG + CCh

(n = 3)

54*
23*
25*
42*
55*
52*

(d) 2 h
OAG + CCh

(n = 2)

84
62
65
74
89
86

*P<0.05 and **P<0.01. For abbreviations, see text.
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Figure 7 The effect of 2-methoxyverapamil (D600) on the carbachol (CCh)-induced increases in levels of [3H]-inositol phosphates.
[3H]-inositol-labelled smooth muscle fragments were incubated in the absence or presence of 10 pM D600 for 10 min; 100 pM CCh
was added at 2 s, 5 s, l0 s, 30 s, 60 s or 120 s before the end of incubation. Results are shown in the presence of CCh alone (0) or

CCh plus D600 (0). Results represent the mean ± s.e. mean of three experiments performed on separate occasions and are

expressed as the % change in [3H]-inositol phosphates compared to control where the control is in the absence of CCh.

other effects of PKC activation could have contributed to the
inhibition of the CCh effects: for example, phosphorylation
of muscarinic AChRs resulting in desensitization of mus-

carinic AChR-mediated stimulation of inositol phospholipid
hydrolysis and internalization of receptors (Orellana et al.,
1985; Creazzo & Wreen, 1988) or phosphorylation of PLCP
(Ryu et al., 1990). Phorbol esters have also been shown to
inhibit agonist-induced contraction (Holzer & Lippe, 1989)
and decrease CCh-induced increases in [Ca21] in several
smooth muscles (Sasaguri & Watson, 1990; Mitsui & Karaki,
1993). It was suggested that this may occur via a direct
inhibition of inositol phosphates or via activation of Na'-
K+-ATPase resulting in membrane hyperpolarization and
inhibition of voltage-dependent Ca2" channels. However, the
direct inhibition of Ca2" channels by phorbol esters has also
been reported (Sherman et al., 1989).

Potentiation of the inositol phosphate responses due to
Ca2" influx (Sladeczek et al., 1988) suggests that the effect of
D600 on the levels of [3H]-inositol phosphates measured

during CCh-stimulation could be via its block of voltage-
dependent Ca2l channels and thereby inhibition of Ca2"
influx. Therefore some of the inhibition of CCh-induced
increases in the levels of [3H]-inositol phosphates by caffeine,
PKC, D600 and isoprenaline, may also result from the
inhibition of voltage-dependent Ca2" channels and of Ca2"
influx either directly or as a result of hyperpolarization.
However in permeabilized portal vein, D600 has also been
suggested to uncouple the G-protein/PLC interaction
(Kobayashi et al., 1991).

Previous studies suggested that a major mechanism
regulating muscarinic AChR-induced increases in inositol
phospholipid turnover in this smooth muscle was via G-
protein a and fy subunits (Prestwich & Bolton, 1994). How-
ever changes in the levels of [Ca24J, membrane potential
changes and alterations due to activation of protein kinases
may also have important regulatory functions.

The authors thank the MRC for financial support.
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Bradykinin B1 receptors in the rabbit urinary bladder: induction
of responses, smooth muscle contraction, and
phosphatidylinositol hydrolysis

Semal K. Butt, Lee G. Dawson & 'Judith M. Hall

Pharmacology Group, Biomedical Sciences Division, King's College London, Chelsea, London SW3 6LX

1 The aim of this study was to analyse the pharmacological characteristics, and second-messenger
coupling-mechanisms, of bradykinin B1 receptors in an intact tissue, the rabbit urinary bladder; and to
investigate the influence of inhibition of endogenous peptidases on kinin activities.
2 In preparations of rabbit mucosa-free urinary bladder, at 90 min after mounting of the preparations,
bradykinin (1 nM-10 fM) evoked contractile responses. In contrast, the B1 receptor-selective agonist
[des-Argl-BK (10 nM-10- JM) was only weakly active at this time. Contractile responses to [des-Argl-
BK increased with time of tissue incubation in the organ bath, reaching a maximum after 3 h, when the
pD2 estimates were 6.4 ± 0.3 for bradykinin, and 6.9 + 0.2 for [des-Arg9]-BK.
3 Once stabilized, responses to [des-Argl-BK in the bladder were competitively antagonized by the B1
receptor-selective antagonists [Leu8,des-Argj-BK and D-Arg-[Hyp3,Thi5,D-Tic7,Oic8,des-Argj-BK ([des-
Arg'0]-Hoel40) (pKB estimates were 6.1 ± 0.1 and 7.1 ± 0.1, respectively; n = 17-21), but responses were
unaffected by the B2 receptor-selective antagonist D-Arg-[Hyp3,Thi5,D-Tic7,Oic8]-BK (Hoe 140) (100 nM;
n = 4). Contractile responses to bradykinin itself were partially, but significantly, inhibited by the B1
receptor-selective antagonist, [Leu8,des-Arg9]-BK (10 gM) (P <0.05), or by the B2 receptor-selective
antagonist Hoel40 (100 nM) (P <0.005) alone, and were largely blocked by a combination of the two
antagonists (P <0.0001).
4 The combined presence of the carboxypeptidase inhibitor DL-2-mercaptomethyl-3-guanidino-
ethylthiopropanoic acid (mergetpa; 10 gAM), the neutral endopeptidase inhibitor, phosphoramidon (1 gIM),
and the angiotensin-converting enzyme inhibitor, enalaprilat (1 AM) increased the potency of bradykinin
17 fold (P<0.001), but that of [des-Argl-BK was unchanged (P>0.05): pD2 estimates were 7.6 ± 0.1
and 6.8 ± 0.1 for bradykinin and [des-Argl-BK, respectively, in treated preparations. In the presence of
peptidase inhibitors, the affinities of the antagonists [Leu8,des-Arg9]-BK and [des-Arg'j-Hoel4O were
unchanged as compared with those determined in the absence of peptidase inhibitors (P> 0.05).
[Leu8,des-Argj-BK inhibited responses to bradykinin under these conditions (n = 4).
5 In endothelium-denuded preparations of the rabbit isolated aorta, an archetypal B1 receptor prepara-
tion, contractile responses to the B1 receptor-selective agonist [des-Argl-BK (10nM- 1O0 AM) (and to
bradykinin) increased progressively with time of tissue incubation; and [des-Argl-BK responses were
completely antagonized by the B. receptor antagonist [Leu8,des-Arg9]-BK (pKB 6.3 + 0.2; n = 13).
6 In experiments measuring stimulation of hydrolysis of phosphatidylinositol in rabbit urinary bladder,
[des-Argl-BK (10 fLM- 1 mM), and bradykinin (100 pM) significantly increased accumulation of inositol
phosphates (P<0.0001). The increase in accumulation of inositol phosphates evoked by [des-Arg9]-BK
(10 iM - 1 mM) was significantly inhibited by [des-Arg'j-Hoe 140 (10 piM) (P <0.01).
7 We conclude that in the mucosa-free rabbit urinary bladder, [des-Argl-BK evokes contraction
largely via activation of B1 receptors which have similar properties, including time-dependent induction,
to B. receptors in the rabbit isolated aorta. Bradykinin evokes contraction via stimulation of both B.
and B2 receptors, but does not require conversion by peptidases in order to activate B1 receptors. We
demonstrate, for the first time, B. receptor-coupling to phosphatidylinositol hydrolysis in an intact tissue
preparation.

Keywords: Kinins; bradykinin; B. receptor; bradykinin receptor; urinary bladder (rabbit); phosphatidylinositol; receptor
induction; peptidases; [des-Argl-BK; [des-Arg'j-Hoe140

Introduction

The recent introduction of receptor-selective agonist and the existence of B2 receptor species-homologues (Field et al.,
antagonist kinin analogues has allowed confirmation of the 1992; Hall, 1992; Hall et al., 1993). In contrast, there has
long-standing proposal by Regoli and colleagues of the been little study of the pharmacology of B. receptors, despite
existence of two types of bradykinin receptor, termed B. and important recent proposals of a role for this receptor type in
B2 (see: Regoli & Barabe, 1980; Burch et al., 1990; Hall, chronic hyperalgesia (Perkins & Kelly, 1993). This lack of
1992). Further, the availability of active and stable B2 recep- research interest may be attributed, in part at least, to the
tor antagonist analogues of bradykinin has resulted in exten- paucity of reliable bioassay preparations for determining B.
sive study of the pharmacology and biological roles of the B2 receptor characteristics and second-messenger coupling-
receptor type, and has led to proposals of the existence of mechanisms; and also the lack of selective, high specific
further bradykinin receptor types (e.g. Farmer et al., 1989; activity, radiolabels for the B. receptor site.
Farmer & DeSiato, 1994) and, additionally or alternatively, This present study set out to identify a suitable non-

vascular, functional (non-cell line) tissue preparation for the
study of B1 receptors characteristics; in particular second-

' Author for correspondence. messenger coupling-mechanisms. To this end, we chose the
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rabbit isolated urinary bladder preparation which we found
has the advantage of allowing measurement of B1 receptor-
coupling to phosphatidylinositol hydrolysis in an intact tis-
sue. B. receptor-coupling to phosphatidylinositol hydrolysis
has previously been demonstrated only in vascular cell lines
in culture (Levesque et al., 1993; Tropea et al., 1993; Schneck
et al., 1994). In some experiments, peptidase inhibitors, in-
cluding the carboxypeptidase inhibitor DL-2-mercaptomethyl-
3-guanidino-ethylthiopropanoic acid (mergetpa), were used to
investigate the influence of endogenous peptidases on agonist
potency and antagonist affinity estimates (Hall et al., 1990).
In particular, we used the carboxypeptidase inhibitor,
mergetpa, to investigate whether bradykinin itself required
conversion (e.g. to the C-terminal-arginine deleted fragment,
[des-Argl-BK), by enzymes sensitive to this inhibitor, prior
to its interaction with B1 receptors.

Preliminary accounts of this work have been communi-
cated to the Bayliss and Starling Meeting, Southampton, July
1994 (Butt et al., 1994a) and the British Pharmacological
Society Meeting, Sunderland, September, 1994 (Butt et al.,
1994b).

Methods

Tissue preparation and solutions

Male New Zealand albino rabbits (2.5-3.0 kg) were killed by
an i.v. overdose of pentobarbitone sodium (Sagatal), and the
urinary bladder and thoracic aorta were removed and placed
in oxygenated Krebs solution (composition below). In all
experiments, the urinary bladder and aorta were stored over-
night in the refrigerator (40C). Experiments were carried out
in Krebs solution of composition (mM): NaCl 118, KH2PO4
1.17, KC1 4.7, NaHCO3 25, MgSO4 0.95, CaCl2 2.5 and
glucose 11. The Krebs solution, at 37°C, was maintained at
pH 7.4 by constant bubbling with 95% 02:5% CO2.

Isolated tissue studies

The preparations were attached to isometric Grass FT03B
force-displacement transducers and suspended in 2.5 ml
silanised organ baths. Mechanical activity was recorded with
Grass model 7E polygraphs. The urinary bladder was cleared
of mucosa and connective tissue and divided longitudinally
into four preparations (length 10 mm) and set up under 2 g
initial tension. The aorta was divided into strips (10 mm
length) and set up under 2 g initial tension. Preparations were
left to equilibrate for 60 min followed by determination of
the maximum response to carbachol (bladder) or phenyle-
phrine (aorta).

Urinary bladder Thirty minutes after determination of the
maximal response to carbachol, cumulative concentration-
response curves were obtained for bradykinin (1 nM-10IgM)
or [des-Argl-BK (10nM-10 4M), and thereafter at 30min
intervals until consistent responses were obtained.
Preliminary experiments had been carried out to determine
antagonist incubation times resulting in optimum inhibition
of submaximal kinin agonist responses (see Results). Once
responses had stabilized, the antagonists (Hoel4O, [Leu8,des-
Argj-BK or [des-Argll-Hoel40) were tested by applying the
antagonist 5 min prior to determination of cumulative
concentration-response curves in two preparations, whilst the
other two preparations acted as concurrent time-controls (no
antagonist). Each test preparation received one agonist and
one antagonist only, with up to four antagonist concentra-
tions tested in a single preparation. Some experiments were
carried out in the additional continual presence (30 min pre-
incubation) of the peptidase inhibitors mergetpa (10 LM),
phosphoramidon (1 JM) and enalaprilat (1 gM). In a separate
series of experiments, the effect of [Leu8,des-Argj-BK and
Hoel4O, alone and in combination, were tested against single

submaximal responses to bradykinin (10IM). After deter-
mination of control responses to bradykinin, one half of the
preparations were re-tested following 5 min incubation with
[Leu8,des-Arg9]-BK (10I M), the other half following 5 min
incubation with Hoel40 (100 nM). All preparations were then
tested in the combined presence of [Leu8,des-Argl-BK
(10 rtM) and Hoel40 (100 nM). In some experiments, the
effect of [Leu8,des-Argl-BK was tested against responses to
bradykinin in the presence of peptidase inhibitors.

Aorta Cumulative concentration-response curves were ob-
tained for bradykinin or [des-Argl-BK (10 nM- 10lM) at
60 min intervals until consistent responses were obtained.
The B1 receptor antagonist, [Leu8,des-Argl-BK, was then
applied 15min prior to determination of the agonist res-
ponses in two preparations, whilst the other two preparations
acted as concurrent time-control preparations. Each test
preparation received one agonist and antagonist only, with
up to three antagonist concentrations tested in a single
preparation.

Phosphatidylinositol hydrolysis measurement

The methodology was adapted from Berridge et al. (1982)
and Bristow et al. (1987). Briefly, cross-chopped tissues
(350 x 350 jtm, McIllwain tissue chopper) was washed three
times at 37°C and then 25 ild aliquots added to tubes contain-
ing 2 pCi myo-[2-3HJ-inositol (844 GBq mol-') and 195 fil
Krebs solution. Tubes were oxygenated with 95% 02:5%
CO2 and placed in a shaking water bath for 60 min for
prelabelling of inositol phospholipids. Following prelabelling,
20 fl lithium chloride (150 mM), and drug or drug-
combination (to make up 250 pl total volume), was added to
each tube; with each drug or drug-combination carried out in
triplicate. Tubes were returned to the shaking water-bath
following oxygenation, and incubated for a further 45 min at
37'C. Reaction was terminated by addition of 1.0 ml
chloroform:methanol:hydrochloric acid (1 M) (100:200: 1.
v.v.v.), and total [3H]-inositol phosphates extracted as de-
scribed by Berridge et al. (1982). Distilled water (0.30 ml) and
chloroform (0.31 ml) were added, the samples centrifuged
(1000 g for 5 min). The aqueous phase (0.75 ml) was diluted
with 2 ml deionised water and added, following 8 ml
deionised water (pH 7.0), to a Dowex formate anion-
exchange column (AG 1-X8 resin, 100-200 mesh). Total
inositol phosphates were eluted with 6 ml ammonium for-
mate:formic acid (800:100 mM) after removing [3H]-inositol
and [3H]-glycerophosphoinositol by an 8 ml wash with
sodium tetraborate:ammonium formate (5:60 mM). The lipid
(0.40 ml) was removed and left overnight to evaporate off the
chloroform. Samples were counted by liquid scintillation
spectrometry to 2% error (Beckman LS1701) after addition
of Liquiscint scintillation fluid and vortexing.

Preliminary experiments were carried out to determine
concentrations of agonists (bradykinin, [des-Argl-BK, and
carbachol) producing submaximal increases in accumulation
of total inositol phosphates (total-[3H]-IPs). The effect of
[des-Argll-Hoel40 (10 gM) on submaximal increases in
accumulation of total-[3H]-IPs evoked by [des-Argl-BK
(10 rM and 1 mM) was investigated by co-incubation of
agonist and antagonist in the same tubes.

Source of agents

Agents were obtained as follows: sodium pentobarbitone
(Sagatal, Rhone Merieux Limited, Essex), carbamylcholine
chloride (carbachol), phosphoramidon (Sigma, Dorset), brady-
kinin, [des-Argl-BK, [Leu8,des-Argl-BK (Bachem, Essex),
D-Arg-[Hyp3,Thi5,D-Tic7,Oic8)-BK (Hoel4O) (gift Sandoz In-
stitute for Medical Research, London), D-Arg-[Hyp3,Thi5,
D-Tic7,Oic8,des-Argl-BK ([des-Arg'"j-Hoel40) (Peninsula Lab-
oratories Europe, Cheshire).

DL-2-Mercaptomethyl - 3 - guanidino-ethylthiopropanoic acid

613



64S.K.Buftetal B1 receptors in rabbit bladder

(mergetpa) (Calbiochem, CA, U.S.A.), enalaprilat (Merck,
Sharp & Dohme, New Jersey, U.S.A.), myo-[2-3H]-inositol
(Amersham International plc, Buckinghamshire). All inor-
ganic salts were of analytical grade and obtained from
B.D.H., Essex. Dowex AG l-X8 (100-200 mesh, formate
form) was obtained from Biorad Laboratories, California,
U.S.A., and Liquiscint from National Diagnostics, Bucking-
hamshire. All agents were dissolved in distilled water and
peptides were stored at -20'C.

Expression of results and statistical analysis

The pD2 (± s.e.mean) estimates were obtained from indivi-
dual log concentration-response curves, and are defined as
the log10 of the concentration producing 50% of the maximal
response to the kinin receptor agonist. The pKB estimates and
their s.e.mean were obtained from individual dose-ratio
estimates (x) by calculation from the Gaddum-Schild equa-
tion, pKB = log1o (x-1) - log1o [A], where [A] is the applied
antagonist concentration (M), where Schild regressions do not
differ from unity. In phosphatidylinositol hydrolysis experi-
ments, increases in accumulation of total [3H]-IPs were cal-
culated and expressed as % over basal. Tests for significant
differences were carried out using paired or unpaired Student's
t tests, as appropriate. Analysis of Schild plots, and tests for
unity and linearity of Schild regressions, were according to
MacKay (1978); using conventional regression analysis
(MINITAB 8.2, PA, U.S.A.) to estimate the coefficients of
linear regression (b) and linear correlation (r). Numbers (n)
shown are for individual estimates of pD2 or pKB of prepara-
tions (all other experiments); and experimental data are taken
from at least 3 animals.

a
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Results

Isolated tissue studies

Induction of agonist responses with time When tested after
90 min organ bath incubation, [des-Argl-BK (10 nM- 10 !M)
evoked only small contractile responses in the isolated
urinary bladder preparation (Figure 1), whereas responses to
bradykinin were near the eventual maximum (not. shown).
Contractile responses to [des-Argl-BK increased progres-
sively with time of incubation of the preparation in the organ
bath (Figure 1), but those to bradykinin showed little or no
increase over this time period (not shown). Responses to
both peptides were stable after 3 h of tissue incubation, and
once stabilized, remained constant throughout the remainder
of the experiment (a further 2-3 h). At this time, pD2
estimates for bradykinin and [des-Argl-BK were 6.4 ± 0.3,
and 6.9 ± 0.2, respectively (Table 1). The presence of the
peptidase inhibitors phosphoramidon (1 gLM), enalaprilat
(1 t4M) and mergetpa (10 EM) resulted in a significant
(P< 0.001) 17 fold leftward-shift of the log concentration-
responses curves for bradykinin, with no significant change
(P>0.05) for [des-Argl-BK (Figure 2; Table 1). In the
presence of these inhibitors, pD2 estimates for bradykinin
and [des-Argl-BK were 7.6 ± 0.1 and 6.8 ± 0.1, respectively
(Table 1). There was little difference in the rate of induction
of responses in peptidase inhibitor-treated preparations (data
not shown). In the rabbit aorta, an archetypal B1 receptor
preparation, in the absence of peptidase inhibitors, B1
response-induction was seen both with [des-Argl-BK (data
not shown) and with bradykinin (unpublished data).

Bradykinin receptor antagonist studies Preliminary studies in
the bladder showed that maximal inhibition of agonist res-
ponses was obtained after 5 min antagonist incubation times
for [Leu8,des-Arg9]-BK, [des-Arg'I-Hoel40, or Hoel40. In-
creasing antagonist incubation time (to up to 15 min), in the
absence of peptidase inhibitors, resulted in an apparent
decrease in the affinities of [Leu8,des-Argl-BK and [des-

Figure 1 Time-dependent induction of contractile responses of rab-
bit isolated urinary bladder to [des-Argl-BK. Contractile responses
to [des-Arg9]-BK were obtained by cumulative addition of the
agonist. The first concentration-response curve was obtained 90 min
following mounting the tissue, and subsequent concentration-
response curves determined every 30 min thereafter until no further
increase in contractile response was obtained (180 min). The upper
panel (a) shows a representative original trace with addition of
[des-Argj-BK indicated by the arrows, and shown as the logarithm
of the concentration. The lower panel (b) shows averaged data,
expressed as % maximum response to carbachol obtained at the start
of experiments, with each point representing the mean ± s.e.mean of
experiments carried out in 8 preparations (times: 0 90 min; A
120 min; V 150 min; * 180 min).

Table 1 Activity estimates for agonists and antagonists in
the rabbit bladder

Contractile potency estimates for agonists (pD2 ± s.e.mean)
Control + Peptidase inhibitors

Bradykinin
[Des-Argl-BK

6.35 ± 0.30
6.94 ± 0.22

7.63 ± 0.14**
6.82 ± 0.090

Affinity estimates for antagonists vs. [des-Arg9]-BK (pKB ± se.mean; n)
Control + Peptidase inhibitors

[Leu8,des-Argl-BK
[Des-Arg'j-Hoe 140

6.06 ± 0.10
7.08 ± 0.13

6.12 ± 0.090
7.09 ± 0.06°

Potencies of agonists are shown in terms of pD2
(-log1OEC50) estimates (n = 4-29). Affinity estimates are
given as pKB values, since Schild slopes do not differ
significantly (P> 0.05; n = 17-57) from unity over the
range used in analysis (see Figure 3 and Results).
Significance differences between controls, and estimates in
the presence of peptidase inhibitors phosphoramidon (1 IsM),
enalaprilat (1 jIM) and DL-2-mercaptomethyl-3-guanidino-
ethylthiopropanoic acid (mergetpa; 10OM), are shown as:
**P< 0.001; 'P>0.05.
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Figure 2 Peptidase inhibitors potentiate contractile responses to
bradykinin in rabbit urinary bladder. Control log concentration-
response curves (0) are compared to those obtained in the presence
of the peptidase inhibitors enalaprilat (1 pM), phosphoramidon
(1 JAM) and DL-2-mercaptomethyl-3-guanidino-ethylthiopropanoic
acid (mergetpa; 10 JM) (-). Contractile responses to bradykinin are
expressed as % maximal response to carbachol, and are the mean ±
s.e.mean of data obtained in 4-16 preparations.

Arg'j-Hoel40 which was not prevented by the presence of
peptidase inhibitors (data not shown). In concurrent time-
control preparations, the lateral position and maximum
response to [des-Argl-BK did not change with time (data
not shown). Using a 5 min incubation time, the B1 receptor
antagonists [Leu8,des-Argl-BK, and [des-Arg'l-Hoel40, show-
ed competitive antagonism of contractile responses to the B1
receptor-selective agonist [des-Argl-BK in the urinary blad-
der: pKB estimates were 6.1 ± 0.1 and 7.1 ± 0.1, respectively
(Figure 3 and Table 1). In these experiments under control
conditions [Leu8,des-Argl-BK gave a linear Schild regression
of unity (slope 1.03 ± 0.22, correlation 0.8, n = 17). In con-
trast, [des-Arg'j-Hoel40 showed some flattening of the
Schild regression at the highest concentration studied
(10 JM), but when these data were excluded from analysis,
the remaining range of concentrations (0.1-3 fLM) gave satis-
factory, parameter estimates (slope 1.01 ± 0.24, correlation
0.7, n = 21). The reason for this behaviour of the antagonist
at high concentration was not investigated further. In the
rabbit isolated aorta preparation, [Leu8,des-Argl-BK com-
petitively antagonized responses to [des-Argl-BK (pKB
6.3 ± 0.2, slope 1.04 ± 0.25, correlation 0.7, n = 13; Figure 3).
The B2 receptor-selective antagonist Hoe140 (100 nM) did not
inhibit contractile responses to [des-Argl-BK in either
preparation (n = 4, P> 0.05; data not shown). In the
presence of the peptidase inhibitors phosphoramidon (1 JAM),
enalaprilat (1 JAM) and mergetpa (10 JAM), the affinities in the
urinary bladder of [Leu8,des-Arg9]-BK and [des-Arg'j-
Hoel40 in antagonizing [des-Argl-BK were no different
(P>0.05) from those determined in the absence of peptidase
inhibitors, with pKB estimates of 6.1 ± 0.1 (n = 20) and
7.1 ± 0.1 (n = 57), respectively (Table 1). Contractile res-
ponses evoked by bradykinin in the urinary bladder were
significantly inhibited by the B1 receptor antagonists
[LeU8,des-Argl-BK (10 AM; P<0.05), or by the B2 receptor
antagonist Hoel40 (100 nM; P <0.005) (Figure 3) alone; and
to a marked extent when used in combination at these con-
centrations, when bradykinin responses were reduced to
7.0% of control; P<0.0001) (Figure 3). In the presence of the
carboxypeptidase inhibitor mergetpa, responses to bradykinin
were still inhibited by [Leu8,des-Argl-BK (1-30JiM; n = 6;
data not shown).

Phosphatidylinositol hydrolysis studies

Bradykinin (100 JiM) and [des-Argl-BK (10 JAM- 1 mM) sig-
nificantly increased accumulation of total-[3H]-IPs (P<
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Figure 3 Antagonism of contractile responses to [des-Argl-BK and
bradykinin in rabbit isolated urinary bladder by bradykinin receptor
antagonists. In (a), Schild regressions are shown for antagonism of
responses to [des-Argl-BK by [des-Arg'l-Hoel40 (0) and [Leu8,des-
Argl-BK (V) in the urinary bladder; and for comparison, by
[Leu8,des-Argl-BK (A) in the aorta. The lines fitted are of unity
slope since the Schild regressions did not differ significantly
(P> 0.05) from b = 1.0 over the range analysed and the correlation
(r) was reasonably high. Estimates for [Leu8,des-Argj-BK in the
bladder were pKB= 6.06+ 0.10, b= 1.03 0.22, r=0.8, n = 17; and
in the aorta pKB = 6.33 ± 0.24, b = 1.04 + 0.25, r = 0.7, n = 13. For
[des-ArgW]-Hoel40 in the bladder, the estimates were pKB = 7.08 +
0.13, b = 1.01 ± 0.24, r = 0.7, n = 21; analysed discounting the data
at 10 JM (0) (see Results). The pKB estimates are summarized in
Table 1. In (b), submaximal control responses to bradykinin (10 JAM;
solid column) in the rabbit urinary bladder are significantly inhibited
by the B1 receptor antagonist [Leu8,des-Argl-BK (10 JAM; left-
hatched column) and by the B2 receptor antagonist Hoel40 (100 nM;
right-hatched column), and further inhibited by a combination of the
two antagonists (cross-hatched column). Data are shown as
mean ± s.e.mean and represent data obtained from experiments car-
ried out in 6-19 preparations. Significance is denoted: *P<0.05,
**P<0.005, ***P< J0.0001.

0.0001) (Figure 4). Submaximal increases in accumulation of
total-[3H]-IPs evoked by [des-Argl-BK were significantly
inhibited by co-incubation with [des-Arg'j-Hoel40 (10JM;
P <0.01, n = 11-15) (Figure 4). The antagonist [des-Arg'j-
Hoel4O (10tJM) had no action in its own right (Figure 4).

Discussion

This study demonstrates, in the mucosa-free rabbit urinary
bladder preparation, that [des-Argl-BK causes contraction
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Figure 4 Effect of [des-Arg'I-Hoel40 on [des-Argl-BK-evoked
accumulation of total-[3H]-inositol phosphates (total-[3H]-IPs). The
filled columns show control increases in total-[3H]-IPs evoked by
[des-Arg9]-BK (1O JiM and mM), the right-hatched columns show
[des-Arg9]-BK-evoked increases in total-['H]-IPs obtained in the
presence of B. receptor antagonist [des-Arg'j-Hoel40 (1011M); the
stippled column represents the effect of [des-Arg"l-Hoel40 (10piM)
alone, on basal accumulation of total-[3H]-IPs. Bradykinin-evoked
(100jiM) and carbachol-evoked (10mM) increases in total-[3H]-IPs
are shown as horizontal-fill and open columns, respectively. Data are

shown as mean ± s.e.mean for at least 5 experiments carried out in

triplicate. All agonists significantly increased accumulation of total-
[3H]-IPs (P<0.0001), and the increase evoked by [des-Argl-BK was

significantly inhibited by [des-Arg'j-HoeI40 (P<0.01). [des-Arg'1j-
Hoel4O did not significantly affect basal accumulation of total-[3H]-
IPs (P>0.05) in its own right.

largely via B. receptor-activation, whereas bradykinin con-

tracts the urinary bladder via an interaction with both B1 and
B2 receptors. The B1 receptors in the urinary bladder have
similar recognition properties and response characteristics,
including time-dependent induction, to those in an archetypal
B. receptor preparation, the rabbit isolated aorta. Meta-
bolism of kinins by endogenous peptidases sensitive to the
peptidase inhibitors used in this study does not influence B1
receptor response-induction characteristics or antagonist
affinities in this preparation, though does have the effect of
decreasing the apparent potency of bradykinin (but not that
of [des-Arg']-BK). Contractile responses to bradykinin are

still obtained in the presence of mergetpa, and are in part
inhibited by B2 receptor antagonists (as well as by B1 recep-
tor antagonists). This suggests that conversion of bradykinin
to [des-Argl-BK by mergetpa-sensitive peptidases is not
necessary for the interaction of bradykinin with B1 receptors.
We demonstrate, for the first time, B1 receptor-coupling to
phosphatidylinositol hydrolysis in a functional (non-cell line)
preparation.

Contractile responses in the rabbit urinary bladder to the
B. receptor-selective agonist [des-Argl-BK increased progres-
sively during tissue incubation time. Induction of B1 receptor-
responses has previously been described in other preparations
including; the rabbit aorta (present study; see Regoli et al.,
1977), rabbit mesenteric artery (Regoli et al., 1978; Boutillier
et al., 1987) and rat duodenum (Boschcov et al., 1984). Once
stabilized, responses to [des-Argl-BK in both the rabbit
bladder and aorta preparations were competitively anta-
gonized by B1 receptor-selective antagonists. The B1 receptor-
selective antagonist, [Leu8,des-Argl-BK had a similar affinity
in both preparations (pKB estimates of 6.1 and 6.3, respec-
tively). The affinity of [Leu8,des-Arg']-BK in these two
preparations is lower than its affinity reported previously in
the rabbit aorta (pA2 6.8; Regoli et al., 1978) and mesenteric

artery (pA2 6.5; Churchill & Ward, 1986). However, this
discrepancy does not appear to result from a non-equilibrium
state of the antagonist with the receptors, since increasing
antagonist incubation time decreased, rather than increased,
antagonist apparent affinities. Furthermore, the lower
affinities do not seem to be a consequence of antagonist
degradation by tissue peptidases, since affinity estimates
determined in the presence of inhibitors of neutral endopep-
tidase (E.C. 3.4.24.11), angiotensin-converting enzyme (E.C.
3.4.15.1) and carboxypeptidases (see Orawski & Simmons,
1989), had no significant effect on antagonist affinity
estimates. No appreciable interaction of the B. receptor-
selective agonist [des-Arg9]-BK with B2 receptors seems likely,
in as much as [des-Argl-BK is without activity in the rabbit
isolated jugular vein, a B2 mono-receptor preparation (Regoli
& Barab6, 1980; Butt et al., 1994a,b), and no complication in
interpretation due to differences between species needs to be
taken into account (see Hall, 1992; Hall et al., 1993). The
novel B1 receptor antagonist [des-Arg'I-Hoel40 (Wirth et al.,
1991) has a ten fold higher affinity than [Leu8,des-Argl-BK.
The relatively high affinity of this antagonist has previously
been reported (Wirth et al., 1991): we show here that at
concentrations less than 10 pM it acts in a manner compatible
with equilibrium competition, though shows a flattened
Schild regression at 10 jaM. Whether, amongst some plausible
explanations, this was due to complications arising from
non-equilibrium conditions, non-specific depression of the
tissue, or cross-talk of [des-Argl-BK to B2 receptors at high
dose-ratios, is not clear from the present experiments.
With respect to contractile responses to bradykinin itself in

the rabbit urinary bladder; in contrast to those to [des-Arg9]-
BK, contractile responses to bradykinin were evident at the
start of the experiment, and were little changed with time of
tissue incubation. This suggests that bradykinin contracts the
rabbit bladder predominantly via stimulation of B2 receptors.
This conclusion was supported by the finding that responses
to bradykinin were partially inhibited by the B2 receptor
antagonist Hoel4O (100 nM), though some interaction with
B1 receptors also seems likely since responses to bradykinin
were also partially inhibited by the B. receptor antagonist,
[Leu8,des-ArgJ-BK (101iM). Although bradykinin has been
shown to have some pharmacological activity in both B1 and
B2 receptor preparations (see Hall, 1992), it has not
previously been established whether decarboxylation of
bradykinin by mergetpa-sensitive peptidases (i.e. to [des-
Argl-BK), is required for its interaction with B1 receptors. In
the present study, we showed that, in the presence of pep-
tidase inhibitors including the carboxypeptidase inhibitor
mergetpa, the contractile responses evoked by bradykinin
were still evident (indeed potentiated); and further, were in
part inhibited by the B1 receptor antagonist [Leu8,des-Argl-
BK, thus suggesting that bradykinin can itself interact with
B1 receptors (although it is not possible to discount N-
terminal cleavage by a mergepta-resistant carboxypeptidase).

In the present study, we demonstrated for the first time in
an intact functional preparation, that B1 receptor activation
stimulates phosphatidylinositol hydrolysis. Thus, the B1
receptor-selective agonist [des-Argl-BK evoked a concen-
tration-related increase in accumulation of total-[3H]-IPs, and
this increase was significantly inhibited by the B. receptor-
selective antagonist [des-Argll-Hoel40. Recently, B1 receptor
evoked stimulation of phosphatidylinositol hydrolysis was

described in rabbit aorta (Schneck et al., 1994), and superior
mesenteric artery (Tropea et al., 1993), smooth muscle cells
in culture.
We conclude that in the mucosa-free rabbit urinary blad-

der, [des-Argl-BK causes contraction via B1 receptor activa-
tion, whereas bradykinin itself evokes contraction via B1 and
B2 receptor activation. Although kinin agonists are degraded
by endogenous peptidases, bradykinin does not require con-

version by enalaprilat, mergetpa or phosphoramidon-sen-
sitive peptidases in order to activate B1 receptors in this
preparation. The B1 receptors of the urinary bladder have
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similar recognition properties and response characteristics,
including time-dependent induction, to those in the rabbit
isolated aorta. We demonstrate for the first time, B1 receptor-
coupling to phosphatidylinositol hydrolysis in an intact func-
tioning tissue preparation rather than in a cell line.
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Structural requirements at the melatonin receptor

'David Sugden, 2Nelson W.S. Chong & *David F.V. Lewis

Physiology Group, Biomedical Sciences Division, King's College London, Campden Hill Road, Kensington, London W8 7AH
and *School of Biological Sciences, University of Surrey, Guildford, Surrey GU2 5XH

1 High affinity, specific binding sites for the pineal hormone, melatonin (5-methoxy N-

acetyltryptamine) can be detected in chick brain membranes by use of the radiolabelled agonist,
2-['251]-iodomelatonin (2-[251I]-aMT).
2 The affinity of a number of analogues of melatonin at the 2-[1251I]-aMT binding site was determined
and compared with an analysis of their electronic structure and significant quantitative relationships
obtained.
3 The best correlations indicated that binding affinity was correlated with AE, the difference between
the frontier orbital energies, and QNH, the electron density in the highest occupied molecular orbital of
the side-chain nitrogen atom.
4 These findings suggest that ligand binding may involve hydrogen bonding between the 5-methoxy
and amide moieties of melatonin and complementary amino acid residues, and charge transfer interac-
tions between the indole ring of melatonin and an aromatic amino acid in the receptor binding site.

5 A molecular model of a putative binding site is proposed based on the predicted amino acid
sequence of the cloned Xenopus laevis melanophore melatonin receptor and the quantitative structure-

affinity relationships observed in the present study.
Keywords: Melatonin receptor; 2-[1251I]-iodomelatonin; chick brain binding; QSAR; molecular modelling

Introduction

Melatonin (5-methoxy N-acetyltryptamine, aMT) is syn-
thesized in the pineal gland of vertebrates and secreted into
the general circulation only at night (Sugden, 1989). A
primary role for circulating melatonin in regulating various
seasonal changes in physiology, such as reproduction,
metabolism and hair growth, in many photoperiodic species
is well-established (Tamarkin et al., 1985; Bartness & Gold-
man, 1989). Pineal melatonin is also involved in regulating
circadian rhythms in some species of birds and reptiles
(Underwood, 1989) and, low doses of exogenous melatonin
entrain free-running rhythms in mammals (Redman et al.,
1983; Folkard et al., 1990; Thorpe & Coen, 1994), while
larger doses of have a sleep-promoting and sedative effect in
both experimental animals and man (Holmes & Sugden,
1982; Waldhauser et al., 1990). Small amounts of melatonin
are also synthesized by the photoreceptors of some species
where it probably acts locally to regulate various aspects of
retinal physiology such as photoreceptor retinomotor
movements and photoreceptor outer segment disc shedding
(Besharse et al., 1988).

Recent studies using 2-[1251]-iodomelatonin, a ligand
originally developed for use in aMT radioimmunoassay
(Vakkuri et al., 1984), identified and characterized specific,
high affinity receptors which probably mediate at least some
of these actions of melatonin (Krause & Dubocovich, 1991;
Morgan et al., 1994). Our studies on the high affinity 2-[125I]_
iodomelatonin binding sites found in several tissues (brain,
pars tuberalis and retina) and species (sheep, chicken and
wallaby) using a series of novel melatonin analogues have
indicated a considerable similarity of melatonin receptor
characteristics (Sugden & Chong, 1991; Paterson et al., 1992).
In the present study we have combined radioreceptor data
with an analysis of the electronic structure of a number of
these melatonin analogues to provide a quantitative analysis

of the structure-affinity relationships at the melatonin recep-
tor. Our studies suggest a model of melatonin binding to its
receptor in which hydrogen bonding occurs between 5-
methoxy and amide groups of melatonin and complementary
amino acid residues at the binding site.

Methods

Membrane preparation and binding experiments

Chickens (Gallus domesticus, White Leghorn) were obtained
from Orchard Farms (Buckinghamshire) at 1 day of age and
were housed under a diurnal lighting cycle (12L: 12D, lights
on at 06 h 00 min) until killed between 14 h 00 min and
15 h 00 min at 15 days of age. Whole brain was removed and
frozen in liquid nitrogen and stored at - 70TC. Brains were
homogenized in 20 vol of Tris-HCl (50 mM, pH 7.4) contain-
ing phenyl methylsulphonylfluoride (PMSF) (1 mM), leupep-
tin (50 fig ml-') and EGTA (1 mM). The homogenate was
centrifuged (100,000 g, 40C, 60 min) and the pellet rehomo-
genized in the same buffer and spun for a second time. The
final membrane pellet was resuspended in Tris-HCl and ali-
quots frozen at -70'C until used. Binding assays were done
in duplicate by incubating 2-['251I]-iodomelatonin (30 to
50 pM) with membranes (60 gig of protein) for 60 min at
250C. Nonspecific binding was defined with cold melatonin
(1 pM). Protein was determined by a dye-binding method
with bovine serum albumin as the standard (Bradford, 1976).

Data analysis

Saturation experiments were analysed by non-linear regres-
sion analysis using the ENZFITTER programme (Leather-
barrow, 1987) with the equation

B = Bmax*F/(Kd + F)
where B = the concentration of ligand bound to the receptor,
F= the concentration of free ligand, Kd = the equilibrium
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dissociation constant and Bm,, = the maximal concentration
of binding sites. ICm values were determined in competition
assays using the ALLFIT programme (DeLean et al., 1978)
with the four parameter logistic equation

A-D
1 + (X/C)B

where X and Y are the concentration of the competing
compound and percentage inhibition of 2-['25l-iodomelatonin
binding respectively, and A is the maximal binding (in the
absence of competitor), B is the slope factor, C is the IC50
and D is the minimal binding (nonspecific binding). Inhibi-
tion constants (Ki) were then calculated with the Cheng-
Prusoff equation (Cheng & Prusoff, 1973).

Reagents

2-["25I]-iodomelatonin (2200 Ci mmol 1) was purchased from
DuPont U.K. Ltd. (Stevenage, U.K.). Melatonin analogues
were obtained from the following sources: 2-chloromelatonin,
Dr C.E. Smithen (Roche Products, U.K.); 6-fluoromelatonin
and 6-chloromelatonin, Lilly Research Labs. (Indianapolis,
U.S.A.); 6-methoxymelatonin, Dr D.C. Klein (National Insti-
tutes of Health, U.S.A.); 5-methoxy O-acetyltryptamine, Dr
I. Smith (Middlesex Hospital Medical School, U.K.). 5-
Methoxy N-isobutanoyltryptamine, 5-methoxy N-valeroyl-
tryptamine, 5-methyl N-acetyltryptamine, 5-benzyloxy N-
acetyltryptamine and N-acetyltryptamine were synthesized
from the free amines as described previously (Ho et al., 1968)
and shown to be pure after recrystallization by thin-layer
chromatography on silica gel plates (Anachem, Luton, U.K.)
using two systems (I: ethyl acetate/n-butanol, 90/10; II:
chlorform/methanol/acetic acid/water, 60/30/3/1). The struc-
tures were confirmed by 'H n.m.r. (The Bruker WM 250 NMR
University of London Intercollegiate Research Service for
NMR at King's College). All other compounds were pur-
chased from Sigma Chemical Co. (Poole, Dorset, U.K.) or
Aldrich Chemical Co. (Gillingham, Dorset, U.K.).

Structural analysis

The molecular geometries of the melatonin analogues were
optimised to give the minimum energy conformations using a
combination of Newton-Raphson and Simplex methods
found in the COSMIC molecular modelling package
obtained from Smith Kline and French Ltd., Welwyn Gar-
den City, U.K. (Vinter et al., 1987).

Electronic structure calculations were executed on the
minimized geometries using the CNDO/2 molecular orbital
method (Pople et al., 1965) using COSMIC. The resulting
electronic distributions were used to generate molecular
electrostatic potential energies for the melatonin analogues.
QSARs were produced by stepwise multiple regression
analysis of the electronic structural parameters, comprising a
data set of 30 independent variables, with Ki values obtained
in competition experiments using 2-['25fl-iodomelatonin (Table
1). Molecular modelling and quantum chemical calculations
were carried out on a MicroVAX II mini-computer and
statistical processing was performed on a Cyber 176 main-
frame at the University of Manchester Regional Computer
Centre. The putative receptor binding site model was con-
structed using the SYBYL molecular modelling software
package (Tripos Associates, St. Louis, U.S.A.).

Table 1 Inhibition constants (K,) for competition of
2-['25I]-iodomelatonin (2-['251]-aMT) binding in chick brain
membranes

Compound K, (nM)

1 2-Chloromelatonin 0.024 0.004
2 Melatonin 0.24 ± 0.01
3 6-Fluoromelatonin 0.36 ± 0.04
4 6-Chloromelatonin 0.58 ± 0.07
5 6-Hydroxymelatonin 6.3 ± 0.4
6 N-isobutanoyl 5-methoxytryptamine 6.1 ± 0.2
7 N-valeroyl 5-methoxytryptamine 12.6 0.4
8 6-Methoxymelatonin 31.7 ± 2.6
9 5-Methyl N-acetyltryptamine 146.8 ± 28.6
10 5-Benzoyl N-acetyltryptamine 170.0 6.1
11 O-acetyl 5-methoxytryptamine 242.2 + 24.2
12 N-acetyltryptamine 730 ± 40
13 N-acetyl 5-hydroxytryptamine 488 ± 14
14 5-Methoxytryptamine 2528 ± 149

pK,

-10.62
-9.62
-9.44
-9.24
-8.20
-8.21
-7.90
-7.50
- 6.83
-6.77
-6.62
-6.14
-6.31
-5.60

ICW values were determined in competition assays using a
four parameter logistic equation on the ALLFIT pro-
gramme (De Lean et al., 1978) and Ki calculated using the
Cheng-Prusoff equation (Cheng & Prusoff, 1973). The values
given are the mean ± s.e.mean of 3 determinations. Hill
coefficients were between 0.8 and 1.10.

Compound
1 2-Chloromelatonin
2 Melatonin
3 6-Fluoromelatonin
4 6-Chloromelatonin
5 6-Hydroxymelatonin
6 N-isobutanoyl 5-methoxytryptamine
7 N-valeroyl 5-methoxytryptamine
8 6-Methoxymelatonin
9 5-Methyl N-acetyltryptamine
10 5-Benzoyl N-acetyltryptamine
11 O-acetyl 5-methoxytryptamine
12 N-acetyltryptamine
13 N-acetyl 5-hydroxytryptamine
14 5-Methoxytryptamine

R1
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
Me
OCH2Ph
OMe
H
OH
OMe

R2
NHCOMe
NHCOMe
NHCOMe
NHCOMe
NHCOMe
NHCOPri
NHCOBu
NHCOMe
NHCOMe
NHCOMe
OCOMe
NHCOMe
NHCOMe
NH2

R3
H
H
F
Cl
OH
H
H
OMe
H
H
H
H
H
H

R4
Cl
H
H
H
H
H
H
H
H
H
H
H
H
H

Figure 1 Structures of melatonin analogues used in this study

constant (Kd) of 29.4 ± 2.7pM and a maximal density of
binding sites (B,.X) of 11.1 ± 0.4 fmol mg-' protein (n = 3).
The structures of the melatonin analogues used are shown in
Figure 1. The results of the competition experiments are
shown in Figure 2a and b and Ki values are presented in
Table 1. All of the melatonin analogues examined displaced
2-[1251]-iodomelatonin binding completely. In all cases the
pseudo Hill coefficient was close to unity (0.80 to 1.10).

Substitution of chlorine in the 2-position of the indole ring
of melatonin increased binding affinity, while fluorine or
chlorine substitutions in the 6-position were reasonably well-
tolerated. Other 6-position (methoxy, hydroxy) or 5-position
substitutions (methyl, benzoyl) reduced affinity as did long
side-chain acyl groups (valeroyl, isobutanoyl).

Results

Binding of 2-['25I]-iodomelatonin to chicken brain
membranes

Binding of the melatonin agonist 2-['25IJ-iodomelatonin to
chicken brain membranes was saturable and to a single
population of binding sites with an equilibrium dissociation

Quantitative structure-affinity analysis

A quantitative relationship between the electronic structural
parameters derived from CNDO/2 calculations and the
affinity of the analogues at the chicken brain 2_[125II_
iodomelatonin binding site was evident. The best correlations
were:-
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pKi= -841.1AE'-62.6
(±248.4) (n= 14, s= 1.125, R=0.70, F= 11.5)

and,

pKi = 770.7AE-' + 51.2 QNH - 58.8
(±229.3) (±27.5)

(n= 14, s=1.024, R=0.78, F=8.7)

Where n = number of points, s = standard error, R = correla-
tion coefficient, and F = variance ratio. It can be seen from
Figure 3 that melatonin (2) is an outlier having a higher
affinity than would be expected, and improved correlations
were obtained if melatonin was excluded from the analysis:

pKi =-4.9AE + 45.3 QNH + 64.8
(±0.9) (±18.8)

(n = 13, s = 0.699, R = 0.90, F= 21.6)

This suggests that for the endogenous ligand additional
factors, not represented in this analysis of electronic struc-
ture, may be important determinants of binding affinity.
Given the similarities in their structures it seems unlikely that
melatonin could bind to the receptor in an entirely different
manner to the analogues. Thus the endogenous ligand is
likely to possess specific molecular characteristics not entirely
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Figure 2 Competition curves for the inhibition of binding of 2-[I2I]_
iodomelatonin to chick brain membranes by various melatonin
analogues. (a) 1 2-chloromelatonin; 2 melatonin; 3 6-fluoro-
melatonin; 5 6-hydroxymelatonin; 8 6-methoxymelatonin; 9 5-methyl
N-acetyltryptamine; 14 5-methoxytryptamine. (b) 4 6-Chloromela-
tonin; 6 N-isobutyanoyl 5-methoxytryptamine; 7 N-valeroyl 5-
methoxytryptamine; 10 5-benzoyl N-acetyltryptamine; 11 O-acetyl
5-methoxytryptamine; 12 N-acetyltryptamine; 13 N-acetyl 5-hydroxy-
tryptamine. The data shown are the mean of duplicate determina-
tions from a representative experiment.

02

13.8 14 14.2

13 @12

7

Calculated pK/

Figure 3 (a) Correlation of AE and inhibition constants (pKA) for
melatonin analogues for the displacement of 2-['251]-iodomelatonin
binding from chick brain membranes. Compound numbers are given
in the legend to Figure 2. (b) Graph of experimentally observed pKi
against calculated pKA. Calculated pKA values were obtained using the
equation pKi = -4.9 AE + 45.3 QNH + 64.8, except for melatonin
(2) which was determined from the equation pKA = 770.7 AE-' +
51.2 QNH - 58.8.

identifiable in the structural descriptors employed in the
QSAR analysis. As the majority of the analogues of
melatonin studied possess additional substituents or bulkier
side-chains than melatonin itself, it might be that the greater
conformational flexibility of melatonin relative to the other
analogues allows it easier entry to the binding site, or confers
an enhanced ability to adopt the appropriate shape needed
for interaction with key amino acid residues in the binding
site.

In each of these correlations the term AE is apparent. AE
is the difference between the frontier orbital energies and
relates to the ability of the molecule to participate in charge
transfer interactions. Inclusion of a second parameter, QNH,
the electron density in the highest occupied molecular orbital
of the side-chain nitrogen atom (oxygen in the case of 11)
improves the correlation, although the variance ratio
diminishes. Log P, the hydrophobic parameter, has much the
same effect as a secondary descriptor but the correlation is
lower (data not shown).
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Discussion

Our previous studies (Sugden & Chong, 1991) have shown
that the binding site identified by 2-['251]-iodomelatonin in
chick brain membranes is pharmacologically identical to the
melatonin receptor in sheep pars tuberalis, at least as defined
using a number of tryptamine analogues of melatonin includ-
ing those used in the present analysis. Activation of
melatonin receptors on pars tuberalis cells has been shown to
inhibit forskolin stimulation of adenosine 3':5'-cyclic mono-
phosphate (cyclic AMP) production (Morgan et al., 1989),
and it has been proposed that the pars tuberalis may be the
site of action of melatonin in mediating photoperiodic
changes in reproductive status (for discussion see Morgan et
al., 1994). The chick brain site also has very similar binding
characteristics and pharmacology to the receptor in chick
and rabbit neuronal retina which regulates dopamine release
from amacrine cells (Dubocovich, 1985). In chick brain mem-
branes, GTP inhibits 2-[251I]-iodomelatonin binding suggest-
ing that the binding site is coupled to a guanine nucleotide
binding protein (G-protein) and thus is a functional receptor
linked to an intracellular second messenger system. In some
other tissues, for example, neonatal pituitary, pars tuberalis
and Xenopus laevis melanophores, it has been shown that the
melatonin receptor is negatively coupled to adenylate cyclase
through a Gi-like protein as pertussis toxin blocks the
biochemical effects or biological action of melatonin (White
et al., 1987; Vanecek & Vollrath, 1989; Carlson et al., 1989;
Sugden, 1991). Coupling to other transduction systems has
also been reported (Vanecek & Vollrath, 1990; Vanecek &
Klein, 1992). Using an expression cloning strategy, a
melatonin receptor has recently been isolated from Xenopus
laevis melanophores (Ebisawa et al., 1994). The cDNA
encodes a protein of 420 amino acids which has similarities
to a wide range of G protein-coupled receptors rather than to
any one particular group. Nevertheless, the melatonin recep-
tor sequence contains seven hydrophobic segments which,
like other G protein-coupled receptors, are thought to fold
into transmembrane a-helical domains.

Existing receptor binding site models for adrenoceptors,
dopamine, muscarinic and 5-HT2, receptors have been
devised from site-directed mutagenesis studies and the clear
homology with the transmembrane domains of bacterior-
hodopsin (Strader et al., 1987; Hibert et al., 1991; Lewis et
al., 1993). These models suggest that four or five of the
transmembrane helical segments may be involved in ligand
binding, and that a conserved aspartate on helix III and a

serine or threonine residue on helix V are important for
ligand binding. In the 5-HT2k receptor site model (Lewis et

al., 1993) an alignment of helices II-VI in an approximately
parallel symmetric arrangement gave rise to an interhelical
channel of appropriate dimensions for binding of 5-HT. The
putative binding site lies near the top of this channel and
contains an aspartate and serine residue which pair with the
protonated amino group and act as a hydrogen bond donor/
acceptor with the indole 5-hydroxy group respectively. Two
aromatic amino acid residues (phenylalanine and tryptophan)
are found in transmembrane helix VI in the rat 5-HTk
receptor which may enter into n-i stacking interactions with
the indole ring of 5-HT (Lewis et al., 1993). These residues
are also found in the human PI-adrenoceptor and muscarinic
receptors and in bovine rhodopsin where a similar interaction
may occur with the aromatic rings of the respective ligands.
An examination of the quantitative structure-affinity rela-

tionships for the melatonin analogues investigated and the
similarity of the structures of 5-HT and melatonin, suggest
that the amide moiety of melatonin may participate in hyd-
rogen bonding. This is indicated by the appearance of the
highest occupied molecular orbital frontier electron popula-
tion on the amide nitrogen of the side-chain (QNH) in the
QSAR equations which suggests that this group might act as

a proton donor in a cooperative charge transfer interaction,
assisted by the electronic donor-acceptor characteristics of

the indole nucleus. Furthermore, the appearance of AE in the
QSAR equations may reflect n-n stacking between the
indole nucleus of the melatonin derivatives and an aromatic
amino acid residue in the receptor binding site. This type of
interaction between delocalized ring systems is assisted by
frontier orbital (electron transfer) interactions between the
two rings. Using the molecular electrostatic potential map of
melatonin (Lewis et al., 1990) and its similarity to 5-HT,
and by modelling the putative transmembrane regions of
the cloned melatonin receptor of Xenopus melanophores
(Ebisawa et al., 1994), it has been possible to construct a
putative binding site model (Figure 4). In this model, it is
envisaged that hydrogen bonding can occur between the
5-methoxy and amide groups of melatonin and complemen-
tary Ser,15 and Asn,67 residues in putative transmembrane
helices III and IV respectively. The binding site model pro-
poses that the single Trp256 residue in helix VI overlaps with
the indole ring of melatonin allowing charge transfer between
receptor and ligand as suggested by the appearance of AE in
the QSAR correlations. Melatonin can be docked into this
postulated binding domain in at least two ways such that
hydrogen bonding can occur. The model shown (Figure 4)
seems most probable in terms of the likely interactions
between melatonin and complementary amino acid residues,
namely the indole ring of melatonin and Trp256 via nc-ic
stacking, hydrogen bonding between the -NH moiety of the
melatonin side-chain and Asn167, and Ser15 donating a hyd-
rogen bond to the -CH30 moiety of melatonin. In addition,
hydrophobic interactions between the three non-polar
residues (Ile89, Val170, and 11eI94) and the methoxymethyl
group at the 5-position, the amide methyl group and
methylene side-chain of melatonin respectively are likely.
From the model it appears that there is space for both an
increase in the size of the amide side-chain and substitutions
at the 2- and 6-position of the indole ring; such substitutions
have been shown to be well-tolerated (Sugden & Chong,
1991).
The proposed model suggests that sufficient room exists for

a water molecule between melatonin and the receptor, and
does not preclude the possibility that hydrogen bonds may
form either between the ligand and receptor or between the
ligand and water molecule and the receptor. This is interest-
ing in view of the recent observation that the van't Hoff plot
of affinity against temperature for 2-['251]-iodomelatonin

helix Ill

Ver, 15

helix IV
/ Asn167

AVal170

helix 11

lle~q

helix V
le194

hlix VI

Figure 4 The postulated melatonin receptor binding site model.
This model shows two possible hydrogen bonded interactions
between melatonin and serine and asparagine residues in transmem-
brane helices III and IV of the receptor. Potential hydrogen bonds
are denoted by dashed lines.
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binding in chick brain membranes is not linear (Chong &
Sugden, 1994). The fundamental properties of water
molecules suggest that the ease of hydrogen bond formation
between the ligand, water and the receptor would vary with
temperature.
Assuming two hydrogen bonds are formed the thermo-

dynamic binding energies for melatonin can be calculated
using the equation of Williams et al. (1991):

AGbinding = AGT + R + AGROtOrS + AGHYd + AGPoIar
where AGbinding is the overall free energy of binding, AGT+R
is the loss in free energy due to restricted transition and
rotation of the molecule, AGRotors is the loss in free energy
due to loss in internal rotational freedom of associating
components during binding, AGHyd is the favourable free
energy change accompanying the association of hydrophobic
species caused by desolvation, AGp.1a, is the favourable free
energy change due to interactions between polar functional
groups, such as hydrogen bonding.
For melatonin the magnitude of each contribution to AG

can be calculated from published data as follows:
AGT+R = 56 kJ mol' for a molecule of mass 232 daltons
binding to a macromolecule in an aqueous environment,
AGROSOrs=4-6kJmol' for substrates with a relative
molecular mass of a few hundred daltons, AGHyd = -0.19 kJ
mo1-I per A2 of surface removed from exposure to water
on binding. The surface area of melatonin is 488.2 A2,
AGpolar = intrinsic binding energy of functional groups which
would be between 12.552-16.736 kJ mol-1 per hydrogen-
bond (as the energy varies according to the nature of the
electronegative atoms involved in the hydrogen bond). Tak-
ing the averages for these contributions and assuming two
hydrogen bonds are formed between the amide and 5-methoxy
groups of melatonin and the receptor, AGbinding = 56 +
5 - 92.758 - 2(14.644) = -61.046 kJ mol'.

Using the maximum and minimum values for AGpojar and
AGRotors, AGbinding varies between - 57.86 and - 64.23 kJ
mol[. This calculation gives a value which agrees extremely
well with experimentally determined value, predicting a Ki
between 16 and 185 PM at 250C. The experimentally deter-
mined Ki for melatonin at the chicken brain receptor at 255C
is 240pM.

Further experiments will allow the molecular model pro-
posed to be critically tested. First, a resurgence of interest in
the pharmacology of melatonin has led to the synthesis and
testing of novel analogues of melatonin by several groups. In
particular, several novel series of potent melatonin analogues
based on either a tetraline nucleus (Copinga et al., 1993) or a
naphthalene nucleus (Yous et al., 1992) have recently been
described. In addition, we have synthesized a series of high-
affinity, conformationally restricted tetrahydrocarbazole ana-
logues of melatonin (Garratt et al., 1994) in which the amide
side-chain has limited flexibility. It will be interesting to
determine if these analogues can be docked into the proposed
melatonin binding site. Second, the isolation of the cDNA
for the melanophore melatonin receptor will facilitate the
cloning of the mammalian melatonin receptor mediating the
effects of the hormone on circadian and seasonal rhythms,
and the identification of potential melatonin receptor sub-
types (Krause & Dubocovich, 1991). Furthermore, site-
directed mutagenesis studies will allow substitution or dele-
tion of key amino acids enabling a direct test of the binding
site model proposed.

We are grateful for the assistance of the WM 250 ULIRS NMR
Service and to Drs Smithen, Klein and Smith for generously pro-
viding some of the melatonin analogues used in this study.
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Effect of crilvastatin, a new cholesterol lowering agent, on

unesterified LDL-cholesterol metabolism into bile salts by
rat isolated hepatocytes
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1 The aim of these experiments was to determine the effect of crilvastatin, a new cholesterol lowering
agent, on the metabolism of unesterified low density lipoprotein (LDL)-cholesterol by rat freshly isolated
hepatocytes. This preclinical model was developed as an alternative to in vivo experiments, to mimic the
metabolic effects of a molecule on its target cells and to define optimal conditions for future experimen-
tation on human hepatocytes.
2 Cells were obtained from normolipidaemic or hypercholesterolaemic rats, hypercholesterolaemia was

nutritionally induced. Incubations were performed in a medium containing 600 pM taurocholate and
50 l4M or 300,AM crilvastatin.
3 This molecule was shown in vitro to be carried by physiological transporters, i.e., albumin-bile salt
micellar associations and LDL. Crilvastatin induced a significance increase in the synthesis and secretion
by hepatocytes of bile salts resulting from the metabolism of unesterified LDL-cholesterol in both
normolipidaemic and hypercholesterolaemic rats. Stimulation involved non-conjugated as well as tauro-
and glyco-conjugated bile salts. These findings corroborate preliminary studies showing in vivo that
crilvastatin enhances the secretion of bile acids by stimulating the uptake and incorporation of
LDL-cholesterol by the liver.

Keywords: Isolated hepatocytes; cholesterol; bile salts; lipoproteins; hypercholesterolaemia; crilvastatin

Introduction

Crilvastatin (Esnault-Dupuy et al., 1988) belongs to a new
generation of cholesterol-lowering agents, the statins, inhibi-
tors of the hydroxymethylglutaryl-coenzyme A reductase
activity (Alberts, 1988a, b). In contrast to lovastatin, which
in man lowers cholesterol and bile salt secretion in bile
(Mitchell et al., 1991), crilvastatin was shown in hyper-
cholesterolaemic rats to stimulate bile cholesterol and bile
salt secretion (Clerc et al., 1993). Thus, in order to elucidate
the mechanism of action of this drug in the hepatocyte, we
have studied the fate of unesterified low density lipoprotein
(LDL)-cholesterol in hepatocytes freshly isolated from nor-
molipidaemic or hypercholesterolaemic rats.

In order to compensate for isolation effects, e.g. alteration
of lipoprotein receptors (Gebhardt, 1986) due to disturbances
in membrane polarity, addition of both taurocholate (TC)
and LDL restored bile salt secretion by rat isolated hepa-
tocytes to a level comparable to that observed in vivo (per-
sonal data). Bile cholesterol originates mostly from the
LDL-cholesterol (Schwartz et al., 1978; Robins & Brunen-
graber, 1982). Thus, in our experiment, freshly isolated LDL
was added to the incubation medium. Since bile salts coming
from the enterohepatic circulation (Henry et al., 1987) are a
major source of bile salt secretion, taurocholate was also
added to the medium. In addition, it was important to
incubate crilvastatin bound to physiological transporters:
albumin, amphipathic molecules (bile salts), and lipoproteins
such as LDL.

Methods

Animals

Sixteen 3-week-old male Wistar rats raised by Iffa Credo
(L'Arbresle, France) were randomly placed in stainless steel

' Author for correspondence.

cages. For 6 months, 8 rats (group A) received a low fat
control diet (total fat content 5% : 3% lard and 2% corn
oil), 8 rats (group B) received a high fat diet (29.2% fat: 26%
lard, 2% corn oil, and 1.2% cholesterol). Both diets were
isoprotidic (24% casein) and supplied daily requirements in
essential fatty acids and protein.

After an overnight fast 3 days before the experiment, rats
were anaesthetized with diethyl ether and blood (1 ml) was
collected for plasma lipid analysis.

Physiological transport of crilvastatin

Tests were carried out to determine the binding of crilva-
statin (cycloalkyl ester of pyroglutamic acid, Pan Medica,
Ivry-sur-Seine, France) with physiological transporters
albumin, taurocholate and lipoproteins.

Emulsion of crilvastatin Taurocholate (TC) (Calbiochem,
Meudon, France) 0.6 jimol in ethanol, crilvastatin 0.3 jimol
in ethanol and [5-6 3H-cycloalkyl-]-crilvastatin (Isotopchim,
Ganagobie-Peyruis, France, specific activity: 30 mCi mmol'-)
0.1 plCi in ethanol, were mixed with gentle stirring. Solvent
was carefully removed by evaporation under nitrogen. The
resulting mixture was emulsified in 1 ml of RPMI 1640 (Flow
Laboratories, Irvine, Scotland) without sodium bicarbonate
or glutamine by 15 s pulses for 30 min in an ultrasonic device
(Sonic-Bioblock, Illkirch, France). The radioactivity of a
20 #II aliquot of the emulsion in 10 ml scintillation liquid
(Emulsifier Safe, Packard, Rungis, France) was counted in a
Beckman LS 9000 liquid scintillation spectrophotometer
equipped with an external standard.

Transport of crilvastatin To study transport of crilvastatin
by albumin, taurocholate and lipoproteins, three dialysis
assays were performed against a solution containing only
NaCl 0.9% and TC 600 pLM, using a membrane (Spectrapor
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3500, Spectrum, Los Angeles CA, U.S.A.) retaining mole-
cules greater than 3500 daltons. In the first dialysis, the
medium contained the aforesaid emulsion; in the second
dialysis, the medium contained the aforesaid emulsion and
albumin, 22.3 mg ml-. In the third dialysis, the medium
contained NaCl 0.9%, TC 600 4M, foetal calf serum (FCS),
albumin and lipoproteins at the same concentrations as in
hepatocyte incubation. After 1 h dialysis, radioactivity in the
medium inside and outside the dialysis bag was counted as
previously described.
To study transport of crilvastatin by lipoproteins, electro-

phoresis according to Moulin et al. (1979) was carried out
using one volume of the third dialysis medium containing
lipoproteins, in one volume of a solution containing Black
Soudan (Pharmindustrie, IBF, Villeneuve la Garenne,
France) at a concentration of 0.5% in ethylene glycol. After
colour development in darkness for 24 h at 40C, 25 ptl of the
mixture was deposited on a discontinuous gradient (2%-3%)
polyacrylamide agarose gel electrophoresis. After migration,
lipoproteins were removed, fractionated and oxidized in a
bath of hydrogen peroxide, 30 V for 24 h at 70C. Radio-
activity in the different lipoproteic fractions was counted in
1O ml scintillation liquid (Hionic Fluor, Packard).

Experiment with isolated hepatocytes

Non-fasting rats were anaesthetized with sodium pentobar-
bitone (5 mg 100 g-' body weight). Hepatocytes were isolated
by perfusing the liver with type IV collagenase (Sigma, St
Louis, Mo, U.S.A.) for 5 min according to the methods of
Berry & Friend (1969) and Seglen (1962). A chelating agent
(EDTA, 2.28 g 1-) in Krebs buffer was pre-infused to
eliminate calcium. This technique provides a yield greater
than 85% with little contamination from non-parenchymal
cells.

Freshly isolated hepatocytes were incubated under an at-
mosphere of 95% 02, 5% C02, in a buffer containing RPMI
1640 without sodium bicarbonate or glutamine, with HEPES
(20 mmol 1- ', Sigma), gentamycin (8 mg 1`, Seromed,
Frankfurt, Germany), insulin (0.05 u ml-', Actrapid HM,
Novo, Boulogne, France) and foetal calf serum (4 l mll,
Sigma).

Cells were suspended at a concentration range of 8-10 x
106 cells ml-'. Bovine serum albumin (223 mg 10 ml-'
medium, fraction V powder, 98-99% albumin, Sigma) was
added to prevent any toxic effects of incubated or newly
synthesized bile salts. Cell viability was controlled through-
out the experiment by counting stained cells under a light
microscope in a Burker chamber after trypan blue exclusion.
Viability was always over 85% of the total number of cells.
We also checked that cell viability was not affected by the
duration of experiment and addition of bile salts and crilvas-
tatin. TC did not have a toxic effect, the level of alkaline
phosphatases and P-glucuronidase in the medium being stable
(±10%) with or without 600 pM bile salts.

Aliquots were taken during the course and at the end of
the experiment. Each sample was centrifuged at 3000g for
5 min at 4°C, cells were removed, rinsed twice at 4°C with
RPMI/HEPES buffer and centrifuged at 3000 g for 5 min at
4°C, to eliminate any traces of radioactivity. The wash buffer
was added to the medium aliquot.

Preparation of '4C-labelled unesterified cholesterol-LDL

Labelled LDL was obtained by incubation of rat plasma with
['4C]-unesterified cholesterol-liposomes.

Radiolabelled liposomes were prepared as follows: 1.66 mg
dioleoyl-phosphatidylcholine (Sigma), 0.25 mg unlabelled
cholesterol (Sigma) and 3.6 pCi [4-'4C]-cholesterol (NEN-
Dupont de Nemours, Paris, France, specific activity: 50 mCi
mmol ') were mixed in chloroform/ethanol/benzene. The sol-
vent was carefully removed by evaporation under nitrogen.
Trace amounts of solvent do not affect liposome structure.

Dioleoyl-phosphatidylcholine was chosen in order to obtain
liposomes of the smallest size (100 nm). After dispersion in
1 ml RPMI 1640 by 15 s pulses for 30 min in an ultrasonic
device (Sonics-Bioblock), the resulting multilamellar
liposomes were centrifuged at 1000O0g for 20min at 10°C
(Beckman L 5.75B ultracentrifuge, Palo Alto, CA, U.S.A.,
equipped with a fixed angle rotor type 60 Ti) to remove large
particles. Integrity of the liposomes was checked by filtration
on A4 gel (Ultrogel, IBF, Villeneuve la Garenne, France)
with Tris buffer 0.5 M pH 7.5. Liposomes were eluted in a
single peak.
Plasma (15 ml) from overnight fasted rats was collected

into EDTA (O.1 mg ml-') and incubated for 24 h at 10°C
with 3 ml of [14C]-cholesterol-liposomes in order to label the
plasma lipoproteins. Under these conditions, ['4C]-chol-
esterol-LDL labelling resulted from a direct exchange
between plasma lipoproteins and liposomes.

Liposomes were removed by ultracentrifugation and flota-
tion at 120000 g at 10°C for 18 h in the density zone below
1.00. LDL were recovered after ultracentrifugation at
120000 g at 10°C for 22 h in a sucrose solution of density
1.063, according to the method of Hatch & Less (1968).
After labelling, LDL were dialyzed against NaCl 0.9% for
24h at 10°C to remove sucrose and then concentrated on
Amicon filter (B15, Amicon, Paris, France). Final concentra-
tion was adjusted with RPMI 1640 medium. Purity of the
['4C]-LDL fraction was confirmed by SDS gel electrophoresis
showing only one fraction in the migration zone of LDL.
Assays of apoproteins Al and B100 revealed that the ['4C]-
LDL fraction contained only Apo B100. To verify that the
esterfied cholesterol fraction was unlabelled, thin layer
chromatography (t.l.c.) of lipids was carried out on silica gel
F 1500 (Schleicher and Schull, Dassel, Germany) using
heptane/diethyl ether/ice cold acetic acid 90/30/1 v/v as
developing solvent. Identification was achieved under iodine
vapours and the spots were scrapped and counted in 10ml
scintillation liquid (Hionic Fluor, Packard). [14C]-cholesterol
in the LDL was exclusively on the unesterified cholesterol
fraction. The negligible mass of radioactive cholesterol did
not modify the metabolism of LDL. Radioactive LDL
accounted for 50% of total labelling of incubated 14C
liposomes.

Incubation of hepatocytes with "4C labelled unesterified
cholesterol-LDL

Nine milliliters of hepatocyte preparation was incubated with
0.45 pCi ['4C]-unesterified cholesterol-LDL in the presence of
600 lM TC. Crilvastatin was added at the concentration 50
or 300 liM. Dispersion of the drug was performed with TC in
2 ml of RPMI 1640 and was then achieved by 15 s pulses for
30 min in an ultrasonic device. Each incubation (10 ml) con-
tained 0.74 jig unesterified LDL-cholesterol.
The specific radioactivity of cholesterol in the incubation

medium did not change during the experiment.

Distribution of radioactivity

Medium and cells were collected between 5 and 90 min in
order to determine equilibrium steady-state conditions. Cell
14C radioactivity was counted in 9 ml Ionic Fluor scintillation
liquid (Packard) on pellets previously subjected to digestion
in 1 ml of Soluene (Packard) for 2 h at 37°C.

Bile salts and cholesterol were extracted from the incuba-
tion medium and hepatocytes in a 10 fold volume of isopro-
panol in water (90/10, v/v) followed by boiling for 10 min to
precipitate proteins. We verified that non-labelled material
precipitated with the proteins and that extraction of bile salts
and cholesterol was complete. After centrifugation at 2 500 g
for 5 min, extracts were concentrated under nitrogen, bile
salts (tauroconjugated, glycoconjugated, free cholate) and
cholesterol were separated by t.l.c. using silica gel Fl 500
(Schleicher and Schiill), the "C radioactivity of the fractions
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was counted. To ensure against possible contamination
between components during chromatography, previous tests
were carried out to compare migrations of ['4C]-cholesterol,
["4C]-taurocholate, [14C]-glycocholate standards and blank.
The elution medium consisted of a mixture of isoamyl
acetate, propionic acid, isopropanol and water (40/30/20/10,
v/v). Fractions were detected under a 350 nm u.v. light after
spraying silica gel with a reagent containing 0.4 ml of a 10%
solution FeCl3 in ice-cold acetic acid diluted in 60 ml ice-cold
acetic acid, 40 ml concentrated sulphuric acid and 100 ml
absolute ethanol.

Assays

The protein content of the medium was measured by the
method of Lowry et al. (1951) with bovine serum albumin
used as a standard. Bile salts were assayed by the enzymatic
method of Domingo et al. (1972), P-glucuronidase and alka-
line phosphatase respectively by the methods of Morgenstern
et al. (1965) and Fishman et al. (1967).

Statistical analysis

Differences were compared by Student's t test (Table 1 and
Figure 1). Other results were assessed by using analysis of
variance (ANOVA) for repeated values and the differences
were determined by the Fischer's test at a probability value
of 95%.

Results

major importance in cases of high LDL levels, e.g. hyper-
cholesterolaemia.

Incubation of rat isolated hepatocytes with TC, albumin,
crilvastatin and ['4C]-cholesterol-LDL

Distribution of 14C radioactivity in hepatocytes (Figure 2).
The amounts of ['4C]-cholesterol incorporated into the hepa-
tocytes were unchanged by addition of the drug (0 vs 50 or
300 LM crilvastatin). The quantity of radiolabelled material
increased with the duration of the experiment and was lower
in group B than in group A from 30 min to the end of the
experiment.

Distribution of 14C radioactivity in the incubation medium
(Table 2, Figure 3). The quantity of [4C]-cholesterol added
to the medium was sufficient to induce a new synthesis of
'4C-labelled bile salts. The amount of ['4C]-cholesterol
decreased and newly synthesized '4C bile salts increased
between 5 and 90 min of incubation. In group A, the increase
was greater (x 1.5) when 50 tM or 300 gM crilvastatin was
added. At both concentrations of crilvastatin, the amounts of
'4C bile salts secreted in the medium were comparable and
showed a maximum at 30 and 90 min. In the high-fat group,
the quantity of radiolabelled bile salts in the medium was
always higher than in the control group. However the effect
of crilvastatin on the new synthesis of radiolabelled bile salts
seemed more efficient at 50 EM, no decrease was observed at
60 min.

Newly synthesized 14C bile salts (Figures 4-6). New syn-
Plasma cholesterol levels thesis was the highest with unconjugated ['4C]-cholate partic-

Cholesterolaemia of overnight fasting animals was 2.5 mmol
11 in the low-fat group and 8.0mmoll I in the high-fat
group (results only expressed in the text).

Emulsion of crilvastatin (Table 1, Figure 1)

When mixed in RPMI medium, TC and crilvastatin formed
mixed micelles and mixed premicelles (Hauton et al., 1986).
[3H]-crilvastatin was entirely in the aqueous phase (98% +
0.4%, n = 6). Based on this finding, mixed micelles and
mixed premicelles of the drug were prepared extemporan-
eously before being added to the incubation medium.

Crilvastatin having a molecular weight of 253, the drug
dialyzes though a 3 500 Da membrane, in proportions
depending on its association with components in the medium.
When TC was added, 7.2% crilvastatin remained in the
dialysis space. When albumin was added, 15% of crilvastatin
remained in the dialysis space. When rat serum was added,
measurement of 3H radioactivity in the different migration
zones of lipoproteins on polyacrylamide/agarose electro-
phoresis gel showed that 63% of the [3H]-crilvastatin present
on lipoproteins were associated with LDL. These observa-
tions strongly suggest that rat-LDL is implicated in the
transport of crilvastatin. This phenomenon is probably of
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Figure 1 Lipoprotein carriers of crilvastatin: 3H radioactivity was
counted in the lipoprotein fraction after incubation of [3H]-cril-
vastatin with rat serum added in the incubation medium. Results are
expressed as means ± s.e.mean (n = 6). Differences were analysed by
Student's t test and are significant at: ':P<0.05; 2:P<0.01;
3:P< 0.001; a: chylomicrons vs LDL; b: chylomicrons vs HDL;
C: VLDL vs LDL; d: VLDL vs HDL; e: LDL vs HDL. For abbrevia-
tions, see text.

Table 1 Mode of transport of crilvastatin (% [3H]-crilvastatin recovered at the end of dialysis)

Dialysis conditions In the space of dialysis In the dialysis buffer

I Mixed micelles and mixed premicelles
TC/[3H]-crilvastatin

II Mixed micelles and mixed premicelles
TC/albumin/[3H]-crilvastatin

III Mixed micelles, mixed premicelles and
lipoproteins TC/albumin/
[3H]-crilvastatin/lipoproteins/FCS

7.2 ± 0.1

14.1 ± o.l3a

21.2 ± 0o43b,3c

92.8 ± 1.2

85.9 ± 0.22a

78.8 + 0 23b.3c

FCS: foetal calf serum. Results are expressed as means ± s.e.mean (n = 4). Differences were analysed by Student's t test and are
significant at: aI vs II; bI vs III; CII vs III; 2P<0.01; 3P<0.001.
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Figure 2 Distribution of '4C radioactivity into hepatocytes: solid
columns, time 0 min; open columns, time 30min; stippled columns,
time 60 min; hatched columns, time 90 min. Group A: low fat con-
trol group (n = 7). Group B: high fat group (n = 8). Samples A and
B were assessed by using analysis of variance (ANOVA) for repeated
values and the differences were determined by Fischers's test at a
probability of 95%. Results are expressed as means ± s.e.mean.

Group A: a: time 5 min crilvastatin (C) 0 AM, 50 gM, 300 gAM vs time
30 min, 60 min, 90 min, C 0 9M, 50 9M, 300 9M; b: time 30 min, C
0 AM, 50 gM, 300 9M vs time 90 min, C 0 9M, 50 AM, 300 gM.
Group B: a: time 5 min, C 0 ILM vs time 30 min, 60 min, 90 min, C
0 9AM; b: time 5 min, C 300 gM vs time 60 min, C 300 9M; c: time
30 min, C 0 9AM, 50 9am, 300 AM vs time 90 min, C 0 9AM, 50 9M,
300 gM; d: time 60 min, C 0 AM, 50 gM, 300 9M vs time 90 min, C
0 LM, 509M, 300 9M.

50
Crilvastatin (AiM)

Figure 3 Distribution of 4C radioactivity in the incubation medium:
solid columns, time 0 min; open columns, time 30 min; stippled
columns, time 60 min; hatched columns, time 90 min. Group A: low
fat control group (n = 7). Group B: high fat control group (n = 8).
Samples A and B were assessed by using analysis of variance
(ANOVA) for repeated values and the differences were determined
by Fischers's test at a probability of 95%. Results are expressed as
means ± s.e.mean.

Group A: a: time 5 min crilvastatin (C) 0 gLM vs time 60 min,
90 min, C 0 ptM; b: time 5 min, C 50 FM vs time 30 min, C 50 IsM; C:
time 5 min, C 50 AIM vs time 60 min, 90 min, C 50 gm; d time 5 min,
C 300 jlM vs time 60 min, 90 min, C 300 AM; e: time 30 min, C 0 9M
vs time 90 min, C 0 9M.
Group B: a: time 5 min, C 300 I4M vs time 60 min, C 300 AM; b: time
5 min, C 3001M vs time 90 min, C 300$M.

Table 2 Quantitites of '4C-labelled bile salts synthesized by hepatocytes from LDL-[(4C]-unesterified cholesterol and secreted in the
incubation medium (pmol secreted per 106 cells)

Group A

50 300

126.4 ± 22.4 127.2 ± 27.2
384.0 ± 80.0a. 564.0 ± 191.2eJ
144.8 ± 20.OC 195.2 ± 39.29
511.2 + 160.8bdk 487.2 ± 128.0fhI

0

459.9 ± 47.4
456.2 ± 69.3
492.7 ± 36.5
671.6 ± 135.0

Group B

50 300

462.7 ± 36.5 474.5 ± 13.0
468.5 ± 80.3 470.8 ± 51.1
737.3 ± 138.7mos 704.4 ± 51.iT
1062.1 ± 208.0npqt 693.5 ± 69.3u

A: control group; B: hypercholesterolaemic group. Results are expressed as means ± s.e.mean (A: n = 7; B: n = 8). The ANOVA test

for repeated values was used and differences were determined by Fisher's test at a probability of 95%. In group A: with 50 gM
crilvastatin: a: 5 min vs 30 min; b: 5 min vs 90 min; c: 30 min vs 60 min; d: 60 min vs 90 min; with 300 IAM crilvastatin: C: 5 min vs 30 min;
f: 5 min vs 90 min; 8: 30 min vs 60 min; h: 60 min vs 90 min; at 30 min; i: 0 JAM vs 50 AM crilvastatin; j: 0 AM vs 300 9AM crilvastatin; at

90 min: k: 0 AM vs 50 AM crilvastatin; X: 0 AM vs 300 JAM crilvastatin. In group B: with 50 JAM crilvastatin: m: 5 min vs 60 min; n: 5 min vs

90 min; 0: 30 min vs 60 min; P: 30 min vs 90 min; q: 60 min vs 90 min; with 300 JAM crilvastatin: r: 30 min vs 60 min; at 60 min: ': 0 AM vs

50 AM crilvastatin; at 90 min: t: 0 gM vs 50 AM crilvastatin; u: 50 Am vs 300 AM crilvastatin.

Group A

T

Group A.S 125
E

X 100
E

a". 75

> 50

t 25
._o
co 0

& 0

a30

300

c 125
.E

0

X 100

cL -

.O 75

0 50.

*f 25
0
:6
co_

O=

Crilvastatin
(fAM)

Time (min)
5
30
60
90

0

92.8 ± 15.2
140.8 ± 21.6
184.8 ± 28.8
247.2 ± 46.4

627

Crilvastatin (gm).Crilvfastatin (gm)



T. Clerc et al Cholesterol, bile salts, hepatocytes and crilvastatin

c)
=

.L)
I0

0

E
*0'0

0
C8

r_ E
0 CL

0*C-,

4._

0-

0)

._o
4E

250

Figure 4 Quantities in the incubation medium of 14C-tauro-
conjugated bile salts synthesized from ['4C]-unesterified LDL-
cholesterol: open columns, without crilvastatin; hatched columns,
504M crilvastatin; stippled columns, 3001iJM crilvastatin. group A:
low fat control group (n = 7). Group B: high fat group (n = 8).
Samples A and B were assessed by using analysis of variance
(ANOVA) for repeated values and the differences were determined
by Fischers's test at a probability of 95%.

Group A: a: time 5 min crilvastatin (C) 50 AIM vs time 30 min
90 min, C 50 llM; b: time 5 min, C 300 AIM vs time 30 min, C 300 AM;
C: time 30 min, C 50 EM vs time 60 min. C 50 EM; d: time 30 min, C
300 JM vs time 60 min, C 300 JM; ': time 60 min, C 0 AM, 50 JM,

300 JM vs time 90 min, C 0 JM, 50 JM, 300 JM; f: time 90 min, C
0 JM vs time 90 min, C 50 JM, 300 JM; S: time 5 min, C 300 JM vs

time 90 min, C 300 JM; h: time 30 min, C 0 JM vs time 30 min, C
5O AIM, 300 AIM.

Group B: a: time 5 min, C 50 JM vs time 90 min, C 50 JM; b: time
5 min, C 50 AM vs time 60 min, C 50 JIM; C: time 5 min, C 300 MM vs

time 60 min, C 300 JM; d: time 30 min, C 50 JM vs time 60 min, C
50 JM; e: time 30 min, C 0 JIM, 300 JIM vs time 90 min, C 0 JM,

300 tM; f: time 30 min, C 50 JM vs time 90 min, C 50 JM; 9: time
60 min, C 0 JM vs time 60 min, C 50 IM; h: time 60 min, C 0 JM Vs

time 90 min, C 0 JM; i: time 60 min, C 50 JM vs time 60 min, C

300 JM

ularly in the high fat group. In groups A and B, crilvastatin
increased the amount of radiolabelled cholate in the medium.
14C tauro-conjugated bile salts were stimulated by crilvastatin
at 30 and 90 min (group A) and at 30 and 60 min (group B).
"'C glyco-conjugated bile salts were stimulated by crilvastatin
at 30 min (group A).

Discussion

A priori, freshly isolated hepatocytes of the rat do not con-

stitute the best model for studying metabolic processes invol-
ving the integrity of plasma membranes (Gebhardt, 1986).

Figure 5 Quantities in the incubation medium of "'C-glyco-
conjugated bile salts synthesized from ['4C]-unesterified LDL-
cholesterol: open columns, without crilvastatin; hatched columns,
501iM crilvastatin; stippled columns, 300Ji1M crilvastatin. Group A:
low fat control group (n = 7). Group B: high fat group (n = 8).
Samples A and B were assessed by using analysis of variance
(ANOVA) for repeated values and the differences were determined
by Fischers' test at a probability of 95%.

Group A: a: time 5 min crilvastatin (C) 50 jaM, 300 JM vs time
30 min, C 50 jM, 300 tM; b: time 5 min, C 50 JM vs time 90 min, C
50 JIM; C: time 5 min, C 50 JIM, 300 JIM vs time 30 min, C 50 JM,

300 JM; d: time 30 min, C 50 JM vs time 60 min, C 501M; e: time
30 min, C 300 JIM vs time 90 min, C 300 JM; f: time 60 min, C 50 JM

vs time 90 min, C 50 gM; ': time 30 min, C 0 JM vs time 30 min, C
50 JIM, 300 JM.

Group B: a: time 5 min, C 0 JM vs time 90 min, C 0 JM; btime 5 min,
C 300 JM vs time 90 min. C 300 JM; C: time 30 min, C 300 JM vs time
90 min, C 300 AM; d: time 60 min, C 300 JM vs time 90 min, C
300 JM; ': time 90 min, C 501M vs time 90 min, C 300 JM.

However, incubation of cells with bile salts and freshly
isolated lipoproteins like LDL results in an enhanced bile salt
secretion in the medium (personal observations). Although
uptake of taurocholate decreases (Kukongviriyapan & Stacey,
1989), bile acid synthesis and cholesterol 7a-hydroxylase
activity are maintained in rat cultured hepatocytes (Princen
& Meijer, 1990) and probably in this model of freshly
isolated rat hepatocytes (Alberts, 1988a; Blaanboer et al.,
1990). In addition, our results corroborate those obtained by
Bouscarel et al. (1991) in the hamster showing that urso-

deoxycholate has a direct effect on recruitment of LDL
receptors from a latent pool in the hepatocellular membranes
of isolated hepatocytes. Although rat hepatocyte membranes
are poor in LDL receptors and thus non-specific uptake of
LDL cannot be ruled out in our experiments, taurocholate
appeared to stimulate LDL uptake.
A direct correlation has been observed between the rate of

lipoprotein uptake by hepatocytes and bile salt secretion
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Figure 6 Quantities in the incubation medium of ['4C]-cholate syn-
thesized from ['4C]-unesterified LDL-cholesterol: open columns,
without crilvastatin, hatched columns, 50 gM crilvastatin; stippled
columns, 300 gAM crilvastatin. Group A: low fat control group
(n = 7). Group B: high fat group (n = 8). Samples were assessed by
using analysis of variance (ANOVA) for repeated values and the
differences were determined by Fischer's test at a probability of 95%.

Group A: a: time 5 min, crilvastatin (C) 0 gM vs time 90 min, C
0 AM; b: time 5 min, C 50 laM vs time 30 min, C 50 l4M; C: time 5 min,
C 50 gAM vs time 90 min, C 50SM; d: time 5 min, C 300 JM vs time
30 min, C 300 sM; C: time 30 min, C 0 JAM vs time 30 min C 50 JAM,

300 gM; f: time 30 min, C 0 JM vs time 90 min, C 0 JM.

Group B: a: time 5 min, C 300 gAM vs time 60 min, C 300 IsM; b: time
30 min, C 50 gM vs time 90 min, C 501M; c: time 30 min, C 300 JM

vs time 60 min, C 300 FtM; d: time 60 min, C 0 gM vs time 60 min, C
300 gAM; e: time 60 min, C 300 JAM vs time 90 min, C 300 sM; f: time
90 min, C 0 JAM vs time 90 min, C 50 gmM; : time 90 min, C 50 JmM vs

time 90 min, C 300 JM.

(Davis et al., 1983). This correlation was particularly marked
between uptake of cholesterol-rich lipoproteins (LDL, HDL)
and synthesis of bile salts from lipoproteic cholesterol
(Junker & Davis, 1989; Whiting et al., 1989; Kwekkeboom et
al., 1990). Incorporation of lipoproteic cholesterol implies
binding of bile salts to lipoproteins (Kramer et al., 1979;
Chitranukroh & Billing, 1983; Salvioli et al., 1985; Ceryak et
al., 1993). Experimental evidence indicates that in the hepatic
sinusoidal spaces, one third of bile salts are bound to lipo-
proteins and two thirds to albumin, this binding does not
induce a denaturation even at high bile salt concentrations
(Hauton et al., 1982).
The "'C total radioactivity remained unchanged in the cells

and in the incubation medium during the experiment and
there is no significant difference between incubations with or

without crilvastatin. The intracellular '4C radioactivity is the
difference between "'C taken up by the hepatocytes and '4C
secreted from the cells. This result does not significantly
change by the addition of the drug, stimulating both uptake
and secretion of "4C materials. In addition, amounts of "4C
bile salts are small compared to the incubated ["4C]-cho-
lesterol.

The incubation medium is a mixture of both plasma and
bile. The bile salt concentration does not exceed 200f.M in
the portal vein (Botham et al., 1981). However, in the hepatic
bile, the bile salt concentration reaches 30 mM. Thus we
decided to choose 600 jIM as an intermediate bile salt concen-
tration in the incubation medium. The 600 ;M bile salt value
is 10 times lower than the critical micellar concentration of
the added taurocholate. In addition, the amount of tauro-
cholate required to achieve a stimulating effect on bile salt
synthesis was more than 10 times higher than the concentra-
tion found to be efficient in rat cultured hepatocytes (Twisk
et al., 1993). Such differences can be explained by the need
for greater quantities of bile salts with isolated cells than
cultured cells in which bile canalicular spaces are already
formed, contributing to a higher bile salt secretion. In addi-
tion, Alberts (1988a) noted that drugs like pravastatin
induced greater inhibition of HMG CoA reductase in freshly
isolated hepatocytes than cultured hepatocytes. Thus, our
model could constitute a promising alternative to in vivo
experiments or experiments using cultured cells.

Results of dialysis showed that crilvastatin was carried to a
great extent by mixed micelles and to a lower extent by LDL.
Thus in our cellular model, 50 or 300pM crilvastatin was
added in the physiological form of mixed micelles in presence
of 600 M taurocholate. Crilvastatin enhances significantly
the new bile salts synthesis from unesterified LDL choles-
terol, as compared to control without the drug. A similar
increase was previously reported in the rat in vivo (Clerc et
al., 1993). Addition of 50 JAM or 300 JM crilvastatin resulted
in a 2 to 3 fold increase in the concentration of '4C-labelled
bile salts in the medium. The changes in the '4C bile salt
kinetics between 30, 60 and 90Min in the group A under
crilvastatin may be related to different mechanisms. Inter-
actions exist between the mixed micelles, LDL crilvastatin
and bile salts. Bile salts such as taurocholate and crilvastatin
were shown respectively to exhibit a stimulatory effect on the
LDL-cholesterol uptake by the liver (Henry et al., 1987;
Clerc et al., 1993). Thus, the two peaks of "'C bile salts in the
medium at 30 and 90 min could be linked to the presence of
two forms of LDL: the first peak to crilvastatin associated
LDL, the second peak to unassociated LDL. The changes in
the 1'C bile salt kinetics may result from differences in the
kinetics of ["'C]-cholesterol particle uptake and/or metabo-
lism by hepatocytes. Results in vivo showed that HDL-
cholesterol, as well as liposomes-/mixed micelles-cholesterol,
was rapidly taken up by the hepatocytes. It was secreted in
the bile in the form of unchanged cholesterol and bile salts
with a maximum secretory rate at 30 min (Esnault-Dupuy et
al., 1987). In contrast, this secretory rate maximum was
delayed when cholesterol was provided by LDL. In the group
A of our experiment, the maxima in the "'C bile salts at 30
and 90 min could be provided respectively by the metabolism
of mixed micelles- and LDL, the ["'C]-cholesterol-mixed
micelles resulting from the ["Cl-cholesterol exchange between
LDL and mixed micelles. In addition, the changes in '4C bile
salt kinetics could be the result of secretion and re-uptake of
bile salts by hepatocytes, particularly '4C bile salts. The
metabolic changes observed in group A do not exist in group
B. In this last group, hepatocytes are provided by hyper-
cholesterolaemic rats and the intracellular basal metabolic
paths are more saturated than in the group A. This results in
an increased "'C dilution, compared to the low fat group.

Crilvastatin stimulated new synthesis of "'C bile acids nor-

mally synthesized and secreted in vivo as well as by cultured
rat hepatocytes (Davis et al., 1983), i.e. glyco- and particular-
ly tauro-conjugated bile salts. Bile acid may leave the perox-
isome as free acid prior to reconjugation with CoA (Russell
& Setchell, 1992). Johnson et al. (1991) showed that perox-
isomal enzymatic proteins could have taurine and glycine as

substrates and could ultimately be responsible for the con-

jugation of bile salts. These processes may also be active in
our model.

In common with other statins, our results could be
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explained by a crilvastatin stimulation of LDL receptors
(Brown & Goldstein, 1983). Our findings further indicate that
crilvastatin is transported mainly by lipoproteins and in a
micellar form, the micellar transport was shown elsewhere,
using another drug (Lasic, 1992). A possible explanation
both in vitro and in vivo is that crilvastatin stimulates uptake
of LDL-cholesterol by physico-chemical interactions involv-
ing the drug, LDL and LDL-hepatocyte receptors. These
interactions could be enhanced during hypercholesterolaemia
which is characterized by high LDL levels. In these condi-
tions, it is likely that crilvastatin triggers an excess of LDL
into the liver.

However, crilvastatin differs from other hypolipidaemic
drugs in several respects. Fibrates such as clofibrate (The
Coronary Drug Project, 1975) do not stimulate bile salt
synthesis as demonstrated by the increase in the saturation
index of gallbladder bile. Unlike crilvastatin which promotes

cholesterol 7o-hydroxylase activity in vivo, gemfibrozil and
simvastatin have an inhibitory effect on this enzyme (Leiss et
al., 1985; Bjdrkhem, 1986).

In conclusion the interest of our cellular model is to mimic
physiological or physiopathological in vivo conditions. It
could constitute a predictive and valid preclinical study on
the metabolic effect of a drug on its target cells. However,
localization in the hepatocyte of the effect of crilvastatin and
other statins remains to be elucidated. This work shows that
pharmacological studies have to focus on drug transport
process-by physiological carriers to understand bioavailability
of these molecules at a cellular level.

This work was supported by a grant from Pan Medica Laboratories
(Grant No.89031). We wish to thank Mr Patrick Garzino for animal
care.
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Effects of divalent cations and La3 + on contractility and
ecto-ATPase activity in the guinea-pig urinary bladder
* tAirat U. Ziganshin, * tLilia E. Ziganshina, *Charles H.V. Hoyle &
l*Geoffrey Burnstock

*Department of Anatomy and Developmental Biology and Centre for Neuroscience, University College London, Gower Street,
London WC1E 6BT and tKazan Medical Institute, 49 Butlerov Street, Kazan, 420012, CIS

1 Several cations (Ba2+, Cd2+, Co2+, Cu2+, Mn2+, Ni2 + Zn2+ and La3+, all as chloride salts,
1-10001iM) were tested in the guinea-pig urinary bladder for their ability to: (i) modify contractile
responses to electrical field stimulation (EFS), ATP, a,-methylene ATP (xP-meATP), carbachol (CCh),
and KCl; (ii) affect ecto-ATPase activity.
2 Ba2+ (10-1000 iM) concentration-dependently potentiated contractile responses evoked by EFS
(4-16 Hz), ATP (100 JM), a,,B-meATP (1 JM), CCh (0.5 JIM), and KCl (30 mM). Ni2+ at concentrations
of 1-100 IM also potentiated contractility of the urinary bladder, but at concentrations tested its effect
was not concentration-dependent. Cu2+ at a concentration of 10 JM and Cd2+ at a concentration of
1 JIM potentiated responses to all stimuli, except KC1. Ni2+ at a concentration of 1000 JIM and Cd2+ at a

concentration of 100 JM inhibited contractions evoked by all stimuli, and at a concentration of 1000 JIM

Cd2+ abolished any contractions. Responses to ATP and ap-meATP were selectively inhibited by Cu2+,
Zn2+ or La3+, each at a concentration of 1 mM.

3 Cu2+, Ni2+, Zn2+ and La3` (100-1000 JIM) concentration-dependently inhibited ecto-ATPase activity
in the urinary bladder smooth muscle preparations, while Ba2+ and Mn2+ were without effect, and Cd2+
and Co2+ caused significant inhibition only at a concentration of 1000 JIM.

4 There was no correlation between the extent of ecto-ATPase inhibition and the effect on contractile
activity of any of the cations.
5 In conclusion, the ability of some divalent cations to inhibit ecto-ATPase activity and to potentiate
or inhibit contractile responses in the guinea-pig urinary bladder appear to be independent effects.

Keywords: Divalent cations; guinea-pig urinary bladder; ecto-ATPase; contractility

Introduction

The presence of ecto-ATPase (EC 3.6.1.3) has been shown in
a wide range of human and animal tissues (see Ziganshin et
al., 1994a). Since extracellular ATP is very rapidly broken
down by ecto-ATPase, an inhibitor of this enzyme would be
very useful in clarifying the distribution of and relationship
between P1(adenosine)- and P2(ATP)-purinoceptors, as well
as for potentiation of P2-purinoceptor-mediated responses.
Although several compounds have been described as ecto-
ATPase inhibitors (Grondal & Zimmermann, 1986; Dom-
browski et al., 1993; Ziganshin et al., 1994b), none has been
shown to be selective.

Ca2+ and Mg2+ cations have been found to play a signi-
ficant role in ecto-ATPase activity. It has been shown in
many studies that ecto-ATPase activity is highly dependent
on Ca2+ and/or Mg2', and is usually described as Ca2+/Mg2+
ATPase (see Dhalla & Zhao, 1988). Other divalent cations
(Mn2+, Cu2+, Ba2+, Co2+, Ni2+, Zn2+) can substitute for
Ca2" or Mg2+, albeit with lower potency (Majumder, 1981;
Tuana & Dhalla, 1988; Culic et al., 1990; Kurihara et al.,
1992). However, in the presence of Ca2 , inorganic cations
(Mg2+, Mn2+, Cu2+, Ni2+, Cd2+, La3+) markedly inhibit
enzyme activity (Manery et al., 1984; Tuana & Dhalla, 1988).
On the other hand, in canine renal membrane vesicles, Zn2+
significantly stimulates ecto-ATPase activity (Hilden &
Madias, 1990).

It has been shown that some divalent cations (Co2+, Ni2+,
Mn2+) can block voltage-operated Ca2+- (Harrow et al., 1978;
Edwards, 1982; Ruegg et al., 1989) and Na+-channels
(Ravindran et al., 1991; Sheets & Hanck, 1992). Inhibition of
calcium influx by La3` has also been described (Weiss &

' Author for correspondence.

Goodman, 1969; Van Breeman & McNaughton, 1970).
Moreover, La3+ can block ATP- or KCl-evoked entry of
45Ca2l with an IC50 around micromolar concentration, while
Cd2", Mn2", Co2" and Ni2" do the same at concentrations
about 1000 times higher (Ruegg et al., 1989; Wallnofer et al.,
1989).
Co2l, Ni2+ and Mn2+ inhibit agonist-mediated (noradren-

aline, acetylcholine, histamine) contractions and relaxations
in rat aorta preparations, and Cd2+ and Zn2+ virtually
abolish contractions to high concentrations of KCl (Adeagbo
& Triggle, 1991). In the rat urinary bladder, Mn2+ and La3+
both inhibit the amplitude of contractions evoked by elect-
rical field stimulation (EFS), although Mn2+ was significantly
more potent than La3` (Huddart & Butler, 1986).
The aim of the present study was to compare the effects of

several cations on ecto-ATPase activity with their ability to
alter contractile responses of the guinea-pig urinary bladder.
Contractions were evoked by EFS, the P2-purinoceptor agon-
ists, ATP and a,-methylene ATP (a,-meATP), the cholino-
ceptor agonist, carbachol (CCh), as well as KCl, which
directly activates the contractile process by depolarization.

Methods

Organ bath experiments

Male Dunkin-Hartley guinea-pigs (250-400 g) were killed by
a blow to the head and exsanguination. The urinary bladder
was removed and strips of smooth muscle, approximately 2
by 10mm, were prepared and suspended vertically in 10ml
organ baths for isometric recording of mechanical activity.
An initial load of 1 g was applied to the strips which were
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then allowed to equilibrate for at least 60 min. EFS was
applied via two platinum-wire rings 2.5 mm in diameter,
10 mm apart, through which the strip was threaded. The
modified Krebs solution used in these experiments had the
following composition (mM): NaCl 133, KCl 4.7, NaHCO3
16.4, MgSO4 0.6, NaH2PO4 0.8, CaCl2 2.5 and glucose 7.7,
gassed with 95% 02 / 5% CO2 (pH 7.3-7.4) and maintained
at 37 ± 1C. Contractions were recorded with a Grass FTOC3
force-displacement transducer, and displayed on a Grass 79D
ink-writing oscillograph. EFS was provided by a Grass S9
stimulator and applied at a given frequency (4-16 Hz) with a
pulse width of 0.5 ms and supramaximal voltage, until a
maximum contraction had been reached and the tone had
declined by about a third. ATP (100 fLM), a,p-meATP (1 !M),
CCh (0.5 t4M) or KC1 (30 mM) were added directly to the
organ bath and washed out after a maximum contraction
had been achieved. Intervals of at least 10 min were allowed
for washout. Responses to EFS and to agonists were
examined in preparations before and after incubation for at
least 30 min with cations (1-1000 LM). In time-control
preparations, which were carried out in parallel, but without
incubation with tested cations, there was no significant
change in response to EFS or to any agonist used throughout
experiments. All contractile responses were calculated as a
percentage of the response evoked by EFS at a frequency of
16 Hz (at which the largest contraction was obtained) before
incubation with any drug. Frequency-response relationships
for EFS and the effects of two or three different agonists
were obtained on each preparation before and after incuba-
tion with different concentrations of a cation.

ATPase assay

The assay was carried out at 37 ± 1C in buffer containing
(mM): 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid
(HEPES) 10, NaCl 135, KCI 5, CaCl2 2, MgCl2 2 and glucose
10, pH 7.4. Smooth muscle preparations of the guinea-pig
urinary bladder were prepared as for organ bath experiments.
Pieces of tissue (2-3 mg) were placed into 24-well cell culture
dishes in 300 gil buffer and were pre-washed for 15-20 min.
The pre-wash buffer was changed for 250 gpl buffer containing
0.1 mM ATP, and the tissues were incubated for 30 min and
shaken continuously. Incubation was terminated by removing
the buffer and adding it to 0.9 ml of a 2.5% (w/v) solution of
sodium dodecyl sulphate (SDS) for inorganic phosphate assay.

Tissues were again washed with buffer for 10-15 min and
then incubated with 250 ILI buffer containing 0.1 mM ATP
and a given concentration of one of the cations for 30 min.
The buffer was again collected in SDS. For the inorganic
phosphate assay 1 ml of 1.25% (w/v) ammonium molybdate
solution in 2 M HCI and 0.1 ml of 16% (w/v) Fiske and
SubbaRow reducing agent (Sigma) were added to the samples.
The solutions were transferred to cuvettes and left for 30 min
at room temperature to develop colour. The inorganic phos-
phate produced was measured spectrophotometrically at
700 nm in a Beckman Du-65 Spectrophotometer. KH2PO4 was
used as a phosphate standard. The amount of phosphate
produced in the presence of a cation (second incubation) was
calculated as a percentage of that without any compound
(first incubation). Only one concentration of a cation was
tested on each piece of tissue. All results were expressed as
the mean ± s.e.mean of at least two experiments performed in
quadruplicate.

Analysis of results

Means were compared by Student's paired and unpaired t
tests. A probability of less than or equal to 0.05 was con-
sidered as significant. Data are presented as mean±s.e.mean
(n).

Drugs

Barium chloride dihydrate and cobalt chloride hexahydrate
were from BDH; cadmium chloride hydrate, cupric chloride
hydrate, manganese chloride tetrahydrate, nickel chloride
hexahydrate, zinc chloride, lanthanum chloride heptahydrate,
adenosine-5'-triphosphate disodium salt (ATP), a,-meATP
lithium salt and carbamylcholine chloride (carbachol) were
obtained from Sigma. All cations tested were dissolved in
distilled water to produce a stock solution of 0.1 M.

Results

Organ bath experiments

EFS (4-16 Hz) caused frequency-dependent contractions of
the urinary bladder detrusor muscle with the largest response
at a frequency of 16 Hz (100%) and 38.9 ± 1.5% (42) and

2 min

a 1 9

0 0 0 0 6 0

8 8 4 8 16 ATP
0
CCh

K
KCI

b

0 * 0 * 0 0 *

8 8 4 8 16 ATP CCh KCI

Figure 1 Original traces showing contractile responses of the guinea-pig urinary bladder evoked by electrical field stimulation
(EFS; 4, 8 and 16 Hz), ATP (100 IAM), carbachol (CCh; 0.5 jAM) and KCl (30 mM) recorded before (a) and after (b) incubation of
the tissue (for at least 30 min) with BaCl2 at a concentration of I mM. EFS and addition of agonists are marked by dots. The first
two responses to EFS at 8 Hz were used only for equilibration of tissue and not for calculations.
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74.4 ± 1.9% (42) at frequencies of 4 and 8 Hz respectively,
relative to the response at 16 Hz. Contractions evoked by
ATP (100 JAM), cx,,-meATP (1 JM), CCh (O.5 JM) and KCI
(30 mM) were 15.2 ± 0.3% (42), 24.1 ± 1.1% (34), 27.2 ±
2.5% (40) and 30.0 ± 2.0% (36), respectively, normalised to
the response at 16 Hz.

Ba2+ at a concentration of 1 JAM did not significantly
change contractile responses of the bladder, but at 10-
1000 JM concentration-dependently increased contractions
evoked by all the tested stimuli (Figures 1 and 3a). This was
accompanied by initiation of spontaneous activity of the
tissue (Figure 1).
Cd2+ at a concentration of 1 JAM potentiated contractions

evoked by any stimuli, except KCI; at 100 JM it inhibited all
contractions, and at 1 mM abolished them (Figures 2 and
3b). In some preparations Cd2+ at 1-10 JAM either potentiated
or provoked spontaneous contractions, which were complete-
ly blocked by 1 mM ion concentrations.

Ni2+ at concentrations of 1-100 JAM potentiated responses
to all the stimuli tested; at a concentration of 1 mM contrac-
tions evoked by CCh remained enhanced, while responses to
other stimuli were significantly decreased (Figure 4a).
Cu2+ at a concentration of 10 JM potentiated responses to

all the stimuli, except KCl (Figure 4b); at 10-1000 JM Cu21

a 2 min

0.5g

8
* 0 1*6
8 4 8 16 ATP ao-meATP

increased the basal tone of the preparations and evoked
spontaneous contractions. At a concentration of 1 mM the
cation inhibited contractions evoked by ATP and a,-
meATP, but not by any other stimuli (Figure 5).

Zn2+ and La3" at a concentration of 1 mM caused signi-
ficant inhibition of contractions evoked by ATP and a,-
meATP but not by any other stimuli (Figure 6).
Mn2" and Co2" (1-1000 JAM) potentiated contractions

evoked by CCh, while responses to other stimuli were not
significantly affected (data not shown).

A TPase assay

The actual rate of ATPase activity was 1.28 ± 0.038 (n =
70) nmol Pi 30 min-' mg-I wet tissue in the urinary bladder,
that was taken as a 100%. Spontaneous ATP breakdown
when incubated in buffer without tissue for 30 min was neg-
ligible. There was no significant amount of inorganic phos-
phate when tissue was incubated without added ATP, which
indicates that released or secreted ATP or inorganic phos-
phate does not interfere significantly with our assay.

Cu2+, Ni2+, Zn2+ and La3` (100-1OOJM) concentration-
dependently inhibited ecto-ATPase activity in the urinary
bladder smooth muscle preparations, while Cd2+ and Co2+
caused significant inhibition only at a concentration of 1 mM,
and Ba2+ and Mn2+ were without effect (Figure 7). The order
of potency of cations at 1 mm for inhibition of ecto-ATPase
was La3+> Zn2+ > Cu2+ > Cd2+ = Co2+ = Ni2+> Ba2+ =
M2+.MnDcs

Discussion

b In the present study we have established that divalent cations
and La3" have differential effects on ecto-ATPase activity
and contractions of the guinea-pig urinary bladder. The most
active cation for potentiation of the bladder contractions in
organ bath experiments, Ba2", did not affect ecto-ATPase
activity. On the other hand, the most active inhibitors of

8 8 4 8 1 A;TP aP-meATP ecto-ATPase activity, Zn2+ and La3", did not potentiate
responses to ATP, but inhibited contractions to the P2-
purinoceptor agonists, ATP and a,4-meATP.

C Divalent cations have diverse biological activity. Despite
unique comprehensive roles of calcium and magnesium, some
other cations (copper, cobalt, zinc, manganese, iron) are

L 1kL liessential for certain metalloproteins, coenzymes, metallo-
enzymes and vitamins. However, at concentrations above

8 81 APmATP physiological levels cations produce other effects, such as8 8 4 816 ATP ap-meATP stimulation or inhibition of calmodulin (Cox & Harrison,
1983; Chao et al., 1984), or blockade of ion channels (Har-

d row et al., 1978; Edwards, 1982; Ravindran et al., 1991;
Sheets & Hanck, 1992). The toxicity of heavy metals is also
well known, and interestingly a correlation has been shown
between divalent metal toxicity (LDm for mice) and inhibi-

1 . . . .> tion of calmodulin (ICm for bovine brain calmodulin) (Cox &
8 8 4 8 16 ATP aP-meATP Harrison, 1983). Some effects of divalent cations have been

found to be dependent on their radius. For example, Chao et
al. (1984) have shown that Ca2+ is not a specific ion for

e bovine brain calmodulin, and other cations with ionic radii
comparable to that of Ca2+ can replace it. However, this is
not true in all cases since Ba2+ with an ionic radius 30%
larger than Ca2+ can permeate into cells through Ca2+-
channels (Edwards, 1982) and replace calcium in its contrac-

8 8 4 8 1 A;P a,1-meATP tile effects (Kreye et al., 1986). The order of crystal ionic
radius for cations used in the present study is Ba2+ > La3 >

Figure 2 Original traces showing contractile responses of the Ca2+ > Cd2+ > Mn2+ > Zn2+ > Co2+ = Cu2+ > Ni2+. How-
guinea-pig urinary bladder evoked by electrical field stimulation . .
(EFS; 4, 8 and 16 Hz), ATP (100 JAM) and m,p-methylene ATP (,- ever, the order of potency of cations to inhibt ecto-ATPase
meATP; 1 Jum) recorded before (a) and after incubation of the tissue acivt wa2a+Z2>u~>d~=o~=i~
(for at least 30 min) with CdCl2 at concentrations of 1 JAM (b), 10 JAM Ba2+ = Mn2 , which does not correlate with the order of
(c), 100 JM (d) and 1 mm (e). EFS and addition of agonists are ionic radii. Similarly, we did not find a correlation between
marked by dots. The first two responses to EFS at 8 Hz were used ionic radius and effect of cations on either receptor- or
only for equilibration of tissue and not for calculations. depolarization-mediated contractions of the urinary bladder.
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Figue 3 Effects of Ba2+ (a) and Cd2+ (b) on contractions of the guinea-pig urinary bladder evoked by electrical field stimulation
(EFS; 8 Hz, E), ATP (100 AM, i), ao,-methylene ATP (1 Eum,Z ), carbachol (0.5 am,1) and KCI (30 mM, _).
Contractile responses to 4 and 16 Hz have also been tested; however, since effects of cations on EFS-evoked contractions were

similar at all frequencies tested, only data for 8 Hz are shown. Columns represent mean ± s.e.mean of 4 to 6 experiments.
*P<0.05; **P<0.01, paired t test.

Another feature which may be related to the biological
activity of cations is their position in the Periodic table of
elements. It has been shown that divalent cations of transi-
tion elements, such as Co2", Ni2" and Mn2", but not of the
nontransition elements, Cd2", Zn2` and Sn2", markedly
inhibit relaxation of rat aorta induced by acetylcholine and
histamine, yet all cations antagonize KCl contraction
(Adeagbo & Triggle, 1991). The metals we used in this study
were from group IIA (Ba), group IIB (Zn, Cd, La) and some

transition metals (Mn, Co, Ni and Cu). From the results of
organ bath experiments the ions can be divided into three
groups: (a) Cd2", Ni2l, Cu2+, which at low concentrations
potentiated and at high concentrations inhibited (or did not
affect) contractile responses of the bladder; (b) Co2", Mn2",
Zn2", La3 , which at most concentrations used did not
significantly affect contractions to the stimuli tested, except
that they potentiated the response to carbachol, Zn2+ and
La3+ at 1000 gm inhibited responses to ATP and a,-meATP;
(c) Ba2+, which concentration-dependently potentiated con-

tractions to all stimuli. From the results of the ecto-ATPase
assay the ions can be divided into: (a) Ba2+ and Mn2 , which
did not affect the enzyme activity; (b) Cd2+ and Co2+, which

inhibited ecto-ATPase only at high (1 mM) concentrations;
(c) Cu2", Ni2+ and Zn2 , which caused concentration-
dependent inhibition of the enzyme activity; (d) La3", which
at both concentrations (0.1 and 1 mM) inhibited ecto-ATPase
activity by more than 80%. Thus, neither the results of organ
bath experiments nor of the ATPase assay are related to the
position of the metal cations in the Periodic table. Most
likely, the effects of cations that we observed are dependent
on several chemical and physical characteristics, and prob-

ably involve different mechanisms, and therefore each cation
should be discussed separately.

Ba2+ is able to potentiate, as well as induce, contractions
in smooth muscle preparations (this study and Kreye et al.,
1986), the effect of which is believed to be due to it permeat-
ing the voltage-operated Ca2+-channels, releasing Ca2+ from

intracellular stores, and directly activating contractile pro-
teins via formation of a Ba2+-calmodulin complex (Satoh et
al., 1987). It has been found, however, that Ba2+ is unable to
activate calmodulin from bovine brain (Chao et al., 1984). In
our experiments, Ba2+ even at a high concentration (1 mM)
did not significantly change ecto-ATPase activity. Similar
results have been obtained in rat heart sarcolemma, where
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Figure 4 Effects of Ni2+ (a) and Cu2+ (b) on contractions of the guinea-pig urinary bladder evoked by electrical field stimulation
(EFS; 8 Hz, E), ATP (100 gM, E ), a,-methylene ATP (1I M, M ), carbachol (0.5 gM, P ) and KC1 (30 mm, ).
Contractile responses to 4 and 16 Hz have also been tested; however, since effects of cations on EFS-evoked contractions were
similar at all frequencies tested, only data for 8 Hz are shown. Columns represent mean± s.e.mean of 4 to 6 experiments.
*P<0.05; **P<0.01, paired t test.

a

Ba2" (4 mM) was essentially without effect on Ca2+/Mg2+
ecto-ATPase (Tuana & Dhalla, 1988). Thus, the effects of
Ba2+ are mainly due to involvement of intracellular
mechanisms, and are unlikely to be dependent on any
receptor-mediated mechanisms.
The effect of Cd2+ on the contractile response of the

urinary bladder was highly dependent on concentration; at
low concentrations (1-10fM) it potentiated, at 1OO!M it
inhibited and at a high concentration (1 mM) it abolished
contractile responses. In isolated preparations of rat aorta
Cd2+ at 3-30 J4M inhibits Ca2+-evoked contractions (Lawson
& Cavero, 1989) and at 100p1M abolishes contractions to
KCI (Adeagbo & Triggle, 1991). It has been shown that Cd2+
is able to activate (Chao et al., 1984) or inhibit calmodulin
(Cox & Harrison, 1983), as well as block Ca2+- (Ruegg et al.,
1989) and Na+-channels (Sheets & Hanck, 1992). It seems
likely that micromolar concentrations of Cd2+ activate cal-
modulin in the urinary bladder and therefore potentiate
evoked contractions, whereas at concentrations near milli-
molar this cation inhibits calmodulin, blocks ion channels
and as a result inhibits contractility of the tissue. Interest-
ingly, however, at 1 mM, when no contractions could be
evoked, Cd2+ inhibited ecto-ATPase activity only by 20%.

2 min

l 0.5 g

* *

8 8 4 8 16

b
ATP ap-meATP

* * * * *

8 8 4 8 16 ATP a,p-meATP
Figure 5 Original traces showing contractile responses of the
guinea-pig urinary bladder evoked by electrical field stimulation
(EFS; 4, 8 and 16 Hz), ATP (100 JIM) and aj-methylene ATP (a,p-
meATP; 1 ;LM) recorded before (a) and after (b) incubation of the
tissue (for at least 30 min) with CuC12 at concentration of 1 mM. EFS
and addition of agonists are marked by dots. The first two responses
to EFS at 8 Hz were used only for equilibration of tissue and not for
calculations.
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Figure 6 Effects of Zn2+ (a) and La3+ (b) on contractions of the guinea-pig urinary bladder evoked by electrical field stimulation
(EFS; 8 Hz, A), ATP (100 gM, M), a,-methylene ATP (1 LM, M), carbachol (0.511M, H) and KCl (30 mM, _).
Contractile responses to 4 and 16 Hz have also been tested; however, since effects of cations on EFS-evoked contractions were

similar at all frequencies tested, only data for 8 Hz are shown. Columns represent mean ± s.e.mean of 4 to 6 experiments.
*P<0.05; **P<0.01, paired t test.
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Mn2", Co2" and Ni2I in a variety of tissues have been
shown to be equipotent at blocking voltage-operated Ca2+-
channels (see Edwards, 1982). However, in our experiments
only Ni2" showed clear concentrations-dependent effects on
contractions of urinary bladder, potentiating at 1-100 pM
and inhibiting at 1 mM. Probably, in the guinea-pig urinary
bladder, either the sensitivity of Ca2+-channels to the cations
is different, or these channels are not involved in the effects
of Ni2+.

Interestingly, La3" has been found to be about 1000 times
more potent at inhibiting stimulated Ca2+ influx via receptor-
operated Ca2+ channels in cultured aortic smooth muscle
cells (Ruegg et al., 1989), whereas in rabbit aorta La3+ and
Mn2+ were approximately equipotent in this effect (Deth &
Lynch, 1981). In rat urinary bladder, Mn2+ (0.5 mM) was
more potent than La3" (1 mM) in inhibiting the amplitude of
contractions evoked by EFS (Huddart & Butler, 1986); how-
ever, in our experiments both cations were without effect on
contractions evoked by EFS.
Another interesting finding is that the most active ecto-

ATPase inhibitors, La3+, Zn2+ and Cu2+, at a concentration
of 1 mM, selectively inhibited contractions only to the P2-
purinoceptor agonists, ATP and a,p-meATP. One would
expect potentiation, not inhibition, of purinoceptor mediated
responses, especially of the response to ATP, since a,-
meATP is not readily degraded by ecto-ATPase (Welford et

al., 1986; 1987). However, it seems that the relationship
between ecto-ATPase and purinoceptors is not so simple.
Probably some agents can somehow interact with both
molecules thus preventing ATP degradation and at the same
time its action on receptors. Inhibition of ecto-ATPase
activity by the P2-purinoceptor antagonist, suramin, has been
described in several tissues (Smolen & Weissmann, 1978;
Hourani & Chown, 1989; Ziganshin et al., 1994c), which is
consistent with this idea. Further, it has been shown that
suramin can potentiate effects of ATP in some tissues (Crack
et al., 1994; Bailey & Hourani, 1994). In the case of cations,
however, only Cu2' at a concentration of 10 mM potentiated
ATP responses, but this did not occur when La3" and Zn2+
were used.

In conclusion, we have demonstrated that several divalent
cations and La3" differentially affect ecto-ATPase activity
and contractile responses in guinea-pig urinary bladder. The
effects of some, but not all, of the cations can be explained
by their known ability to affect permeability of ionic channels
or their interaction with calmodulin. Inhibition of ecto-
ATPase activity by some of the cations, did not contribute to
potentiation of purinoceptor mediated responses in this
tissue.

The Wellcome Trust is thanked for financial support of A.U.Z.
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Influence of age on the signal transduction pathway of
non-adrenergic non-cholinergic neurotransmitters in the rat
gastric fundus
Geert J.M. Smits & 'Romain A. Lefebvre

Heymans Institute of Pharmacology, University of Gent, De Pintelaan 185, B-9000 Gent, Belgium

1 The influence of aging on the relaxant response and the change in cyclic nucleotide content induced
by vasoactive intestinal polypeptide (VIP), nitric oxide (NO), electrical field stimulation of the non-

adrenergic non-cholinergic neurones and substances acting at different levels of the cyclic AMP and
cyclic GMP transduction pathways was studied in longitudinal muscle strips of the rat gastric
fundus.
2 The relaxant responses to VIP, sustained electrical stimulation, forskolin and 3-isobutyl- 1-

methylxanthine were reduced with age, while the responses to dibutyryl cyclic AMP were not. The
increase in cyclic AMP content induced by sustained electrical stimulation and forskolin was lower in
old rats.
3 The relaxant responses to NO and to short train electrical stimulation were similar in the three age

groups. The inhibitory effect of NG-nitro-L-arginine methyl ester on relaxations induced by short train
electrical stimulation was more pronounced in old rats. The relaxant responses to sodium nitroprusside
(SNP), 8-bromo-cyclic GMP and zaprinast were reduced with age. SNP induced a similar elevation of
the cyclic GMP content in the three age groups.

4 These results suggest that aging differentially affects the cyclic AMP and cyclic GMP pathway for
relaxation by VIP and NO in the rat gastric fundus, as the defect seems to occur at the level of the
adenylate cyclase and cyclic GMP-dependent protein kinase respectively.

Keywords: Aging; rat gastric fundus; NANC; VIP; NO; cyclic AMP; cyclic GMP

Introduction

Aging is a highly complex biological process associated with
a progressive decline in the performance of most organs,
culminating in the inability to meet the environmental
demands for continued existence (Linnane et al., 1989).
Although gastrointestinal symptoms are common in the
elderly (Talley et al., 1992), the gastrointestinal tract has
received little attention in experimental studies on aging.
However, some structural and functional changes have been
observed e.g. a significant decrease in the number of
neurones in the gut of old rodents (Santer & Baker, 1988;
Gabella, 1989) and a change in contractile response to mus-
carinic agonists in the jejunum of old rats (Kobashi et al.,
1985).
The rat gastric fundus contains inhibitory non-adrenergic

non-cholinergic (NANC) neurones (Lefebvre, 1986). Two co-
transmitters have been proposed for these neurones: nitric
oxide (NO) and vasoactive intestinal polypeptide (VIP),
involved in initiating and sustaining NANC relaxation,
respectively (Li & Rand, 1990; Boeckxstaens et al., 1992;
D'Amato et al., 1992). Previously we demonstrated that the
relaxant response to sustained electrical stimulation was
decreased in old rats; this was mimicked by a decreased
response to VIP, suggesting that there is a decreased mus-
cular sensitivity to VIP in old rats. The relaxant response to
short train electrical stimulation was not influenced by aging,
while the response to low concentrations of NO was in-
creased in old rats; this might suggest a postsynaptic increase
in sensitivity to NO to compensate for a decreased NO
release in old rats (Smits & Lefebvre, 1992).
NO and VIP exert their biological effect via two different

signal transduction pathways resulting in the increase in con-
centration of two different cyclic nucleotide second
messengers. NO is known to activate the soluble form of

' Author for correspondence.

guanylate cyclase and thus cause accumulation of guanosine
3':5'-cyclic monophosphate (cyclic GMP) (Waldman &
Murad, 1987), while VIP increases the adenosine 3':5'-cyclic
monophosphate (cyclic AMP) content by activation of
adenylate cyclase (Gozes & Brenneman, 1987). An increase in
cyclic GMP and cyclic AMP content in the rat gastric fundus
during sustained electrical stimulation has been observed, in
which the cyclic GMP level raises quickly, while the cyclic
AMP level raises gradually and attains a maximum later (Ito
et al., 1990).

In order to elucidate the mechanisms involved in the hypo-
sensitivity to VIP and the hypersensitivity to NO in the
gastric fundus of old rats, we have now studied the influence
of aging on the signal transduction pathways of VIP and
NO. The functional response to substances acting at different
levels of these pathways and their influence on the cyclic
nucleotide content was therefore investigated in the gastric
fundus of young (3 months), adult (12 months) and old rats
(24 months). In addition the influence of N0-nitro-L-arginine
methyl ester (L-NAME) and L-arginine on the relaxant res-
ponses to short train stimulation in the three age groups was
also studied. Preliminary accounts of part of these results
have been given (Smits & Lefebvre, 1993; 1994).

Methods

General methodology

Male Wistar rats (3, 12 and 24 months old) were obtained
from the Centre For Experimental Animals of the University
of Leuven, Belgium. They were killed by a blow on the head
and bleeding after at least 22 h of fasting but with free access
to water. The stomach fundus was removed rapidly and 2 to
4 longitudinal muscle strips (20 x 3 mm) were prepared from
one fundus according to Vane (1957). The strips were

British Journal of Pharmacology (1995) 114, 640-647
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suspended in 5 ml organ baths containing Krebs solution
(mM: NaCi 118.5, KCI 4.8, CaCl2 1.9, KH2PO4 1.2, MgSO4
1.2, NaHCO3 25.0 and glucose 10.1) held at 37°C and gassed
with 95% 02/5% CO2. Atropine (10-6 M) and guanethidine
(4 X 10-6 M) were continuously present from the beginning of
the experiment to block cholinergic and noradrenergic res-
ponses respectively.

Functional experiments

Strips were mounted for recording of auxotonic tension via a
Grass force-displacement transducer FT03 coupled in series
with a 1 g cm- spring on a Graphtec linearcorder F
WR3701. Transmural stimulation was performed via two
platinum plate electrodes (22 x 7 mm, distance in between
6 mm) by means of a Grass S88 stimulator with a constant
voltage unit (supramaximal voltage, 1 ms duration). After an
equilibration period of 60 min at a load of 1 g the optimal
load for each tissue was determined; the contraction to
50 mM KCI was determined for different loads ranging from
0.5 to 1.5 g. The optimal load, where the tissue showed the
most pronounced contraction to KCl, was used for the rest
of the experiment. To study the relaxant responses, tone was
raised to a similar extent by the addition of different concen-
trations of prostaglandin F2C (PGF2<,) in the three age groups,
based on our previous observations (6 X 10-8 M, 3 X 10-7 M
and 10-6 M for young, adult and old rats respectively; Smits
& Lefebvre, 1992). On each PGF2.-induced plateau only one
type of relaxant stimulus was tested. A maximum of 4 PGF2.
additions was done in one tissue with a minimum washout
period of 50 min in between; the contractile response to
repetitive administration of PGFu was consistent. The fol-
lowing relaxant stimuli were investigated: electrical stimula-
tion (10 s trains at increasing frequency with 3 min intervals
in between, and sustained stimulation with cumulative in-
crease of the frequency once a steady relaxant response was
obtained; 0.25 to 16 Hz for both types of stimulation), VIP,
forskolin, N6, 2'-O-dibutyryl cyclic AMP (db cyclic AMP),
3-isobutyl-1-methylxanthine (IBMX), NO, sodium nitroprus-
side (SNP), 8-bromo-cyclic GMP and zaprinast. Except for
NO, all exogenous substances were added in a cumulative
way with stepwise increase of the concentration once a steady
relaxant response to a preceding concentration was obtained.
For db cyclic AMP, which caused very slow relaxations, a
maximum incubation time of 15 min was allowed even when
the plateau response was not reached. The relaxant responses
to NO were short-lasting and bolus administrations of in-
creasing concentrations of NO were given at 3 min intervals.
The influence of L-arginine (10-3 M) or L-NAME (3 x 10-4
M) on the relaxant responses to train stimulation was studied
by constructing a frequency-response curve upon a different
exposure to PGF2, before and in the presence of these agents;
L-arginine or L-NAME were added 10 min before the
administration of PGFu. At the end of the experiments, the
tissues were blotted and weighed.

Assay of cyclic nucleotides

Strips were now mounted in an isotonic set-up, that allowed
quick clamping of the tissues (see below). Changes in length
were recorded via a HSE lever transducer B type 368 on a
Graphtec linearcorder WR3500. The mean optimal load
determined in the functional experiments was used: 0.7, 0.9
and 1.1 g for young, adult and old rats, respectively (see
Table 1). After equilibration, tone was raised with PGF2, and
one relaxant stimulus per tissue was applied. The following
relaxant stimuli were investigated: electrical stimulation with
a frequency of 4 Hz for 20 s and until maximal relaxation;
addition of 10' M VIP, 3 X 10-7 M and 3 x 10-6 M fors-
kolin, 3 x 10-5 M IBMX, 2 X 10-6 M and 10' M NO and
3 X 10-6 M SNP, until maximal relaxation. When the max-
imal relaxation was obtained, the tissue was quickly clamped
between two liquid nitrogen cooled plates. Some tissues were

clamped in basal condition or after induction of tone with
PGF2,, without applying a relaxant stimulus (control tissues).
The tissue was homogenized first with a membrane dismem-
brator (B. Braun A.G. Melsungen, 100%) for 45 s and
second with an ultrasonic probe (B. Braun A.G. 300s, Mel-
sungen) for 4 times 5 s in 6% TCA on ice. The homogenate
was centrifuged for 20 min at 2600 g and the TCA was
extracted from the supernatant 4 times with 5 volumes of
water-saturated ether. The cyclic nucleotide content was
measured in 100 pl aliquots of the supernatant. The cyclic
AMP content was measured by a binding assay based on the
method of Tovey et al. (1974) and the cyclic GMP content
was determined by a radioimmunoassay with a commercially
available kit. The protein content was determined on the
pellet by the method of Lowry et al. (1951) with bovine
serum albumin as standard.

Data analysis
Contractions are expressed as mN of tension per gram of
tissue. Relaxations are expressed as percentage reduction of
the PGF2.-induced tone, while the cyclic nucleotide content
of the tissues is expressed as pmol cyclic nucleotide mg-'
protein. Data are given as means ± s.e.mean. The inhibitory
effect of L-NAME on relaxant responses to short train
stimulation was assessed as (Rb-Ra)xl00/Rb where Rb and Ra
are the relaxant response to a given stimulation frequency
before and after adding L-NAME.

Two-factor analysis of variance (ANOVA) was performed
on the frequency- and concentration-response curves and on
the curve for the inhibitory effect of L-NAME at different
stimulation frequencies with age and frequency, concentra-
tion or % reduction as variables. If statistical significance
was reached (P<0.05) a multiple comparison test was per-
formed (t test with Bonferroni correction) between young
and adult, young and old and adult and old rats (Lund-
brook, 1991). Other statistical comparisons between res-
ponses in the three age groups were also done by t test with
Bonferroni correction for multiple comparison. Responses to
train stimulation in the presence of L-arginine or L-NAME
were compared to those before by a paired t test, while the
cyclic nucleotide content between control strips and strips,
relaxing under one of the stimuli studied, within one age
group were compared by means of an unpaired t test. P-values
less than or equal to 0.05 were considered to be statistically
significant.

Substances used
Adenosine 3',5'-cyclic phosphate (Janssen Chimica, Beerse,
Belgium), [5',8-3H]-adenosine 3',5'-cyclic phosphate (Amer-
sham, Buckinghamshire, U.K.), L-arginine hydrochloride
(Sigma, St-Louis, U.S.A.), atropine sulphate (Merck, Brussels,
Belgium), bovine serum albumin (Sigma), 8-bromoguanosine
3':5'-cyclic monophosphate (Sigma), N6,2'-O-dibutyryl-
adenosine 3':5'-cyclic monophosphate (Sigma), forskolin
(Sigma), guanethidine sulphate (Ciba Geigy, Groot Bij-
gaarden, Belgium), 3-isobutyl-1-methylxanthine (Sigma), N0-
nitro-L-arginine methyl ester (Sigma), prostaglandin F2C,
(Sigma), sodium nitroprusside (Sigma), VIP (CRB, North-
wich, U.K.). The cyclic GMP[251I] RIA-kit was bought from
DuPont Canada Inc (Ontaria, Canada). Zaprinast was a gift
from Rhone-Poulenc (Dagenham, England). All drugs were
dissolved in Krebs solution except for IBMX which was
dissolved in 50 vol% ethanol up to a concentration of
5 x 10-2 M, forskolin which was dissolved up to a concentra-
tion of 10-2 M in pure ethanol and zaprinast which was
dissolved in 20 vol% triethanolamine up to a concentration
of 10-1 M. Further dilutions of these substances were made
in Krebs solution. VIP and PGF2,, stock solutions, prepared
in distilled water, were stored at -70'C; all other solutions
were prepared on the day of the experiment. A saturated NO
solution was prepared from NO gas (Air Liquide, Belgium)
as described by Kelm & Schrader (1990).
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Results

Functional responses

Characterization of rats and tissues The body weight of the
rats, the weights of the tissues, the optimal load and the
contractile response to PGF2,, are given in Table 1. There
were significant differences in body weight, in weight of the
tissues and in optimal load. The contractile response to
PGF20, was similar in the three age groups as was intended by
the use of different concentrations (6 x 10-' M, 3 X 10-7 M
and 10-6 M for young, adult and old rats respectively) based
on our previous experiments (Smits & Lefebvre, 1992).

The VIP pathway The mean results of the relaxant res-
ponses to sustained NANC neurone stimulation and to VIP
are given in Figure 1. A decrease in response to VIP in old
rats as compared to young and adult rats was observed. A
similar tendency was present for the electrically induced
relaxations but no significance was reached.
A representative example of relaxant responses to forskolin,

db cyclic AMP and IBMX on the gastric fundus of young
rats is given in Figure 2. Forskolin-induced relaxations were
slow in onset and sustained (Figure 2), and decreased with
aging (Figure 3). db cyclic AMP caused very slow relaxations
in the precontracted fundus of the rat (Figure 2). In some
strips a plateau was not reached even after 15 min of incuba-
tion time, the maximum incubation time allowed for a given
concentration. The mean results show no consistent differ-
ence within the three age groups (Figure 3). IBMX induced
concentration-dependent relaxations that developed at a
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Figure 1 The cumulative frequency-response curve (a) under NANC
conditions and the vasoactive intestinal polypeptide (VIP)-induced
concentration response curve (b) in the gastric fundus of young (0),
adult (A) and old (0) rats. Stimulation was with supramaximal
voltage, 0.25 to 16 Hz and 1 ms duration. Mean ± s.e.mean,
n = 8-10 for each age group. *P< 0.05, young versus old; 'P<
0.05, adult versus old.

5 min
Figure 2 Representative examples of the relaxant responses to fors-
kolin (a), db cyclic AMP (b), 3-isobutyl-1-methylxanthine (IBMX)
(c), sodium nitroprusside (SNP) (d), 8-bromo-cyclic GMP (e) and
zaprinast (f) in the gastric fundus of young rats. The arrow indicates
the administration of 3 x l0-7 M prostaglandin F20, (PGFk).

Table 1 Body weight, tissue weight, optimal load and contractile response to prostaglandin F20, (PGF2,) for young, adult and old rats

Body weight (g)

Tissue weight (mg)

Optimal load (g)

PGF2, (mN g-')

Mean ± s.e.mean. aap<0.01, young versus adult; bbP< 0.01, young versus old; cP<0.05, ccP<0.01, adult versus old.

o

Young

313 ± 5
n = 39
100±4
n = 65

0.69 ± 0.03
n = 65

85.1 ± 3.7
n = 58

Adult

407 ± 7
n = 33
121 ± 3
n = 55

0.89 ± 0.04
n = 55

90.4 ± 4.3
n = 52

Old

532 + 13aabb.cc
n = 30

144 + 4,aabbcc
n = 52

1.06 + 0 04aabb.c
n = 52

81.1 ± 3.3
n =48
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faster rate than those obtained with forskolin and db cyclic
AMP (Figure 2). From a concentration of 3 x 10-6 M IBMX
on, the relaxant responses were decreased in old rats as
compared to young rats (Figure 3).

The NO pathway The mean relaxant responses to electrical
stimulation with isolated trains and to NO showed no
differences in the three age groups (Figure 4). SNP induced
concentration-dependent relaxations. Especially at higher
concentrations, the relaxations were fast in onset but tone
tended to increase again quickly (Figure 2). The mean relax-
ant responses were significantly decreased with aging (Figure
5). 8-Bromo-cyclic GMP induced concentration-dependent
relaxations which were slow in onset (Figure 2). The relaxant
responses to this stimulus were generally decreased in old as
compared to young rats (Figure 5). The relaxations induced
by zaprinast in the fundus strips were well maintained
(Figure 2). The mean results show an age-dependent decrease
in relaxant response to zaprinast (Figure 5).

L-Arginine (10-3 M) did not affect the basal tone, but
L-NAME (3 x 10-' M) increased the basal tone by 12.2 ±
1.5, 5.5 ± 0.7 and 6.4 ± 1.0 mN g-' in tissues of young, adult
and old rats respectively (n = 7-9); these values were not
statistically different. There was no influence of L-arginine on
NANC relaxations induced by short train stimulation in any
age group. L-NAME significantly decreased the responses to
short train stimulation in the three age groups. The L-
NAME-induced reduction was most pronounced in old rats
(Figure 6).

Cyclic nucleotide measurements

Characterization of the rats and the tissues The body weight
of the young rats (343 ± 7 g, n = 34) differed significantly
(P<0.01) from that of the adult (502 ± 11 g, n = 34) and old
rats (476 ± 13, n = 29). The protein content of the tissues was
similar in the three age groups (11.0 ± 0.3, n = 101; 11.9 +
0.3, n = 111, and 11.3 ± 0.3, n = 97, mg for young, adult and
old rats, respectively). The influence of age on the relaxant
responses obtained under isotonic conditions was the same as
measured under isometric conditions, except that the res-
ponse to VIP was not clearly reduced with aging.

Cyclic AMP Preliminary experiments indicated that the cyc-
lic AMP content of the tissues was not different between the
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3 age groups (n = 5-7 for each age group). The ratio of the
cyclic AMP content per mg protein in basal condition and
after administration of PGF2g, did not change (1.3, 1.1 and
1.0 for young, adult and old rats respectively). The mean
cyclic AMP content of the tissues in control conditions and
after administration of the different relaxant stimuli are given
in Table 2. VIP significantly increased the cyclic AMP con-
tent in each age group, without differences between the three
age groups. Electrical stimulation until maximal relaxation
increased the cyclic AMP content in young and adult but not
old rats. Electrical stimulation for 20 s increased the cyclic
AMP content in young rats. Only the higher concentrations
of forskolin consistently increased the cyclic AMP content in
the three age groups; a tendency for a lower response in the
old rats was observed. The cyclic AMP content did not
change after administration of IBMX in the three age
groups.

Cyclic GMP Preliminary experiments indicated that the cyc-
lic GMP content of the tissues did not differ between the
three age groups (n = 5-6 for each age group). The ratio of
the cyclic GMP content of strips in basal condition and after
administration of PGF2. did not change (1.2, 1.1 and 1.0 for
young, adult and old rats respectively).
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Figure 4 Concentration-response curves for the relaxant response of
the gastric fundus strips to electrical stimulation with isolated trains
(supramaximal voltage, 1 ms duration, IO s trains and frequency
between 0.25 and 16 Hz) (a) and to NO (b). Mean ± s.e.mean,
n = 8-9 for each age group. (0) Young rats; (A) adult rats; (0) old
rats.
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Figure 3 Concentration-response curves for the relaxant response of gastric fundus strips to forskolin (a), db cyclic AMP (b) and

3-isobutyl-1-methylxanthine (IBMX) (c). Mean ± s.e.mean, n = 8-11 for each age group. (0) Young rats; (A) adult rats; (0) old

rats. P <0.05, 'P< 0.01, young versus old; *P <0.05, young versus adult.
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Figure 5 Concentration-response curves for the relaxant response of the gastric fundus strips to sodium nitroprusside (SNP) (a),
8-bromo-cyclic GMP (b) and zaprinast (c). Mean ± s.e.mean, n = 7-10 for each age group. (0) Young rats; (A) adult rats; (0)
old rats. *P<0.05; *PP<0.01, young versus old; *P<0.05, **P<0.01, young versus adult.

The mean cyclic GMP content of the tissues in control
conditions and after administration of the different relaxant
stimuli are given in Table 3. Electrical stimulation for 20 s
and until maximal relaxation and administration of NO and
SNP increased the cyclic GMP content significantly in all age
groups. The cyclic GMP content after electrical stimulation
for 20 s was significantly lower in old rats than in young and
adult rats. A similar tendency was observed after the tissues
were relaxed with the low NO concentration, but this did not
reach statistical significance. IBMX did not influence the
cyclic GMP content but VIP and the higher concentration of
forskolin induced a modest increase in cyclic GMP content in
the three age groups.
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Discussion 0

As we previously obtained evidence suggesting the occurrence

of hyposensitivity to VIP and hypersensitivity to NO in the
fundus of aging rats (Smits & Lefebvre, 1992), this study was

performed to evaluate further the mechanisms involved in
these phenomena. The two inhibitory NANC co-transmitters,
VIP and NO, act by activation of adenylate and guanylate
cyclase respectively; the functional and cyclic nucleotide res-

ponse to substances acting at different levels of the cyclic
AMP and cyclic GMP transduction pathway was therefore
studied. The tissues of the three age groups were investigated
under optimal load and were contracted to an equivalent
degree, which is an important prerequisite when comparing
relaxant responses in tissues from different age groups
(Cohen & Berkowitz, 1974).

Responses in young rats

The cyclic AMP pathway was studied by investigating the
effect of forskolin, a direct activator of the catalytic subunit
of adenylate cyclase (Seamon & Daly, 1981), IBMX, a non-

specific phosphodiesterase inhibitor (Beavo & Reifsnyder,
1990) and db cyclic AMP. The relaxant responses to forsko-
lin and IBMX in the gastric fundus of young rats were

similar to those reported before by our group in rats of

*-

0.25 0.5 1 2 4 8 16

Frequency (Hz)

Figure 6 The NG-nitro-L-arginine methyl ester (L-NAME)-induced
reductions of the isolated frequency-response curve under NANC
conditions in young (0), adult (A) and old (9) rats. Mean +
s.e.mean, n = 8 for each age group. *P< 0.05, *P< 0.01, young
versus old; **P<0.01, young versus adult.

similar age (Barbier & Lefebvre, 1992). As we had observed a

very steep concentration-response curve, forskolin was now

tested only at 2 concentrations. db cyclic AMP was now
introduced to test the transduction pathway beyond cyclic
AMP; it induced very slow relaxations. db cyclic AMP is a
derivative of cyclic AMP which is more lipophilic (Nakatsu
& Diamond, 1988) and thus penetrates the cell more easily
than does cyclic AMP. After penetration into the cell, it
needs intracellular degradation to N6-monobutyryl cyclic
AMP in order to activate further cyclic AMP-dependent
protein kinase (Kaukel & Hilz, 1972; Kaukel et al., 1972;
Murray, 1990). The slow onset and the rate of action of db
cyclic AMP might thus be related to the time needed to
penetrate into the smooth muscle cells and to be degraded to
its active part.
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Table 2 The cyclic AMP content (pmol cyclic AMP mg-' protein) in control condition (prostaglandin F2, PGF2, only) and after
administration of different relaxant stimuli on top of PGF2, in gastric fundus strips of young, adult and old rats

Control

ES maxb

VIP 10-7 M

Forskolin 3 x 10-7 M

Forskolin 3 x 10-6 M

IBMXC 3 x 10-5M

ES 20s

NO 2 x 10-6 M

SNP 3 x 10-6 M

Young

2.41 ± 0.15
n = 7

4.77 ± 0.40
n = 8**

6.29 ± 0.75
n= 7**

3.46 ± 0.35
n = 5*

6.79 ± 1.63
n = 6*

2.99 ± 0.53
n = 5

3.89 ± 0.36
n = 6**

3.04±0.50
n = 3

2.61 ± 0.18
n = 4

Adult

3.07 ± 0.26
n = 7

4.08 ± 0.25
n = 9*

8.02 ± 0.69
n = 7**

4.05 ± 0.44
n = 6

5.54 ± 0.88
n = 6*

3.18 ± 0.25
n = 7

3.09 ± 0.15
n = 7

2.45 ± 0.33
n = 3

2.61 ± 0.22
n = 5

Old

2.83 ± 0.18
n = 8

3.03 ± 0.30
n = 7

8.31 ± 0.73
n = 6**

3.49 ± 0.43
n = 6

4.31 ± 0.55
n = 6*

2.19 ± 0.16
n = 3

2.83 ± 0.17
n = 7

3.03 ± 0.31
n = 3

2.71 ± 0.06
n = 3

ES 20s and ES max mean electrical stimulation at 4 Hz during 20 s and until maximal relaxation respectively. Mean ± s.e.mean.
*P<0.05, **P<0.01, relaxant stimulus versus control; bP<O.O5, young versus old; CP<0.05, adult versus old.

Table 3 The cyclic GMP content (pmol cyclic GMP mg-' protein) in control condition (prostaglandin F2., PGF2, only) and after
administration of different relaxant stimuli on top of PGF2g, in gastric fundus strips of young, adult and old rats

Young

Controla bb

ES max

VIP 10-7M

Forskolin 3 x 10-7 M

Forskolin 3 x 10-6 M

IBMX 3 x 10-5 M

ES 20Sb,,

NO 2 x 10-6 M

NO 10-5 M

SNP 3 x 10-6 M

0.087 ± 0.056
n= 14

0.470 ± 0.052
n = 8**

0.140 ± 0.009
n = 7**

0.109 0.007
n = 6*

0.136 ± 0.016
n = 6**

0.104 ± 0.012
n =9

0.622 ± 0.056
n= 12**

0.490 ± 0.088
n= 5**

0.710 ± 0.079
n = 5**

0.243 ± 0.022
n = 6**

Adult

0.135 0.016
n= 16

0.618 0.099
n = 9**

0.199 ± 0.033
n =7

0.095 ± 0.012
n =7

0.162 ± 0.027
n =6

0.130 ± 0.015
n =8

0.761 ± 0.087
n= 14**

0.499 ± 0.144
n =6

0.611 ± 0.173
n = 6**

0.283 ± 0.021
n = 8**

Old

0.131 ± 0.010
n= 15

0.359 ± 0.057
n = 7**

0.175 0.029
n = 6*

0.099 0.010
n= 7*

0.133 0.019
n =6

0.092 0.008
n = 6**

0.427 ± 0.028
n= 12**

0.271 0.041
n =5*

0.693 ± 0.090
n= S**

0.258 ± 0.021
n = 7**

ES 20s and ES max mean electrical stimulation at 4 Hz during 20 s and until maximal relaxation respectively. Mean ± s.e.mean.
*P<0.05, **P<0.01, relaxant stimulus versus control; aP<0.05, young versus adult; 6P<O.O5, bbP<O.Ol, young versus old;
ccP<0.01, adult versus old.

As expected, VIP and sustained electrical stimulation
induced a clearcut increase in the cyclic AMP content; the
same applied to the higher concentration of forskolin. The
cyclic AMP response to 3 X 10' M forskolin, however, was

modest, although this concentration already induced a pro-
nounced relaxation. A similar discrepancy between cyclic
AMP accumulation and relaxation to forskolin has been
observed in other tissues e.g. the canine trachealis (Zhou et
al., 1992). A possible explanation is the compartmentation
theory, stating that the tissues or even the cells contain
different compartments or pools of cyclic nucleotide; the
cyclic nucleotide content of the pool associated with smooth
muscle relaxation must rise markedly before an increase in
the total tissue cyclic nucleotide content can be detected
(Nakatsu & Diamond, 1989; Murray, 1990). Compartmenta-
tion might also explain why the cyclic AMP (as well as the
cyclic GMP) levels were not increased by IBMX. Alterna-
tively, other mechanisms than adenylate cyclase activation or

phosphodiesterase inhibition might contribute to the relaxant
effect of forskolin and IBMX respectively (Bryson & Rodger,
1987; Laurenza et al., 1989).
The cyclic GMP pathway was studied by investigating the

effect of SNP, an exogenous NO-donor, zaprinast, a selective
inhibitor of the cyclic GMP-specific phosphodiesterase
(Beavo & Reifsnyder, 1990) and 8-bromo-cyclic GMP. The
functional responses were as expected (Barbier & Lefebvre,
1992). With regard to the influence on the cyclic GMP
content, the increase in the cyclic GMP content induced by
SNP was less pronounced than that induced by NO and
short train stimulation, although the relaxations were much
more pronounced. Disproportionate changes in the tissue
cyclic GMP content and relaxation to different stimuli are
not uncommon (for review see Nakatsu & Diamond, 1989).
Relaxations to SNP might have more to do with the rise or
turnover of intracellular cyclic GMP than with the quanti-
tative amount (see Rapoport et al., 1985; 1987). A cyclic
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GMP-independent mechanism of relaxation for SNP has
been suggested in the dog femoral artery vein (Vidal et al.,
1991).
VIP induced a modest and sustained electrical stimulation

a more pronounced increase in cyclic GMP content, similar
to that reported by Ito et al. (1990) in adult rats. During the
initial part of sustained electrical stimulation, mainly NO is
released inducing an increase in cyclic GMP content. Ito et
al. (1990) showed that the cyclic GMP content does not rise
further after 40 s stimulation. The initial increase in cyclic
GMP might thus just be maintained although some con-
tinuous release of NO during sustained electrical stimulation
cannot be excluded. The VIP-induced increase in cyclic GMP
content is more difficult to explain. VIP-induced release of
NO from gastric smooth muscle cells has been proposed in
the guinea-pig (Grider et al., 1992) but in the rat gastric
fundus, the VIP-induced relaxations are not influenced by
NO synthase inhibitors (Boeckxstaens et al., 1991). As fors-
kolin also induced a modest increase in cyclic GMP content,
some link between the cyclic AMP and cyclic GMP pathway
cannot be excluded.

Influence of aging

The previously observed age-dependent decrease in the relax-
ant response to exogenously administered VIP and to pro-
longed electrical stimulation of the NANC neurones (which
mainly releases VIP; Li & Rand, 1990; Boeckxstaens et al.,
1992; D'Amato et al., 1992), was confirmed in all our
experiments except for the response to i0-' M VIP in the
strips used for cyclic nucleotide measurement. We have no
explanation for this exceptional result but as in general, the
age-dependent decline in relaxation induced by prolonged
electrical stimulation was mimicked by the age-dependent
reduction in the response to VIP, the results point to an
age-dependent decrease in muscular sensitivity to VIP in the
rat gastric fundus. In this respect, it can be mentioned that a
similar quantity of VIP-like immunoreactivity was observed
in the stomach of young, adult and old rats (Ferrante et al.,
1991), although this does not exclude the release of a differ-
ent amount. To explain the decreased relaxant response to
the P-adrenoceptor agonist, isoprenaline, which also acts via
the cyclic AMP pathway in vascular preparations of aging
rats, a decrease in the function of the stimulatory GTP-
binding protein (Kazanietz & Enero, 1991), an increase in
phosphodiesterase activity (Schoeffter & Stoclet, 1990) and
attenuated activation of cyclic AMP-dependent protein
kinase (Deisher et al., 1989) were suggested. The observation
that the relaxant responses to forskolin but not to db cyclic
AMP decreased with aging in a similar way to the response
to VIP, suggest that the deficiency in old rats lies beyond the
level of the VIP receptor but also that the intracellular
mechanism for relaxation following cyclic AMP production
is not influenced by aging. An age-dependent defect in
adenylate cyclase might thus also be involved in the
decreased muscular sensitivity to VIP in old animals. This is
supported by the observation that the increase in cyclic AMP
content induced by forskolin and by sustained electrical
stimulation is lower in old rats. The decreased response to
VIP and forskolin in the gastric fundus of aging rats cannot
be explained by increased cyclic AMP phosphodiesterase
activity, as one would expect in that case that the relaxant
response to IBMX would increase with age while the
opposite was observed.
As we previously observed an increased relaxant response

to low concentrations of NO in the gastric fundus of old rats,
while the relaxations induced by short train stimulation were
not changed, we suggested the possibility of an age-depen-
dent increase in sensitivity to NO in compensation for a
decrease in stimulation-induced NO release (Smits & Lefe-
bvre, 1992). This hypothesis cannot be maintained as the
responses to both short train stimulation and to exogenous
NO in the present study were similar in the three age groups.

Furthermore, the inhibitory effect of L-NAME, used in a
concentration that maximally inhibits the relaxations induced
by short train stimulation in the rat gastric fundus (D'Amato
et al., 1992) was clearly most pronounced in old rats. This
even suggests that the nitrergic contribution to the relaxa-
tions induced by short train stimulation increases with age.
The less pronounced NO release in young rats cannot be
attributed to a shortage of L-arginine, the substrate for NO
synthesis, as exogenous L-arginine had no influence on the
electrically induced relaxations in the three age groups. L-
NAME increased the basal tone to a similar extent in the
three age groups. This effect might be due to antagonism of a
tonic inhibition of the rat gastric fundus via continuous
release of NO. As tetrodotoxin did not influence the tone of
the tissue, Boeckxstaens et al. (1991) concluded that this NO
release is independent of action potential conduction. How-
ever, a non-specific contractile effect ofL-NAME cannot be
excluded.
The relaxant responses to SNP and 8-bromo-cyclic GMP

in the rat gastric fundus were significantly decreased with
age. A similar age-associated decrease in the nitroprusside-
and 8-bromo-cyclic GMP-induced relaxation of the rat
thoracic aorta was explained as due to age-related changes at
the level of the guanylate cyclase and the cyclic GMP-
dependent protein kinase (Moritoki et al., 1988). As the
action of SNP derives from enzymatic or non-enzymatic
liberation of NO and subsequent activation of the guanylate
cyclase (Feelisch & Noack, 1987; Waldman & Murad, 1987;
Fung et al., 1992), a decrease in the liberation of NO from
nitroprusside in the aging gastric fundus might also explain
the decreased response to this substance. However, both in
this case and in the case of an age-induced deficiency of the
guanylate cyclase, an age-dependent decrease in the cyclic
GMP response to SNP should be observed. The similar cyclic
GMP elevation induced by SNP in the three age groups thus
points to a deficiency at the level of the cyclic GMP-
dependent protein kinase in the aging rat gastric fundus. The
more pronounced NO release after short train electrical
stimulation in old rats, as indicated by the results with
L-NAME, might thus compensate for this defect and explain
why the relaxant responses to short train electrical stimula-
tion were similar in the three age groups. Two observations
do not correlate with the rest and are difficult to explain: the
decreased cyclic GMP elevation to short train electrical stim-
ulation in old rats as one would expect an increase with
aging in view of the more pronounced NO release, and the
similar relaxant responses to NO in the three age groups, as
one would expect a decrease with age in view of the deficient
cyclic GMP-dependent protein kinase.

The decreased response to nitroprusside and 8-bromo-
cyclic GMP in the rat gastric fundus with aging is not due to
increased cyclic GMP-specific phosphodiesterase activity, as
the inhibitory effect of zaprinast, should increase with aging
if this were the case (Ueda et al., 1990; Moritoki et al., 1992).
In contrast, the response to zaprinast was found to decrease
with aging, suggesting an age-dependent decline in cyclic
GMP phosphodiesterase activity.

In conclusion, our results suggest that aging differentially
affects the cyclic AMP and cyclic GMP pathway for relaxa-
tion in the rat gastric fundus. A decreased activity of
adenylate cyclase contributes to the decline in the relaxant
response to VIP with aging, while the decreased relaxant
responses to SNP seem related to age-dependent changes at
the level of the cyclic GMP-dependent protein kinase.

This study was financially supported by Grant 3.0007.92 from the
Fund for Medical Scientific Research (FGWO).
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Inhibition by cyclothiazide of neuronal nicotinic responses in
bovine chromaffin cells

'J.M. Nooney & A. Feltz

Laboratoire de Neurobiologie Cellulaire. CNRS UPR 9009, 5 rue Blaise Pascal: 67084 Strasbourg, France

1 The desensitizing acetylcholine (ACh) response of bovine chromaffin cells maintained in culture was
examined using rapid agonist applications (of 2 s duration) which imposed nominal drug concentrations
within 50 ms. This study was aimed, firstly, at identifying which of the o3, a4 and a7 subunits known to
be present in these cells is predominant in the ACh-evoked response and secondly, on the effects on
these neuronal nicotinic ACh receptors (AChR) of cyclothiazide (CT), an agent acting as a modulator of
a gating desensitization site on other ligand-gated channels.
2 Locally applied 100 JAM ACh evoked peak currents ('ACh) of - 1.5 ± 0.1 nA (n = 83) at a holding
potential of -60 mV. The ACh dose-response curve yielded an estimated EC50 of 60 gAM. This current
was not sustained but desensitized during the application period; it displayed strong inward rectification,
but desensitized equally whether the evoked current was inward or outward going. The latter observa-
tion excludes a4 as a major contributor to the recorded current. Because the response was almost
insensitive to a 1 JM x-bungarotoxin pretreatment (ACh = - 1.2 ± 0.1 nA; n = 6), and because 1, 1-
dimethyl-4-phenylpiperazinium (DMPP) works as a potent agonist (peak current =-1.9 nA, n = 2 for
100 JAM DMPP), the a7 subunit is also a minor contributor to the response. Taken together, these
observations suggest a dominant a3 type of response.
3 Triple exponential fits were used to describe the characteristics of the ACh-evoked currents; one
component to fit the rising phase, with 2 components to describe the decay phase. The decay times were
100 ms and 4 s for the fast and slow components respectively. The rate of the slow decay component
increased systematically with recording time, approximately doubling from its initial value within
20-40 min. Furthermore there was a gradual rundown of the response, seen first as a loss of the late
component of the current, measured at 2 s, with the peak current amplitude decreasing later in the
recording.
4 CT, when coapplied with ACh, produced a dose-dependent inhibition of the ACh-evoked peak
current. The effect showed little voltage-dependency with 100 JAM CT producing 46 ± 5% (s.d.; n = 3)
and 47 ± 8% (s.d.; n = 7) inhibition at -100 and -60 mV respectively. At + 60mV, inhibition was
estimated to be 26 ± 7% (s.d.; n = 3).
5 After pre-exposure of the cells to CT by bath application, 10 and 30 AM CT produced poorly
reversible 20 ± 9% (n = 7) and 42 + 5% (n = 4) inhibitions of the peak current respectively. There were
no discernible effects on the fitted decay constants at any CT concentration tested, although an increased
inhibitory effect of CT was observed at higher concentrations (100 JAM) on the amplitude of the late
component measured at 2 s.
6 Similar effects were observed in conditions chosen to isolate the a3 type of receptor: namely when
using DMPP as an agonist, or after a-bungarotoxin pretreatment.
7 The 2,3-benzodiazepine, GYKI 53655, is known to antagonize the action of CT on AMPA receptors.
Coapplication of 50 JAM GYKI 53655 with ACh (100 JM) produced a 29 ± 4% inhibition of the peak
ACh-evoked current and 44 ± 6% inhibition of its amplitude at 2 s (n = 4). This response was fully
reversible. Brief applications of both CT (100 JM) and GYKI 53655 (50 AM) with ACh via the
microperfusion system produced a fully reversible inhibition that was not significantly different from the
values obtained with either CT or GYKI 53655 alone, with 37 ± 6% inhibition of peak and 61 ± 9%
inhibition of the amplitude at 2 s (n = 3).
8 The results obtained suggest that the CT effect is to impede recovery from a slow desensitization,
with a more pronounced effect with longer CT applications. Globally, CT favours the 'rundown state' of
the neuronal nicotinic AChR.

Keywords: Cyclothiazide; GYKI 53655; nicotinic receptor; desensitization; chromaffin cells; a-bungarotoxin

Introduction

Most known ligand-gated ion channels exhibit the ding on the receptors, and even the receptor subtype, under
phenomenon of desensitization during agonist application, study.
wherein agonist-induced currents are poorly sustained in the Cyclothiazide (CT) is a diuretic which reversibly relieves
continued presence of (high concentrations of) agonist; fast desensitization of AMPA receptors (Yamada & Tang,
desensitization becoming more marked as the agonist concen- 1993; Patneau et al., 1993), with little or no action apparent
tration is increased. In its desensitized state, the receptor then on the closely related kainate receptors (Partin et al., 1993).
displays increased affinity for antagonists (reviewed in Ochoa This compound has therefore greatly aided the study of
et al., 1989; Changeux, 1990). The rates of desensitization AMPA receptors and their pharmacology. That the effects of
vary between the millisecond and second time ranges, depen- CT may be selectively antagonized by compounds such as

2,3-benzodiazepines (e.g. GYKI 53655; Palmer & Lodge,
'Author for correspondence at present address: Lilly Research Cen- 1993) suggests that 'AMPA-preferring receptors contain a
tre Ltd., Erl Wood Manor, Windlesham, Surrey GU20 6PH. modulatory site that controls desensitization and which is



J.M. Nooney Cyclothiazide block of nicotinic receptors

sensitive to pharmacological agents. This leads to the ques-

tion: do other ligand-gated receptors also contain a CT-
sensitive modulatory site that controls desensitization?
Amongst the neuronal nicotinic acetylcholine receptors

(AChR) described to date, chick (Couturier et al., 1990a) and
rat (Seguela et al., 1993) a7 homomers expressed in Xenopus
oocytes, which form functional channels with high Ca2"
permeability and are sensitive to inhibition by a-
bungarotoxin, display fast desensitization kinetics (Couturier
et al., 1990a) compared to other a subunits heteromerically
expressed with P subunits in the same system (Couturier et
al., 1990b). It is this fast desensitization which underlies the
failure until recently to observe functional native a7 receptors
(Zhang et al., 1994), despite suggestive evidence of their
existence from a-bungarotoxin binding to CNS tissue (see
Luetje et al., 1990 for a review). Other neuronal nicotinic
receptor subunits, such as x3 and a4, which are insensitive to
a-bungarotoxin but may be inhibited by K-bungarotoxin, also
display desensitization, albeit at slower rates (Couturier et al.,
1990b). Expression of heteromeric nicotinic AChRs in
Xenopus oocytes suggests that subunits also contribute to
the desensitization rate, though less markedly than a
subunits, thus x3P2> a3P4> a4P2 > ax4P4 (Couturier et al.,
1990b). Following the observations of CT's effects on the
desensitization of AMPA receptors, we decided to examine
the possible effects of CT on nicotinic responses of bovine
adrenomedullary chromaffin cells.

Acetylcholine (ACh)-evoked currents in bovine chromaffin
cells arise from activation of a neuronal-type of nicotinic
receptor (Fenwick et al., 1982; Nooney et al., 1992b) that is
sensitive to K-bungarotoxin (Nooney et al., 1992a), but insen-
sitive to a-bungarotoxin (Fenwick et al., 1982; Nooney et al.,
1992a). The presence of high affinity a-bungarotoxin binding
to adrenal medullary tissue (KD = 1.6 nM; Wilson & Kirsh-
ner, 1977) and to chromaffin cells (KD = 5-6 nM; Higgins &
Berg, 1988) suggests, however, that an a7 receptor may also
exist in these cells. Initially, we considered that CT might be
a way of revealing these a7 receptors in chromaffin cells. The
results obtained show, however, that CT inhibits ACh-evoked
currents in these cells without changing the Tdeay values and
in a voltage-independent manner. Furthermore, the same

CT-inhibition was observed following incubation of the cells
in high concentrations of a-bungarotoxin. These observations
suggest that CT predominantly inhibits an a3-containing
nicotinic AChR in these cells.

Methods

Bovine chromaffin cells were isolated according to the
method of Bader et al. (1981). Cells were plated at 105 cells
per 35 mm culture dish and maintained in 15% heat inac-
tivated horse serum, 85% DMEM in 5% C02/95% 02 at
37°C for 3-5 days before use.

Whole cell recordings were obtained from spherical cells,
10-15 tm in diameter and lacking obvious processes,
voltage-clamped at -60 mV, unless otherwise stated.
Agonist-evoked currents were recorded with an EPC-7 patch
clamp amplifier (List Electronic, Darmstadt, Germany) and
stored on an IBM compatible PC using the pClamp 5.5 suite
of programmes. Currents were analysed off-line with Axo-
graph 2 (Axon Instruments). The quality of the voltage-
clamp in controlling large and fast ACh currents was

systematically assessed by examining the activation kinetics
of voltage-activated sodium currents, of similar amplitude,
from the same cell (series resistance 2-8MQ after Rs com-

pensation).
ACh dose-response curves were obtained by bracketing the

responses to different ACh concentrations with responses to
100 tiM ACh. Drug effects were obtained by normalizing the
current from ACh + drug application to the preceding con-

trol response in the presence of ACh alone. Results are

expressed as mean ±s.e.mean (or s.d., where noted) from n

cells. Where appropriate, data were tested for statistical
significance by unpaired t tests.

Responses to different ACh concentrations, or to ACh in
the presence of drug, were assessed by comparing currents
evoked by application of agonist from one barrel to that, in
the presence of drug, from a second barrel of a twin or triple
barrelled microperfusion system. Agonists (± drugs) were
dissolved in bath solution and fed by gravity to RNA injec-
tion cannulae (200 [lm tip diam.) glued together. Agonist
(± drug) applications were controlled by manual opening of
a 3-way tap on each reservoir.
The triple barrelled pipette consisted of three cannulae

glued together in the form of a triangle the apex of which
was positioned at the base of the triangle, with the other two
barrels, in the same plane, overlying this tubing. This was
positioned so that the two 'outer' barrels were equidistant
from the cell under study and gave almost identical (± 5%)
agonist-evoked currents. The 'central' barrel contained con-
trol solution which flowed continuously, except during
agonist applications. The remaining barrels contained agonist
or agonist plus drug solution as required. When the central
barrel tap was open, i.e. control solution flowing, either of
the other taps could be opened (i.e. agonist solution flowing)
with no agonist-induced current activity apparent (even at
the single channel level) until such time as the central barrel
tap was closed, at which time rapidly rising
(Tnic = 50-100 ms) agonist-induced currents were observed.
In this way, agonist-induced currents could be controlled by
closing the central 'control' tap, either manually or by means
of an electrovalve controlled by the pClamp parameter file.
Furthermore, by connecting one of the 'agonist' barrels to
two reservoirs, each with a 3-way tap to control solution
flow, its agonist solution could be exchanged for another
without the need to remove and reposition the perfusion
pipettes. Earlier experiments with direct agonist applications
from a twin barrelled pipette allowed faster application rates

2-

+ 60 mV

1.5 -6 MV

C.)

0.5-

0~~~
0-I1 "il 4I''""" '
0.1 1 10 100 1000 104

[ACh] IgM
Figure 1 Characteristics of the acetylcholine (ACh) response in
chromaffin cells. Insert: Traces illustrate the currents recorded in
response to 100l KM ACh application at the holding potential
-60 mV (inward current shown by downward deflection; broken
line in voltage protocol), and at + 60 mV (outward current shown by
upward deflection; continuous line in voltage protocol) respectively.
Note firstly the transient nature of the response which, after an

initial peak, quickly desensitized and secondly, the strong inward
rectification. Furthermore, when abruptly going from +60 mV to
- 60 mV during the ACh application (see voltage protocol), the
desensitization was seen to have developed similarly at both poten-
tials. Plot shows the dose-response curve of the ACh-evoked re-

sponse at a holding potential of -60 mV. Values of peak current

amplitude at different ACh concentrations were normalized to that
obtained at 100lM ACh. Data points represent mean values
(± s.e.mean where appropriate and where larger than the symbol)
obtained from 4-13 cells. Continuous line shows the best fit
obtained with the equation: y = M lOPX/(KP+ lOPx), with
x = log(ACh) and K = 61 gM, p = 1.41 and M = 1.464.
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(Tn,= 30-50 ims) but necessitated the removal and reposi-
tioning of the pipette in order to exchange the contents of
one barrel to allow application of different drug solutions.
The peak currents evoked by ACh application were similar
with either system: - 1.4 ± 0.06 nA (n = 37) compared to
- 1.6 ± 0.09 nA (n = 46) respectively. Henceforward further
distinction between these two systems will not be made.

Solutions

Cells were continuously superfused with a bath saline con-
taining (in mM): NaCl 140, KC1 2.8, MgCl2 2, CaCl2 1,
HEPES 10, pH 7.2. Recording pipette solution contained (in
mM): CsCl 140, HEPES 10, EGTA 1.1, CaCl2 0.1, MgCl2 2,
pH 7.2. Stock solutions of all drugs were prepared and stored
as aliquots at - 20'C. ACh (Sigma) and 1,1-dimethyl-4-
phenylpiperazinium iodide (DMPP; Sigma) were dissolved in
distilled H20 to give stock solutions of 1O mM; cyclothiazide
(CT) was prepared as a 10 or 100 mM stock solution in
dimethylsulphoxide (DMSO) and protected from light when
in use. Most experiments were performed using 0.1-0.3%
DMSO. ACh-induced currents recorded in the presence of
1% DMSO (the highest concentration used) were decreased
by less than 15%. GYKI 53655 (1-(4'-aminomethyl)-3-
methylcarbamoyl-4-methyl-3,4-dihydro-7,8-methylenedioxy-
SH-2,3-benzodiazepine) was dissolved in HCI (10 mM) to give
a 100 mM stock. o-Bungarotoxin (Sigma) was prepared as a
stock solution of 10 mM in 140 mM NaCl plus 10 mM
HEPES and stored as aliquots at - 70°C.

Results

Acetylcholine-induced currents

Locally applied acetylcholine (ACh; 100 JtM) evoked currents
of - 1.54 ± 0.06 nA (n = 83) at a holding potential of
-60 mV. Typically, responses rose in 50-100 ms
(Tni, = 48 ± 0.3 ms at first application, n = 25) and decayed
according to two time constants: the desensitization pro-
ceeding initially with a time constant of 100-200 ms, with a
subsequent slower decline (time constant of 2-4 s, see
below). Figure 1 illustrates the amplitude of peak ACh-
induced currents (IACh), normalised to that evoked by 100 gM
ACh, plotted as a function of ACh concentration. From this
curve, an EC50 value of 60 pM was estimated and maximal
IACh were observed at concentrations above 300 !LM.

Figure 1 insert illustrates that (i) rapidly rising inward
currents are evoked when ACh is applied to a holding poten-
tial -60 mV; (ii) this current is not sustained, but desen-
sitizes during the 2 s application period; (iii) the outward
current evoked 5 min later at +60 mV is much smaller than
the preceding one at -60 mV; and (iv), nevertheless, return-
ing to -60 mV during the 2 s ACh application fails to evoke
a substantial inward current, but rather evokes a current the
amplitude of which corresponds to the desensitized current
which would have been recorded if the cell had been held at
-60 mV throughout.
Because of the presence of this agonist-induced desensitiza-

tion, agonist was applied to the cells at 5 min intervals, to
allow full recovery of the response between applications and
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to minimize rundown. Between individual applications this
was true. Nevertheless, despite continuous washing, in the
majority of the cells studied it was apparent that desensitiza-
tion increased with recording time; becoming more pro-
nounced as the recording continued. In fact, the amplitude at
peak initially remained constant whilst that measured at 2 s
gradually diminished with time. After 20-60 min, depending
on the cell, the peak amplitude was also found to decrease
(see Figure 3b). This phenomenon will be referred to
hereafter as 'rundown'. Thus, although the decay of the first
ACh-induced current recorded from any cell could
occasionally be described by a single exponential, in most
cells the first, and all subsequent responses, were best fitted
by double exponentials (Tfat = 171 ± 16 Ms, TS1O, = 3.58 ±
0.33 s, n = 25), the rate of the slow component increasing
further with time (T,10, = 2.09 ± 0.37 s, n = 22 measured
between 30 and 45 min; see Figure 3c) with no significant
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changes in Tfat (Tfmt = 177 ± 27 ms, over the same time
period). Also, the relative proportion of the fast to the slow
component increased with time from 1.43 ± 0.18 to 2.62 +
0.44 (n = 22) over 30 min, with, as a result, a typical loss of
the slow component. The appearance of both the fast and
slow components of the desensitization was not affected by
pre-treating the cells for 90-120 min with 1 JLM x-bunga-
rotoxin (n = 6) (data not shown). Furthermore, 100 !LM
DMPP, which does not activate chick m7 homomers exp-
ressed in Xenopus oocytes (Bertrand et al., 1992), evoked
similar currents (- 1.9 nA, n = 2) to ACh in these cells.

The effects of cyclothiazide

CT (30-500 gM) produced a dose-dependent inhibition of the
peak ACh-evoked current when co-applied with agonist. The
effects of CT were fully reversible when applied briefly
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The effect of 301!M CT (coapplied with 10011M ACh; filled symbols) before or during (at bar) bath application of CT is to
accelerate rundown as seen by the effect on the evolution of the peak current. With 30pM CT, the late component is almost
unaffected. (c) Simultaneous evolution of the kinetic components of the ACh-evoked response. A 3 exponential fit was used to
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(Figure 2), by coapplication with ACh via the microperfusion
system, with the subsequent ACh response being indistin-
guishable from the pre-CT control.
The effects showed little voltage-dependency (Figure 2),

with brief applications of 100 tLM CT producing 46 ± 5%
(s.d.; n = 3) and 47 ± 8% (s.d.; n = 7) inhibition of the peak
currents evoked at - 100 and -60 mV respectively. At
+ 60 mV, inhibition was estimated to be 26 ± 7% (s.d.;
n = 3), although this may be an underestimation because of
the increase in outward ACh-evoked currents with time (see
Nooney et al., 1992b; Ifune & Steinbach, 1993).
When the cells were exposed to CT by bath application,

the effects of CT, although somewhat variable, became ap-
parent at lower concentrations. Thus, 10 gM CT produced no
discernible block when coapplied with ACh alone (103 ± 3%
of control; n = 15) but produced 26 ± 9% inhibition when
simultaneously bath and co-applied (n = 7). Similarly 30 jLM
CT produced 15 ± 2% inhibition when briefly coapplied with
ACh alone (n = 6) but the inhibition was increased to
42 ± 5% (n = 4; Figure 3b) when CT was also present in the
bath perfusate. Furthermore, in contrast to the brief applica-
tions, the effects of CT were poorly reversible when the cells
were exposed for longer times (10 to 20 min) by inclusion of
CT in the bath perfusate (Figure 3a,b). As a result, on
repetitive CT and ACh applications, a cumulative decrease of
the current amplitude is observed (Figure 3b).

At concentrations below 30 JLM the effects of CT were
observed only on the peak amplitude of the ACh-evoked
current. The acceleration of the two components of decay
with time described above was not modified during coapp-
lications of CT with ACh (Figure 3c) at any of the concent-
rations tested.
At higher concentrations, an inhibitory effect of CT was

also observed on the late component (see for example, Figure
4), although there was still no discernible effects on the fitted
decay constants. Thus the current amplitude measured at 2 s
was inhibited by 66 ± 4% (n = 7) compared to 44 ± 3%
(n = 7) measured at peak with 100 fLM CT in the same
cells.

Cyclothiazide predominantly blocks ac3 nicotinic
receptors

Though DMPP-evoked currents are unlikely to arise from an
a7 subset of receptors, similar effects of CT were seen when
100 fiM DMPP was used as agonist (2 applications to 1 cell;
Figure 4). This suggests that the predominant effect of CT is
to inhibit a3 nicotinic receptors, in these cells. In the same
line, pre-incubation of the cells at 37°C for 90-120 min in
a-bungarotoxin (1 tiM in DMEM containing 100 fig ml-'
bovine serum albumin, BSA) (n = 2) did not prevent the
inhibitory effects of CT (Figure 4).
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a ACh b ACh

GYKI 50 gm

500 pA

5 s

+ GYKI 50 gm
+ CT 100 gm

Figure 5 Blocking effects of GYKI 53655 and GYKI 53655 plus
cyclothiazide (CT). (a) Inhibition of acetylcholine (ACh)-evoked cur-

rent by coapplication of 50 pM GYKI 53655. Same experimental
conditions as Figure 2(a). Note the full recovery of the response
shown by identical ACh responses evoked before and after coapp-
lication with GYKI 53655. (b) Inhibition of the ACh-evoked current

by coapplication of GYKI 53655 (501LM) plus CT (100ftM).

The effects of G YKI 53655

The effects of CT on AMPA receptors may be selectively
antagonized by 2,3-benzodiazepines such as GYKI 53655.
We therefore examined the actions of GYKI 53655 on ACh-
evoked currents both alone and in the presence of CT.
Coapplication of 50 gM GYKI 53655 with ACh (100 rM)
produced a 29 ±4% inhibition of the peak ACh-evoked
current and 44 6% of amplitude at 2 s (n = 4; Figure 5).
This response was fully reversible, with the subsequent ACh
response being identical to the preceding control. Application
of lower doses (10 pM) via the bath perfusate produced
poorly reversible inhibition (n = 1; data not shown). Brief
application of both CT (100 tiM) and GYKI 53655 (50 fiM)
with ACh via the microperfusion system produced an inhibi-
tion that was not significantly different from that obtained
with either CT or GYKI 53655 alone, with 37 ± 6% inhibi-
tion of peak and 61 ± 9% inhibition of the amplitude at 2 s

(Figure 5; n = 3) and was fully reversible as evidenced by the
full sized ACh current when ACh was applied alone 5 min
later.

Discussion

Cyclothiazide is a potent inhibitor of desensitization at the

AMPA-preferring channels (Yamada, 1992; Patneau et al.,
1993), where its effect occurs without modification of the

activation kinetics (Sahara et al., 1993). On a neuronal

nicotinic receptor, we show in contrast that cyclothiazide acts

as an enhancer of desensitization, again without affecting the

activation parameters. This set of observations makes cyc-
lothiazide a potential tool for locating a major regulatory site

for desensitization on channel forming molecules. The fol-

lowing discussion will first aim at an identification of the

activated ACh receptor and subsequently at a characteriza-

tion of the mechanism of action of cyclothiazide.

The ACh receptor inhibited by CT action

The activation of the nicotinic receptors present on chromaffin
cells (Kilpatrick et al., 1981; Fenwick et al., 1982) elicits a

transient response which is physiologically and phar-
macologically similar to the neuronal receptors of the

autonomic ganglia (see references in Nooney et al., 1992b).
The strong inward rectification observed in these cells

(Nooney et al., 1992b) as well as the EC50 of the ACh activa-
tion of this response (60 iM, comparable to the value of

150-450 pM estimated in rat chromaffin cells by Hirano et

al., 1987), its pharmacological profile previously described
(Nooney et al., 1992a,b), and the activation by DMPP,
together suggest that this response could arise from activa-
tion of either 3- or x4-containing nicotinic receptors. The
desensitization of the response which occurred at negative
holding potentials was also observed at positive holding
potentials, suggesting the prevailing involvement of an 03-
containing receptor (Gross et al., 1991) rather than x4-
containing receptor which does not desensitize at positive
holding potentials (when expressed with P2 in Xenopus
oocytes; Gross et al., 1991) and which may therefore repre-
sent the predominant native nicotinic AChR present in sym-
pathetic ganglion cells (see Mathie et al., 1990). Indeed a3
subunits have been shown to be present in the closely related
PC12 cells (McLane et al., 1990).

Nevertheless, chromaffin cells exhibit x-bungarotoxin bind-
ing sites (Higgins & Berg, 1987), which may indicate the
additional presence of ox7 subunits. However, x-bungarotoxin
does not impair neurotransmission (Trifaro & Lee, 1980;
Kilpatrick et al., 1981; Higgins & Berg, 1987), nor does it
affect the main characteristics of the ACh response (Nooney
et al., 1992a). An a7 component, if present, could make only
a minor contribution to the measured ACh response. Most of
the response we describe in chromaffin cells probably results,
therefore, from the activation of a3 complexes, as often
encountered in the peripheral nervous system (Deneris et al.,
1991).
However, an a7 component may have escaped our inves-

tigation because agonist application was too slow. If a7 is
uniformally present in all chromaffin cells, it is obvious that
CT did not transform the transient response expected for X7
nicotinic AChR into a sustained response as it does at
AMPA-preferring channels. On the other hand, with fast
simultaneous applications of ACh and CT (with no preapp-
lication of CT), we observed if anything rather a slight
increase of the peak ACh current, especially at low CT
concentrations. In addition, in one case, large increases in
amplitude (132 and 180% of control from two applications
of 100 tiM CT to the same cell; data not shown) and leng-
thening of the ACh response were observed. This may be
linked to a differential expression of x7 receptors in these
cells. Further investigations are required to clarify this point.
However, when analyzing the effects of cyclothiazide, we

kept in mind the possibility that the simultaneous activation
of 03 and (7 receptors could come into play. This hypothesis
was made more plausible following the recent demonstration
that a-bungarotoxin binding sites correspond to functional
channels (Zhang et al., 1994).

CT versus 2,3-benzodiazepine binding site

An anti-relaxant effect has been reported for GYKI 53655, a

2,3-benzodiazepine (Smith et al., 1991). This effect is
unrelated to the benzodiazepine binding site of the GABAA
channel which binds the classical 1,4-benzodiazepines. This
new benzodiazepine increases desensitization of the non-

NMDA channel resulting in protection against excitotoxicity
(Zorumski et al., 1993). Palmer & Lodge (1993) demon-
strated recently that CT selectively antagonizes the actions of
GYKI 53655 on a site located on AMPA-preferring chan-
nels. The present study shows that, on the ACh receptor,
GYKI 53655 has the same effect as CT; suggesting, perhaps,
that the two drugs also bind at the same site on this recep-
tor.

Characterization of the cyclothiazide effect
Our main result is that this blocking effect does not alter the
kinetics of the ACh response. Neither is the inhibition by CT
strongly voltage-dependent. An inhibition through a channel
block therefore seems unlikely. The conserved kinetics of the
ACh response in the presence of CT rather implies a com-

petitive antagonism on the nicotinic AChR or a favoured
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desensitized state. Given the mode of action of cyclothiazide
on AMPA receptors, we consider that the latter possibility is
the more likely.
Though the x3 nicotinic AChR activation is determining

the shape of the current recorded, an a7 nicotinic AChR
activation, which results in a cationic flux that is difficult to
record as a current because of its especially high rate of
desensitization (Zhang et al., 1994), elicits a measurable Ca
entry (Zhou & Neher, 1993). In fact, cyclothiazide acting
either directly through an increased a7 activation or
indirectly in relation to a Ca entry is unlikely; we observed
that cyclothiazide has similar action before and after o-
bungarotoxin treatment. This set of observations led us to
conclude that most of the cyclothiazide blocking effect is
through its binding to 03 nicotinic AChR.
A possible scheme is one in which a single population of

a3 nicotinic AChRs desensitizes along two time constants,
CT only decreasing the proportion of the fast relative to the
slow form. That is, the resting channel resides in two
configurations; upon activation, one configuration exhibits
fast desensitization, whilst the other is slow to desensitize.
Both these states would be conducting, in contrast to the
non-conducting desensitized forms. The fast desensitizing
form recovers within 5 min, since the peak of the ACh-
evoked current remains initially constant. By contrast, the
recovery of the slowly desensitizing form proceeds at a slower
rate, as shown by the gradual decrease of the late component
on repeated ACh applications. On further activation the
equilibrium must eventually shift from the fast to the slowly
desensitizing form, producing a rundown of the response,
seen here as a decreased peak current. In these terms, the
rundown of the current represents a gradual failure of the
nicotinic AChRs to recover from their desensitized state(s).
Rundown is especially apparent during single channel recor-
dings from isolated patches (e.g. Lester & Dani, 1994).
Whether rundown is the result of a loss of functional recep-
tors (e.g. channel dropout) or as a decreasing probability of
channel opening is still unclear. The underlying causes of
rundown, and the nature of the relationship, if any between

rundown and desensitization are also unclear. However, the
apparently constant amplitude of currents evoked by non-
desensitizing ACh applications under otherwise similar condi-
tions and recording times (J. Nooney unpublished observa-
tions; Nooney et al., 1992a,b) would suggest that the run-
down observed here is not simply due to intracellular
dialysis. Further experiments are required to address this
question.

Cyclothiazide appears to increase the phenomenon of run-
down: with brief CT applications, more nicotinic AChRs are
in their desensitized state, but the majority of these receptors
are able to recover. At high concentrations, the slowly desen-
sitizing form is preferentially blocked by CT. With longer
applications (via the bath perfusate), CT prevents the recep-
tors assuming or maintaining a form that is able to recover
from desensitization. This CT effect is almost voltage insen-
sitive.

In conclusion, this study shows that cyclothiazide acts as a
gate modifier on ACh neuronal receptors. Cyclothiazide
appears as the most potent of benzothiazide-related drugs at
modifying the gate of AMPA-preferring non-NMDA chan-
nels (Yamada, 1992). From now on, one may wonder wheth-
er aniracetam and the other nootropic agents, which were the
first gate modifiers to be identified (Isaacson & Nicoll, 1991;
Tang et al., 1991; Vycklicky et al., 1991), also have an action
on a number of other ligand-activated channels in addition
to the AMPA receptor. A multiplicity of binding sites would
require the aniracetam nootropic effect to be reinvestigated,
with particular attention towards a specificity of action
related to the glutamatergic pathways versus some choliner-
gic synaptic inputs.
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Cardiovascular effects of the calcium sensitizer,
levosimendan, in heart failure induced by rapid pacing in
the presence of aortic constriction

,Eva Udvary, Julius Gy Papp & Agnes Vegh

Department of Pharmacology, Albert Szent-Gyorgyi Medical University, Dom ter 12, Szeged, Hungary

1 The haemodynamic effects of a novel cardiotonic drug, levosimendan, which has both calcium-
sensitizing and phosphodiesterase III (PDE III) inhibitory properties, were studied in conscious dogs in
which heart failure had been induced by prolonged cardiac pacing in the presence of aortic constriction.
These effects were compared with those in sham-operated dogs with essentially normal cardiac func-
tion.
2 Eighteen mongrel dogs were instrumented for the measurement of left ventricular pressure (LVSP,
LVEDP) and contractile function (dP/dt; dP/dt/P). In twelve dogs a balloon catheter, positioned in the
thoracic aorta, was inflated producing an approximate 60% reduction in effective aortic diameter.
Twenty min later rapid ventricular pacing (240 beats mean-1) was commenced and maintained for 48 h
by means of a bipolar pacing electrode introduced into the right ventricle. This electrode served also for
recording changes in the endocardial electrogram in the absence of pacing. Six of these dogs were used
to evaluate the haemodynamic changes of pacing-induced heart failure; a further six of these dogs the
haemodynamic changes elicited by levosimendan under these conditions. Six sham-operated dogs (group
2) served as controls.
3 In six dogs (group 1) the haemodynamic alterations were assessed after the development of heart
failure. In the presence of aortic constriction, 48 h continuous rapid cardiac pacing resulted in a marked
deterioration in left ventricular function which remained stable for at least 48 h after cessation of pacing.
Thus, there was a marked reduction in LVSP (15%), +dP/atma,, (35%), -dP/dtaax (36%) and also in
dP/dt/P (29%), whereas LVEDP was increased considerably (from 6.4 ± 1.4 to 20.0 ± 2.2 mmHg). A
marked elevation occurred in endocardial ST-segment (138%), lasting for 20 min.
4 Levosimendan was administered intravenously in doses of 0.005, 0.01 and 0.03 gmol kg-' to 2
groups of conscious dogs. In the sham-operated dogs (group 2), only the higher dose (0.03 ILmol kg-')
produced significant increases in LVSP (19%), + dP/dtmax (37%), and in dP/dt/P (32%). In dogs with
heart failure (group 3) doses of 0.005, 0.01 and 0.03 pmol kg-' levosimendan resulted in an improve-
ment in +dP/dtmax (26%, 38% and 49%), -dP/dtmax (20%, 25% and 38%) and in dP/dt/P (19%, 34%
and 50%) and reduction in the elevated LVEDP (from 20 ± 2.2 mmHg to 16 + 1.0, 10 ± 1.3 and
9 ± 1.0 mmHg, respectively).
5 Levosimendan proved to be a potent cardiotonic drug at the doses used, and was approximately
three times more effective under conditions of impaired left ventricular function than in normal
hearts.

Keywords: Levosimendan; calcium sensitizer; heart failure; cardiac pacing

Introduction

Whether to treat heart failure with inotropic drugs remains
an unanswered question. Recently, a new experimental app-
roach has begun in this field with the development of 'cal-
cium sensitizers', such as pimobendan (Riiegg et al., 1984),
EMD-53998 (Beier et al., 1991), MCI-154 (Abe et al., 1993)
and levosimendan (Haikala et al., 1992) which are reported
to improve the contractile force of the failing heart by
directly influencing the responsiveness of the contractile pro-
teins to calcium. Since the contractile dysfunction in heart
failure is associated with a reduced responsiveness of the
myofilaments to calcium (Marban et al., 1990), those drugs
which are able to restore or increase the responses of the
myofilaments by directly acting on the contractile protein
system, appear to be potentially useful in the treatment of
acute or chronic heart failure (Abe et al., 1993; Lues et al.,
1993).
Some years ago simendan (OR 1259) was shown to be a

powerful inodilator and antiarrhythmic compound in various
in vitro and in vivo models (Haikala et al., 1991; VWgh et al.,

Author for correspondence.

1992). The positive inotropic effect was attributed to a dual
mechanism: increased sensitivity of troponin C to calcium
and selective inhibition of phosphodiesterase III (PDE III)
(Raasmaja et al., 1991). In a model of acute heart failure
induced by severe regional myocardial ischaemia (i.e. oc-
clusion of the left anterior (LAD) and circumflex (LCX) bran-
ches of the left coronary artery; Vegh et al., 1987), simendan
in a dose of 0.3 gmol kg-' resulted in a marked improvement
in cardiac output, positive dP/dt,,,. and in the local contrac-
tile performance of the impaired left ventricle (Vegh et al.,
1992). However, simendan increased heart rate which was
attributed to the PDE III inhibitory property of the com-
pound. Recently, levosimendan, the negative enantiomer of
simendan has been developed, and it was demonstrated that
this negative enantiomer carries the calcium sensitizing action
and the positive inotropic effect (Haikala et al., 1992).

Apparently, levosimendan induces calcium sensitization by
a mechanism different from that of other calcium sensitizers,
such as EMD 53998. In skinned cardiac fibres Haikala et al.
(1992) showed that, in contrast to EMD 53998, levosimendan
did not enhance myosin ATP-ase activity and did not impair
relaxation. Similarly in beating guinea-pig hearts simendan
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preserved normal left ventricular relaxation (Edes et al.,
1992). In addition, and again in contrast to EMD 53998 and
pimobendan, levosimendan did not increase calcium influx
(Haikala et al., 1993). Therefore levosimendan may avoid the
possible deleterious effects of other calcium-sensitizing
agents. For example there is some evidence that levosimen-
dan does not aggravate the 'arrhythmogenic' cardiac elect-
rophysiological alterations induced by simulated ischaemia in
rabbit atrial and papillary muscles (Nemeth et al., 1993) and
indeed actually reduces arrhythmias resulting from coronary
occlusion in anaesthetized dogs (unpublished data).

Unfortunately, evaluation of the effectiveness of car-
diotonic compounds under conditions which mimic
accurately the symptoms of either acute or congestive heart
failure is hampered at least in part by the lack of suitable
animal models. The objectives of the present study were
therefore: (1) to establish a heart failure model in which
ventricular dysfunction develops within a short time period
and the effectiveness of cardiotonic agents can be tested
easily before using a more difficult and expensive experiment-
al model, and (2) to examine the haemodynamic effects of
levosimendan under conditions of short-term heart failure
induced by rapid pacing in the presence of aortic constriction
in chronically instrumented conscious dogs.

Methods

Experiments were carried out in 18 healthy mongrel dogs of
either sex, weighing between 16 and 24 kg (mean
22 ± 2.5 kg). The dogs were divided into three groups. In the
first group (group 1) heart failure was induced without drug
treatment, in order to evaluate haemodynamic changes dur-
ing the development of heart failure due to rapid ventricular
pacing combined with constriction of the aorta. The dogs in
the second group (group 2) underwent a similar operational
procedure but heart failure was not induced. These sham-
operated dogs served as the levosimendan-control group. In a

third group (group 3) heart failure was induced (as described
below) and the haemodynamic effects of levosimendan were

evaluated under these conditions.

Surgical procedure

Surgery was performed under general anaesthesia with
sodium-pentobarbitone (Nembutal, Serva, 30 mg kg- 1, i.v.)
under aseptic conditions. In all dogs a polyethylene catheter
was introduced into the left ventricular cavity via the left
carotid artery to measure pressure changes in the left ventri-
cle. From the pressure trace left ventricular systolic pressure
(LVSP) and end-diastolic pressure (LVEDP) were deter-
mined. The maximal rate of rise in the left ventricular pres-
sure, i.e. positive dP/dtmax and also the negative dP/dt,, were

measured by means of an electronic differentiator
(Experimetria, Hungary) as was dP/dt/P, a measure of left
ventricular contractility largely independent of changes in pre
and afterload (Wolk et al., 1971). Another catheter was

introduced into the cavity of the right ventricle via the left
external jugular vein for drug administration. In those dogs
which underwent sham operation (group 2), the left carotid
artery and the right jugular vein were ligated.

In twelve dogs (group 1 and group 3), in addition to the
right and left ventricular catheterization, a pacing electrode
was introduced into the right ventricle via the right jugular
vein. This bipolar electrode served for pacing and also for
measuring endocardial ST-segment changes when the
stimulation was terminated. During surgery a balloon
catheter was introduced into the thoracic aorta via the right
carotid artery and positioned at the level of the diaphragm.
All dogs were treated 1 hour before the surgery and through-
out the entire investigation period with ticlopidine (125 mg)
in order to avoid any complications resulting from introduc-
tion of the catheters (Nuttal et al., 1985). If necessary, the

animals were also treated with antibiotics for at least three
days after the operation.
The animals were allowed to recover for one week before

the initial study measurements. All subsequent studies were
performed in the conscious state. Before starting the
experiments, all dogs were conditioned and acclimatized to
the laboratory environment for at least one week before the
study. The animals were loosely suspended in a well fitting
jacket (to protect the measuring devices) but allowed to move
freely. The left ventricular catheter was attached to a pres-
sure transducer (Viggo-Spectramed, Statham P23XL) and
changes in left ventricular pressures (LVSP, LVEDP) and
dP/dt were followed by means of an electromanometer
(Experimetria, Hungary) and a differentiator (Experimetria,
Hungary). In those groups in which heart failure was
induced, the end of the pacing catheter was attached to a
miniature stimulator, fixed under the collar of the dogs.
Chest lead electrodes were positioned on the chest of the
dogs and the ECG was measured telemetrically. The ECG
trace was registered together with the haemodynamic
parameters on an eight channel recorder (Medicor, Hun-
gary). Parallel with recordings on paper, the ECG signals
were transferred to an IBM-compatible computer and
analysed by means of an ECG-Arrhythmia Analysing System
(Innopoint, Hungary).

Experimental protocol

In the heart failure groups (group 1 and group 3) the balloon
catheter was inflated by means of a syringe, containing app-
roximately 1.5 ml saline. This volume was enough to produce
about a 60% reduction in the diameter of the aorta and
around a 45% reduction in aortic flow, as judged from
preliminary studies performed in acute experiments. Heart
failure was induced by rapid ventricular pacing. Twenty min
after inflating the balloon catheter, rapid right ventricular
pacing was started (240 beats min-', duration of 2ms, at
twice threshold) by means of a miniature pulse generator.

Experimental groups

Group I (heart failure control; n = 6) One week after
surgery this group of conscious dogs underwent
haemodynamic assessment as baseline. The balloon catheter
was then inflated as described above with rapid ventricular
pacing (240 beats min- ') being started 20 min later and
maintained for 48 h. Twenty four hours after commencing
pacing the stimulator was switched off briefly (20min) for
measurement of haemodynamic parameters to assess whether
or not heart failure was developing. Pacing was then resumed
for a further 24 h. Forty eight hours after the initial start of
pacing, the stimulation was stopped and haemodynamic
measurements were performed for 200 min. The
measurements were repeated 24 and 48 h after cessation of
the rapid ventricular pacing.

Group 2 (sham operated animals, drug-control; n = 6) In
this group of dogs, one week after operation and following
the assessment of the baseline values, levosimendan was
administered intravenously in doses of 0.005, 0.01 and
0.03 pmol kg-' (over a period of 2 min). The effect of
levosimendan on haemodynamic parameters was con-
tinuously assessed until the parameters returned to initial
values; i.e. the observation period was 30 min after doses of
0.005 and 0.01 ftmol kg-', whereas the changes were followed
for 120 min when 0.03 pmol kg-' was given.

Group 3 (heart failure treated group n = 6) In another
group of dogs, heart failure was induced and haemodynamic
measurements were performed as described above (group 1).
When the stimulation was stopped and the baseline
haemodynamic parameters were assessed, levosimendan was
administered via intravenous bolus injection (over a period of
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2 min) in doses of 0.005, 0.01 and 0.03 gmol kg-' and the
effects were continuously assessed until the haemodynamic
parameters returned to initial values. Thus, as with the sham-
operated animals after doses of 0.005 and 0.01 gmol kg-',
haemodynamic changes were followed for 30min, whereas
after the dose of 0.03 fimol kg-' the observation period was
120 min.
Levosimendan was dissolved in buffer containing 250 ml of

0.1 mol 1- Na2HPO4 and 300 gli of 1 mol I - i NaOH solu-
tion. The pH of the solvent was 10. This solvent administered
intravenously was without significant effect on the haemo-
dynamic parameters, such as LVSP (from 129 ± 7 to
130 ± 6 mmHg, NS) or positive dP/dtma (from 5045 ± 296 to
5131 ± 277 mmHg s-', NS).

Statistical analysis

Data were expressed as mean ± s.e.mean. Statistical analysis
was performed on data obtained at baseline and compared to
following interventions and also differences between changes
due to the interventions were analysed by two way analysis
of variance (ANOVA) and modified t test. Differences are
considered statistically significant at P< 0.05. All studies
were in accordance with the recommendations from the dec-
laration of Helsinki and the internationally accepted prin-
ciples in the care and use of laboratory animals.

Results

Development of heart failure induced by rapid
ventricular pacing in the presence of aortic constriction

In 6 conscious dogs, the development of heart failure was
assessed by means of evaluating haemodynamic indicators of
contractility, filling pressure and ischaemia (Figure 1). Forty
eight hours of rapid ventricular pacing combined with severe
constriction of the aorta, resulted in a marked reduction in

left ventricular pressure (LVSP from 152 ± 7 to
133 ± 4 mmHg, P<0.05), positive dP/dtmax (from 5332 ± 419
to 3316 ± 486 mmHg s, P<0.05), negative dP/dtmax (from
2849 ± 206 to 1847 ± 300 mmHg s-', P< 0.05) and dP/dt/P
(from 45.8 ± 4.4 to 31.5 ± 3.6 s-', P<0.05). After cessation
of pacing all these parameters remained reduced for at least
an additional 24 h and then started to return to the intial
value.

After rapid ventricular pacing, there was a marked eleva-
tion in LVEDP (from 6 ± 1 to 20 ± 2 mmHg). This elevated
LVEDP was present over a 24 h observation period. There
was no statistically significant increase in heart rate from
control baseline levels (from 113 ± 8 to 127 ± 6 beats min-',
NS after cessation of pacing).
From the chest lead ECG, no significant changes occurred

in the PQ and QT intervals, whereas the QRS interval was
prolonged (from 35 ± 3 to 43 + 2 ms, P< 0.05). At the same
time rapid ventricular pacing induced a significant elevation
in ST segment measured from the bipolar pacing electrode
site (from 2.2 ± 0.3 to 5.2 + 0.5 mV, P<0.05) which was
present for 20 min after cessation of pacing (Figure 1).

These results indicate that rapid ventricular pacing in the
presence of aortic constriction resulted in a form of
'subacute' heart failure, characterized by a marked decrease
in LVSP and in various indices of contractility, together with
a parallel increase in LVEDP and considerable ST-segment
alterations. The heart failure induced in such a way remained
stable for at least 24 h after elimination of the frequency
load. This period should be enough for testing and
evaluating the effectiveness of drugs with positive inotropic
properties under these experimental conditions of heart
failure.

Effects of levosimendan in sham-operated dogs and in
dogs with heart failure

The effects of levosimendan under normal conditions (sham-
operated dogs, group 2) and in the presence of impaired
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ventricular function (group 3) are presented in Table 1.
When levosimendan was given intravenously in doses of
0.005 and 0.01 Lmol kg-' no significant haemodynamic
changes occurred in sham-operated dogs. There were, how-
ever, significant increases in LVSP, positive dP/dtmax, negative
dP/dt,,,m, and also in dP/dt/P when levosimendan was
administered in a dose of 0.03 pmol kg-'. The heart rate was
also significantly increased (Table 1).
When levosimendan was given to conscious dogs with

developed heart failure, a dose-dependent improvement
occurred in the impaired left ventricular function. In contrast
with the sham-operated dogs, the mean dose of levosimendan
(0.01 gmol kg-') resulted in haemodynamic changes with
significant increases in positive dP/dtmax, negative dP/dtmax and
dP/dt/P (Table 1). The highest dose (0.03 pmol kg-') of
levosimendan resulted in further increase in left ventricular
function (Table 1). Compared to the sham-operated group,
this dose of levosimendan resulted in more pronounced imp-
rovement in positive dP/dtm,,, negative dP/dtma and in dP/dt/
P in the heart failure dogs, whereas the increase in heart rate
was similar in both groups. Levosimendan also significantly
reduced the elevated LVEDP (Table 1).

Figure 2 illustrates the dose-dependent increase in positive
dP/dt0. after levosimendan administration in sham-operated
dogs and in dogs with developed heart failure. It is clear that
levosimendan was more effective at increasing positive dP/
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dtmax under conditions of heart failure than in dogs with
intact heart function.

Discussion

A large number of compounds have been claimed to possess
calcium sensitizing activity but most of them have additional
inotropic activity, such as increase of calcium influx or selec-
tive inhibition of PDE III, which may also lead ultimately to
an increase in intracellular calcium.

Levosimendan, a novel type of cardiotonic agent, is a
powerful inodilator in various in vitro and in vivo models
(Haikala et al., 1992; Edes et al., 1992; Udvary et al., 1993).
The proposed inotropic mechanism is that it increases the
contractile state by stabilizing calcium-induced conforma-
tional changes in troponin C without enhancing myosin
ATP-ase activity (Haikala et al., 1992). Furthermore,
levosimendan does not increase calcium influx (Haikala et al.,
1993); further evidence that the positive inotropic action
might be due primarily to calcium sensitization.
The objective of the present study was to evaluate the

haemodynamic effectiveness of levosimendan in a conscious
canine model of heart failure. Evaluation of the effectiveness
of a new cardiotonic agent under conditions which are able
to mimic the clinical symptoms of heart failure remains a
challenge. This is partially due to the lack of suitable animal
models which provide an easy and quick evaluation of the
effects of such compounds. In the present study one of our
aims was to establish a conscious dog model in which the
haemodynamic effects of cardiotonic drugs could be easily
assessed under conditions mirroring the early phase of heart
failure. It is well established that left ventricular dysfunction
and heart failure can be induced by a 4 to 7 week period of
continuous rapid ventricular pacing (Armstrong et al., 1986;
Wilson et al., 1987; Moe et al., 1992). This model exhibits
haemodynamic and neural abnormalities closely resembling
heart failure in man (Elsner & Riegger, 1991).

There is recent evidence that severely depressed left ven-
tricular function can also be obtained by a shorter period of
rapid ventricular pacing (i.e. 48 h), suggesting rapid adaptive
changes in the receptor-effector systems (Pauw et al., 1993).
This model involves a technically easy surgical intervention
and allows the evaluation of the effectiveness of a cardiotonic
drug in a group of animals of sufficient size for valid statis-
tical analysis. In our experiments the 48 h of rapid vent-
ricular pacing was combined with constriction of the aorta in
order to enhance the probability of the development of the
left ventricular dysfunction over a relatively short period. In
order to verify this model, heart failure was induced in one
group of dogs without drug treatment and the
haemodynamic changes were evaluated during and 48 h after
rapid ventricular pacing. As the results indicate, a stable,
overt heart failure develops 48 h following the onset of rapid
ventricular pacing, if it is combined with constriction of the
aorta. The depressed cardiac function was characterized by a
decrease in ventricular pressure, a considerable reduction in
left ventricular contractile function (i.e. positive and negative
dP/dtmax, dP/dt/P), marked elevation in LVEDP and in the

endocardial ST-segment. These changes remained stable for
at least 24 to 48 h after cessation of pacing.

This experimental model was used to evaluate the
effectiveness of levosimendan during the 2 day period after
cessation of pacing. Levosimendan was administered int-
ravenously in doses ranging from 0.005 to 0.003 jimol kg-'
and the cardiotonic effects of the compound were estimated
by recording changes in LVSP, LVEDP, positive and
negative dP/dtmax, dP/dt/P and heart rate. The effects of
levosimendan under conditions of heart failure were com-
pared to those present under normal conditions in sham-
operated dogs. We found that levosimendan was a potent
inotropic agent producing a dose-dependent cardiotonic
action. Furthermore, levosimendan was somewhat more
effective in improving left ventricular function under condi-
tions of heart failure than in dogs with normal heart func-
tion. The ED25 values from dose-response curves of
levosimendan on positive dP/dtmax in the sham-operated and
heart failure dogs clearly demonstrate that levosimendan pro-
duced a more marked cardiotonic effect under conditions of
impaired left ventricular function than when heart function
was normal. Thus, in the sham-operated dogs, the ED25 was
0.0012 Imolkg-', whereas in dogs with heart failure, the
ED25 was calculated to be 0.004fymolkg-', indicating that
levosimendan was approximately 3 times more effective in
heart failure than in sham-operated animals.

Levosimendan, however, increased heart rate both in the
sham-operated and in the heart failure dogs when given in a
high dose, although in conscious dogs the solvent alone
(0.5 ml kg-') increased the heart rate by about 11%. Similar
increases in heart rate have been found in other canine
models when levosimendan was administered in higher doses.
For example, in anaesthetized dogs under conditions of acute
heart failure, levosimendan in doses of 0.1 and 0.3 Amol kg-'
resulted in a 20 to 26% increase in heart rate (unpublished
data). This unfavourable effect of levosimendan was attri-
buted to the phosphodiesterase inhibitory property of the
compound. We aimed, therefore, to reduce the dose of levosi-
mendan to determine the optimum dose-range which produces
marked positive inotropic effects under conditions of heart
failure but with less pronounced effects on heart rate. Thus,
in the present study levosimendan was administered in doses
10 to 60 times lower than those used in our previous studies.
Although these doses of levosimendan produced dose-depen-
dent inotropic effects, the 0.03timolkg-' dose resulted in a
similar increase in heart rate to that of doses of 0.1 or
0.3 jimol kg-'. If we accept that the increase in heart rate
after levosimendan administration can be attributed to
inhibition of PDE III, we would suppose a dual mechanism
of action; calcium sensitization and phosphodiesterase inhibi-
tion at higher doses.
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Activation by intracellular GDP, metabolic inhibition and
pinacidil of a glibenclamide-sensitive K-channel in smooth
muscle cells of rat mesenteric artery

H. Zhang & 1T.B. Bolton

Department of Pharmacology and Clinical Pharmacology, St George's Hospital Medical School, London SW17 ORE

1 Single-channel recordings were made from cell-attached and isolated patches, and whole-cell currents

zwere recorded under voltage clamp from single smooth muscle cells obtained by enzymic digestion of a

small branch of the rat mesenteric artery.
2 In single voltage-clamped cells 1 mM uridine diphosphate (UDP) or guanidine diphosphate (GDP)
added to the pipette solution, or pinacidil (100 pM) a K-channel opener (KCO) applied in the bathing
solution, evoked an outward current of up to lOOpA which was blocked by glibenclamide (10 pM). In
single cells from which recordings were made by the 'perforated patch' (nystatin pipette) technique,
metabolic inhibition by 1 mM NaCN and 10 mM 2-deoxy-glucose also evoked a similar glibenclamide-
sensitive current.
3 Single K-channel activity was observed in cell-attached patches only infrequently unless the
metabolism of the cell was inhibited, whereupon channel activity blocked by glibenclamide was seen;

pinacidil applied to the cell evoked similar glibenclamide-sensitive channel activity. If the patch was

pulled off the cell to form an isolated inside-out patch, similar glibenclamide-sensitive single-channel
currents were observed in the presence of UDP and/or pinacidil to those seen in cell-attached mode;
channel conductance was 20 pS (60:130 K-gradient) and openings showed no voltage-dependence and
noisy inward currents, typical of the nucleoside diphosphate (NDP) activated K-channel (KNDP) seen

previously in rabbit portal vein.
4 Formation of an isolated inside-out patch into an ATP-free solution did not increase the probability
of channel opening which declined with time even when some single-channel activity had occurred in the
cell-attached mode before detachment. However, application of 1 mM UDP or GDP, but not ATP, to
inside-out patches evoked single-channel activity. Application of ATP-free solution to isolated patches,
previously exposed to ATP and in which channel activity had been seen, did not evoke channel
activity.
5 It is concluded that small conductance K-channels (KNDP) open in smooth muscle cells from this
small artery in response to UDP or GDP acting from the inside, or pinacidil acting from the outside; the
same channels open during inhibition of metabolism presumably mainly due to the rise in nucleoside
diphosphates, but a fall in the ATP concentration on the inside of the channel did not by itself evoke
channel activity. Failure to respond to a fall in ATP concentration upon formation of an inside-out
patch could not be due to dephosphorylation of the channel because sometimes it had been active
previously during cell-attached recording. NDPs, instead of ATP, are more important regulators of
KNDP channels. It is suggested that the KNDP is the main target K-channel for KCOs.

Keywords: Metabolic inhibition; cyanide; 2-deoxyglucose; pinacidil; GDP; uridine diphosphate; KNDP

Introduction

KATP channels, by definition, are channels inhibited by intra-
cellular ATP ([ATP]i). If [ATP], is the primary regulator of
the channels, they should open when inside-out patches are
made into ATP-free solution from a high-[ATP]- or normal-
[ATP]i circumstances. This is true in the cases of both cardiac
and pancreatic 13-cells (Cook & Hales, 1984; Trube & Hesche-
ler, 1984; Shen et al., 1991). Standen et al. (1989) observed
remarkable channel activity in inside-out patches in the
absence of ATP in mesenteric artery smooth muscle cells
which was clearly inhibited by ATP and reactivated by
cromakalim. However, channel activity has not been observ-
ed by many groups when isolated inside-out patches were
formed from smooth muscle cells into ATP-free solution
(Kajioka et al., 1991; Nakao & Bolton, 1991; Robertson et
al., 1992; Beech et al., 1993a; Bonev & Nelson, 1993), unless
GDP is present (Kajioka et al., 1991; Beech et al., 1993a,b).
Furthermore, the channel conductance reported by Standen
et al. (1989) is much higher than that in other tissues (Noma,
1983; Trube & Hescheler, 1984; Rorsman & Trube, 1985)
and that in smooth muscle reported by Kajioka et al. (1991).

Author for correspondence.

While the channel conductance is quite similar in cardiac and
pancreatic 13-cells, the channel conductance of KATP channel
in smooth muscle cells has been variously described as 258 pS
(Lorenz et al., 1992), 100-135 pS (Standen et al., 1989;
Kovacs & Nelson, 1991), 30 pS (Inoue et al., 1989; Miyoshi
& Nakaya, 1993), 24 pS (Beech et al., 1993a), 15 pS (Kajioka
et al., 1991), 10 pS (Kajioka et al., 1990) and 7 pS (Bonev &
Nelson, 1993). Only a few of these differences can be
explained by the different K-gradients used. As a conse-
quence it is still unclear whether smooth muscle has a differ-
ent type of KATP channel from other tissues and whether
other factors rather than [ATP]- are more important in deter-
mining channel opening.
Many experiments have shown that relaxations of smooth

muscle caused by potassium channel opener (KCO) drugs are
blocked by glibenclamide (e.g. Winquist et al., 1989; Standen
et al., 1989) which has been interpreted as indicating that the
KATP channel is the target channel. In single cell and single
channel experiments, glibenclamide, in micromolar concen-
trations blocked the whole cell currents induced by various
KCOs including levcromakalim, pinacidil, nicorandil, diazox-
ide, minoxidil sulphate, RP 49356 ( Noack et al., 1992a;

BrRish Journal of Pharmacology (1995) 114, 662-672
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Silberberg & van Breemen, 1992; Beech et al., 1993b; Zhang
& Bolton, unpublished) and the increase in probability of
opening of K-channels produced by KCOs (Standen et al.,
1989; Kajioka et al., 1991; Beech et al., 1993b). However, the
Ca-activated large conductance K-channel (BKca channel)
(Gelband & McCullough, 1993) and delayed rectifier K-
channel (Edwards et al., 1993) have been suggested as target
channels for KCOs and the effect of KCOs on these are also
inhibited by glibenclamide.

In our previous paper, we showed that GDP and other
nucleoside diphosphates (NDPs) activated a K-channel with
small (24 pS) conductance in rabbit portal vein cells (Beech et

al., 1993a). The action of NDPs on the channel was sensitive
to the blocking action of glibenclamide and channel open

probability was increased by the KCO, levcromakalim (Beech
et al., 1993b). We designated this channel KNDP because
nucleoside diphosphates needed to be present for the channel
to open and [ATP]i could inhibit channel activity only when
increased by NDPs; thus NDPs, and not ATP, seemed to be
the primary regulator of channel activity because channel
activity did not appear when isolated patches were formed
into ATP-free solution if NDP was not present. In this
paper, we use single smooth muscle cells isolated from rat
mesenteric artery to test whether the channel activated by
NDPs is also present in resistance arteries and whether there
is a relation to the KATP channel which has been described in
this tissue (Standen et al., 1989). We also try to clarify
whether KCO and metabolic inhibition can open the same

channel as that opened by NDPs.

Methods

Single cell dispersion

Single smooth muscle cells were isolated from small branches
of rat mesenteric artery. Adult, male Wistar rats
(200 - 300 g) were killed by cervical dislocation. The second
and third order branches of the artery were cut open along
their longitudinal axis after careful dissection and incubated
in a low-Ca (1O tM) and Mg-free physiological salt solution
(PSS) at 37°C for 20 min. Tissue was then moved to the same

solution which contained 0.4 mg ml-I collagenase (type XI,
Sigma), 0.4 mg ml' pronase (type E, Sigma) and 1 mg ml'
bovine albumin (Sigma) at 37'C for 30 min. The tissue was

washed with enzyme-free solution and triturated by sucking
in and out of a wide b'ore, smooth-tipped pipette. The cells
were used for experiments within 6 h of separation during
which time they were stored at 4'C in low-Ca (10 JM) solu-
tion. All experiments were performed at room temperature
(22°C). The solutions used for the whole procedure of the
dispersion were oxygenated (100% 02) vigorously and con-

tinuously and ice-cold solution was used for the tissue dissec-
tion to reduce as far as possible the reduction of ATP levels
in the cells.

Electrophysiology

Conventional whole-cell, cell attached and isolated patch
recording (Hamill et al., 1981) and 'perforated patch' record-
ing (Horn & Marty, 1988) were used in the experiments. The
patch amplifier was a RK300 (Biologic). Patch pipettes were

made from borosilicate glass (Plowden & Thompson); they
had resistance of 2-5 MCI after fire-polishing, and were

coated with Sylgard (Dow Corning) for single channel re-

cordings. Data were stored of FM-tape (Racal) (3.75 in s-',
low-band pass 1250 Hz) and captured later to a 386 PC for
data analysis after digitization using CED interface and soft-
ware, or replayed using a Gould pen recorder (Gould Elec-
tronic Ltd.) for illustrations. All whole-cell current records
were filtered at 500 Hz (4-pole Bessel filter, Barr and Stroud)
and single channel records filtered as described in the legends
of Figures 2 to 7. The input resistance was monitored in

whole-cell experiments by square or ramp hyperpolarizing
commands. The series resistance was estimated by the rate of
decay of the capacity current after an instantaneous step in
the command voltage and was estimated to be < 10 MQ in
conventional whole-cell and < 20 MQ in 'perforated patch'
experiments. Results are given as means ± standard error of
the mean (s.e.mean).

Data analysis

Unitary current amplitude was determined by fitting amp-
litude histograms with Gaussian distributions. The channel
open-state probability (PO) was calculated using the following
equation

P.= IP- t ii (TN)
where the t, is the time spent with i = 1.2,3........,N channels
open, N is the number of the channels, i is unitary current
and T is the sample length. The calculation assumes the
maximum number of unitary current levels observed in a
patch to be equal to the number of active channels, N, in the
patch. All data were expressed as means ± s.e.mean.

Solutions

Low-Ca and Mg-free solution (mM): NaCl 130, KCI 5,
CaC12 0.01, HEPES 10, glucose 10, pH 7.4 with NaOH. Solu-
tions for whole-cell recording mode: physiological salt solu-
tion (PSS) in bath (mM): NaCl 130, KCl 5, CaC12 1.7,
MgCl2 1.2, HEPES 10, glucose 10, pH 7.4 with NaOH. Pipette
(mM): KCI 130, MgCl2 2, EGTA 5, HEPES 20, pH 7.4 with
KOH. Nystatin (Sigma) 100 g ml-' was added to the solu-
tion to make a 'perforated patch'. Solutions for single
channel recording mode: Bath (mM): NaCl 9, KC1 117,
MgCl2 3, HEPES 18, EGTA 5, pH 7.4 with KOH. Pipette
(mM): NaCl 80, KCl 60, CaC12 1.7, MgCl2 1.3, HEPES 10,
glucose 10, pH 7.4 with NaOH. Glucose was replaced by
10 mM 2-deoxy-glucose (2DG) and sodium cyanide (CN)
(1 mM) was added to the solution when metabolic inhibition
was used. UDP, GDP and ATP were added as Na-salts and
100 mM stock solutions of these were prepared and frozen at
-20°C. Dilution was made immediately prior to the applica-
tion. Nystatin was prepared as a 5 mg ml1' stock in methanol
and diluted to the final concentration. Glibenclamide was
prepared as a 10mM stock solution in dimethylsulphoxide
(DMSO). The final concentration of DMSO was 0.1% for
10 LM glibenclamide.

Drugs

GDP (guanosine diphosphate), UDP (uridine diphosphate),
ATP (adenosine triphosphate), EGTA (ethylglycol-bis-(P-
aminoethyl)-N,N,N',N'-tetraacetic acid), HEPES (N-2-hydro-
xyethylpiperazine-N'-2-ethanesulphonic acid) and gliben-
clamide were from Sigma. Pinacidil monohydrate was from
Leo Pharmaceutical Company (Denmark). Levcromakalim
was a gift from Dr T. Hamilton (SKB). Nicorandil was from
Chugai Pharmaceutical Company (Japan).

Results

Pinacidil, metabolic inhibition and intracellular GDP all
induce a glibenclamide-sensitive K-current in whole-cell
recordings

Figure 1 shows three recordings in single cells isolated from
rat mesenteric artery. Cells a and d are conventional whole-
cell recordings, and cell c is a 'perforated-patch' whole cell
recording (see Methods). All the cells were held at -37 mV.
In cell a, a small transient outward current (about 8 pA in
peak) developed about 4 min after breaking through the cell
membrane. Similar currents were seen from another two cells

663



H. Zhang & T.B. Bolton K-channels opened by GDP, cyanide or pinacidil

out of 8 cells observed. The mean amplitude of the currents
from these three cells was 6 ± 2 pA (means ± s.e.mean).
When pinacidil (100 LM) was applied via bath, a large out-
ward current with a peak amplitude of about 97 pA
developed which decayed slowly after reaching a peak
(Figure la). Glibenclamide (10 AIM) totally blocked the cur-
rent induced by pinacidil. In another three cells, pinacidil
(100 LM) induced outward currents of average amplitude of
46 ± 12 pA which were all blocked by glibenclamide (10 !IM).
Ramp voltage changes were applied to the cell to determine
the reversal potential of the current induced by pinacidil. The
currents, induced by ramp voltages from -117 mV to 20 mV

a

25 pA
3 min

(i)

before (i) and during (ii) application of pinacidil, intersected
at -80 mV (Figure lb), close to the calculated EK (EK was
-88 mV), suggesting that most of the current induced by
pinacidil was potassium current.

In Figure lc, 100 jig ml-' nystatin was included in the
pipette to make a 'perforated patch'. After about 6 min when
series resistance had fallen to less than 15 MC, metabolic
poison solution (CN + 2DG) was applied. An outward cur-
rent developed slowly with peak amplitude of 20 pA at a
holding potential of -37 mV. The current did not decay
before pinacidil (100 AM) was bath-applied. Pinacidil induced
an additional outward current of 40 pA (peak). Both currents

b pA

40 80 120
mV

Pinacidil 100 gM

c Glib 10 gM

25 pA

5 min

Pinacidil 100 gIM
Glib 10 gM

d

125 pA

5 min

Pinacidil 100 AM

Glib 10 gAM
Figure 1 Pinacidil, metabolic inhibition and GDPj activate a glibenclamide-sensitive K-current in single smooth muscle cells
isolated from the rat mesenteric artery. The current traces were constructed from whole-cell currents sampled every 10 s at a
holding potential of -37 mV. Pinacidil and glibenclamide were applied via bath solution as indicated. (a) Conventional whole-cell
recording mode with KCI 130 mm, EGTA 5 mm, MgCl2 2 mm and HEPES 20 mm in the pipette solution; bath solution was
1.7 mm Ca PSS solution. The recording was started about 1 min after break-through to the whole cell recording mode. (b) Ramp
change in voltage from -117 mV to + 20 mV lasting 200 ms was applied during the recording shown at (a). (i) and (ii) indicate the
responses to the ramp voltages before and at the peak of the response to pinacidil. (c) Perforated patch whole-cell recording mode.
Nystatin (I00 lag ml 1) was included in the pipette solution which otherwise was same as in (a). The recording was started about
1 min after gaining electrical access to the interior of the cell which was indicated by a series resistance of less than 15 MCI. The
PSS in the bath was replaced by PSS containing cyanide (1 mM) and 2-deoxy-glucose (1O mM) as indicated. (d) Conventional
whole-cell recording mode with 1 mm GDP included in the pipette solution. The recording was started about 30s after
break-though to the whole-cell recording mode.

I
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were blocked by glibenclamide (1OpM). Similar results were

seen in another three cells. However, we did not see currents
developing in four cells during conventional whole-cell record-
ings either before or after metabolic inhibition, but pinacidil
induced an average outward current in these cells of
36 ± 11 pA (n = 4).
a

Inside-out

b
Inside-out

ATP 1 mM

UDP 1 mM ATP 1 mM

UDP 1 mM

2.5 pA
30 s

UDP 1 mM

-A~b~~ Orwer T-r- ww

Figure 2 UDP activates a K-channel in isolated inside-out patches.
Recordings of two cells isolated from rat mesenteric artery. The cells
were held at -60 mV. KCI 117 mM, MgCI2 3 mM, EGTA 5 mM
(Ca-free) were in the bath solution and the pipette solution contained
KCI 60 mm, CaCl2 1.7 mm. In cell a, UDP (1 mM), applied via bath
after ATP (1 mM) was washed out, activated the channel with an

unitary current amplitude of about 0.85 pA at + 60 mV. Notice that
a smaller unitary current (+) was also present. In cell b, UDP
(I mM) also activated the channel. After washing out UDP, channel
activity ceased in the presence of ATP. Only one brief channel
opening was seen after washing out ATP during a period of 5 min.
UDP reactivated the channel again. The current traces were recorded
continuously on FM-tape (3.75 in so) with a 0.5 kHz low-pass filter
(- 3dB, 4-pole Bessel) and filtered for presentation at 100 Hz. The
breaks in the records represented 3-4 min interruptions.

When 1 mM GDP was included in the pipette solution, an

outward current slowly developed (Figure Id) after breaking
through the cell membrane into the whole-cell mode and this
reached a maximum, on average, of 35 ± 7 pA (n = 4), after
10 to 15 min. Once the response to GDP had reached a

maximum, pinacidil (100 AM), levcromakalim (10 juM) or

nicorandil (100 ILM) was bath-applied. These three KCOs
induced an additional current of 40 (Figure ic), 35 and
20 pA, respectively. Gilbenclamide (10ltM) blocked the cur-

rents induced by GDP and KCO. Ramp voltage was also
applied to cell c and cell d; reversal potentials of -82 and
-84 mV respectively, were obtained.

GDP and UDP activate a small conductance K-channel
in inside-out patches

When inside-out patches were formed into zero-Ca EGTA
solution in the absence of a nucleotide at the inner surface of
the patch, no distinct channel activity was seen in most of the
patches (35) held at -60 mV (Figure 2). However, some

atypical channel activity did appear in two patches from two
cells just once over a period of 2 to 5 min (an example is
shown in Figure 3b; the unitary current is larger than that
carried by KNDP channels). When GDP (Figure 3) or UDP
(Figure 2) (1 mM) were applied in the bathing solution to the
inner surface of the patches, a channel was activated that
showed long bursts of openings (mean open time 3.8 s in the
case of Figure 3) separated by even longer closed periods
(mean closed time 5.8 s in the case of Figure 3). There was a

pronounced fluctuation in the channel open-state when the
current direction was inward (Figure 3; see later; cf. Figure
7). When the patches were held at -60 mV, the unitary
amplitude of the channel activated by UDP and GDP was

Glib 10 gM
Pinacidil 100 gM

GDP 1 mM
CN + 2DG

Inside-outCell-attached

,' ~~~~~ ~~ ~~1min
II ,V !I , I

11~~~1pA 21pA 2L1pA1

* b c

Figure 3 The K channel activated by metabolic inhibition in cell-attached patch and by GDP and pinacidil in inside-out patch can
be blocked by glibenclamide. A patch from rat mesenteric artery was held at -60 mV. The same pipette solution (60 mm K) and
bath solution (I 17mm K) were used as in Figure 2. Initially the patch was cell-attached and metabolic blocking agents, cyanide
(CN, I mm) and 2-deoxy-glucose (2DG IO mm), were applied via the bath; then an inside-out patch was formed in the ATP- and
GDP-free, CN + 2DG solution. GDP (I mm), pinacidil (Io00 m) and glibenclamide (IO FM) were applied to the inside-out patch via
bath as indicated. Glibenclamide totally abolished the channel activity induced by GDP and pinacidil and the effect of
glibenclamide could be washed out. Notice that some atypical channel activity (unusually larger unitary current) can be seen just
after forming an inside-out patch. The current traces were recorded continuously on FM-tape (3.75 in s- 1) with a 0.5 kHz low-pass
filter (-3dB, 4-pole Bessel) and filtered for presentation at Il00 Hz. The expanded sections of traces of cell-attached and inside-out
patches showed that (a) and (c), but not (b), have the same unitary size and characteristics. The broken lines represented about
2-3min interruption in each case.
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0.85 ± 0.008 pA (n = 9). The conductance of the channel was
20 pS and the current reversed near EK (- 19.5 mV), suggest-
ing K ions were the charge carrier (see later; cf. Figure 7).
Pinacidil (100 pM) increased the channel activity and gliben-
clamide (10 JiM) totally blocked it (Figure 3). All of these
characteristics of channel activity are similar to those of the
channel activated by GDP in rabbit portal vein smooth
muscle cells described in our previous papers (Beech et al.,
1993a,b).
A low concentration of ATP, in the presence of Mg, is

necessary to retain the ability of the KATP channel to open in
both cardiac and pancreatic a-cells (Findlay & Dunne, 1986;
Misler et al., 1986; Findlay, 1987; Ohno-Shosaku et al.,
1987). So ATP (1 mM) in the presence of 3 mM MgCl2 was
applied to the inner surface of the patches in this experiment.
In Figure 2a, no channel activity was observed before and
after application of 1 mM ATP. However, when UDP (1 mM)
was bath-applied after wash-out of ATP, the channel was

Cell-attached patch

activated. UDP (1 mM) activated the channel in another
inside-out patch (Figure 2b); after washing out UDP and
applying 1 mM ATP, channel activity ceased. When ATP was
washed out, a brief channel opening was seen during a period
of 5 min. UDP (1 mM) was applied again in this cell and the
channel was re-activated by UDP (Figure 2b). Experiments
using the same protocol as that used in Figure 2b were
performed in two other cells and no channel activity was
observed after washing out ATP but UDP always activated
the channel.

Single-channel currents activated by pinacidil or
metabolic inhibition in cell-attached and inside-out
patches
The cell membrane was quiescent most of the time in cell-
attached patches from rat mesenteric artery held at - 60 mV.
Occasionally, a channel with the same characteristics as the
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Figure 4 Metabolic block and pinacidil both activate a glibenclamide-sensitive K channel in cell-attached patch from a smooth
muscle cell isolated from rat mesenteric artery. The cell was held at -60 mV. KCI 117 mm, MgCI2 3 mM and EGTA 5 mM
(Ca-free) were in the bath solution and the pipette solution contained KCI 60 mm and CaCl2 1.7 mm. Cyanide (CN, 1 mM),
2-deoxy-glucose (2-DG, 10 mM), pinacidil (100 JLM) and glibenclamide (Glib, 10 JLM) were applied via the bath. (a-e) Recording of
the current in a cell-attached patch. The control trace (a) was just before the application of CN + 2DG; later traces (b,c,d,e) were 2
to 3 min after the applications of CN + 2DG, pinacidil, or glibenclamide respectively; then pinacidil and glibenclamide were
washed out. All-points histograms were constructed from a period of 4 min in each case with a sample frequency of 2 kHz and
after filtering at 0.5 kHz. Notice the peak at about 0.8 pA representing activity of a single open channel.
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channel activated by UDP and GDP in inside-out patches
was seen in cell-attached patches but generally the patch was
quiescent under control conditions (Figure 4a). However,
when metabolic poisons (CN + 2DG) were applied to the
cell, a channel was activated with an average unitary ampli-
tude of 0.84 ± 0.02 pA (n = 7) at -60 mV. This channel also
had open-state noise in an inward direction (Figure 4b; see
later, cf. Figure 7), and was apparently similar to the type of
channel activated by UDP and GDP in inside-out patches.
Pinacidil (100 ftM) added alone increased the channel activity
and the open probability of the channel was increased from
0.014 to 0.025 (channel activity in control was 0.00093)
(Figure 4c). However, application of glibenclamide (1O tAM)
completely abolished the channel activity induced by both
CN + 2DG and pinacidil (histogram in Figure 4d was con-
structed just after the application of glibenclamide; channel
activity was abolished 30 s after the application of gliben-
clamide). The effect of glibenclamide could be partly washed
out (Figure 4e). The channel open probabilities were 0.0012
and 0.0063 in the presence and absence of glibenclamide,
respectively. Figure 5 shows data from the same cell as
Figure 4. The arrow in Figure 5 shows when an isolated
inside-out patch was created after glibenclamide had been
washed out. The channel activity declined after the inside-out
patch was formed (5 min); one longer lasting opening (Figure
5b) was observed, presumably because the inhibition of the
channel by ATP in the cell-attached mode was abolished in
the inside-out patch (Kajioka et al., 1991). After channel
activity ceased, UDP (1 mM) and UDP (1 mM) plus pinacidil
(100 tAM) re-activated the channel with much greater channel
activity and occasionally 3 channels were open simul-
taneously (Figure 5c). The sections of current record on a
faster time base show that the characteristics of the channels
open in the absence (Figure 5b) and presence (Figure 5c) of
UDP and pinacidil, and in the cell-attached patch (Figure
4b,c and Figure 5a) were quite similar. The open probability
of the channel in the presence of UDP + pinacidil was 0.16
and mean open time (one active channel in patch) was 1.8 s,
compared with a mean open time of 164 ms in a cell-attached

Inside-out patch

patch in the presence of pinacidil. In another 4 cells, the
channel activity activated by CN + 2DG always ceased
within 40 s after an inside-out patch was formed; UDP or
GDP (1 mM) always re-activated the channel.
Although channel activity was not normally seen in cell-

attached patches, in one particular cell pronounced channel
activity was found even without CN + 2DG or KCO. In this
cell, the channel which had an amplitude of 0.83 pA at
- 60 mV, opened frequently, and two channels could be seen
to be open simultaneously. The channel activity decreased
and ceased after about 1 min when inside-out patch was
formed. This channel, with characteristic unitary current size,
long open time and noisy open-state, was apparently the
same type of channel as that activated by NDPs.

In another series of experiments, only pinacidil (10 1AM)
was applied to cell-attached patches and in three cells,
pinacidil alone activated the channel with an average amp-
litude of 0.80 ± 0.02 pA at -60 mV. Figure 6a(i)(ii), b(i)(ii),
shows a typical example of results from these cells. When an
inside-out patch was formed in the presence of pinacidil
(alone, no nucleoside diphosphate), channel open probability
was increased from 0.093 to 0.28 and two channels were seen
to be open simultaneously (Figure 6a(iii), b(iii)). These chan-
nels also showed similar characteristics to those of the chan-
nel activated by CN + 2DG or NDPs. In another cell,
pinacidil did not activate channels in a cell-attached patch.
However, a channel with similar characteristics to those des-
cribed above was activated by pinacidil alone after an inside-
out patch was formed. So, it seems that pinacidil can open
the KATP channel in the absence of any nucleotide in rat
mesenteric artery, which is different from cardiac cells (Shen
et al., 1991) and pancreatic a-cells (Dunne, 1990; Dunne et
al., 1990a,b) in which the effect of KCO needs the presence
of ATP or NDP. However, in at least two cells, pinacidil
(100 JM), applied after, rather than before an inside-out
patch was formed, failed to activate the channel, although
subsequently application of UDP proved the existence of the
channel in the patches.
The BKCa channel was rarely seen because of the negative
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Figure 5 The same cell as in Figure 4. An inside-out patch was formed by pulling away the pipette from the cell (4+) into

cyanide + 2-deoxy-glucose solution and held at -60 mV. The current with the same unitary size and the same characteristics (noisy

open-state) as seen in the cell-attached mode (a) but with much longer open times was seen in the inside-out patch (b). The channel

activity ceased in the trace (b) and was not seen for at least 5 min. The channel was reactivated by the application of UDP (1 mM)
and pinacidil (100 gM) (c). The expanded section shows that as many as three channels were open simultaneously.
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holding potential (-60 mV) and zero Ca in the bathing
solution. However, when the holding potential was made
positive ( + 60 mV), the BKc. channel was activated. Some
cells were held at + 60 mV but pinacidil and metabolic block
had no effect on the BKc. channel. The conductance of the
BKc,, channel under the conditions of the present experi-
ments (60:130 mM K-gradient) was about 150 pS in inside-
out patches (see later, Figure 7).

The conductance of the channel activated by NDPs,
metabolic inhibition and pinacidil

The current-voltage relationship was linear for the channel
activated by pinacidil, CN + 2DG or NDPs (Figure 7c).

a

(i) Cell-attached control

I I j I 'I F f7 --'j

Figure 7a is a record from a cell-attached patch in the
presence of CN + 2DG and pinacidil and Figure 7b is an

inside-out patch in the presence of UDP and pinacidil. A
noisy open-state was observed only when the current direc-
tion was inward in both cases (Figure 7a,b). Two kinds of
channels can be seen in Figure 7a, (i) BKca channel with a

conductance of 150 pS; (ii) the channel activated by CN +
2DG and pinacidil with a conductance of 20 pS. In Figure
7b, three different channels can be seen, (i) BKc. channel, (ii)
20 pS channel activated by UDP and pinacidil, (iii) 10 pS
channel activated by UDP and pinacidil. The small conduc-
tance channel (10 pS) may be a sub-conductance state of the
20 pS channel, since it had similar characteristics apart from
its conductance. However, current transfers from the subcon-
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Figure 6 Pinacidil alone activated a K channel in cell-attached and inside-out patches in smooth muscle cells isolated from rat
mesenteric artery. (a) Recordings, (b) all-point histograms. (i) The cell was held at -60mV. KCI 117mm, MgCl2 3mM, and
EGTA 5 mm (Ca-free) were in the bath solution and KCI 60 mm, and CaCl2 1.7 mm were in the pipette solution. (ii) Pinacidil
(100I1M) was applied via bath in the cell-attached recording mode and (iii) an inside-out patch was formed in the presence of
pinacidil. Pinacidil activated the channel with an unitary current amplitude of about 0.8 pA at -60 mV in the cell-attached mode
and the channel activity was increased after an inside-out patch was formed. All points histograms were constructed from periods
of 4 min in each case with a sample frequency of 2 kHz after filtering at 0.5 kHz.
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Figure 7 The conductance of the K channel activated by metabolic inhibition and pinacidil in cell-attached patches, and by UDP
and pinacidil in inside-out patches was about 20 pS. Two cells from rat mesenteric artery were held at different voltages ranging
from -100 mV to +60 mV. KCI 117 mm, MgCI2 3 mM and EGTA 5 mM (Ca-free) were in the bath solution and KCI 60 mm and
CaCl2 1.7 mm were in the pipette. (a) Cell-attached patch from one cell in the presence of cyanide (CN) (1 mM) + 2-deoxy-glucose
(2-DG) (1O mM) and pinacidil (100 gM). (b) Inside-out patch from another cell in the presence of UDP (1 mM) and pinacidil
(100IM). (c) The current-voltage relationship of the channel in both cases. Notice that the 20 pS channel was activated by
CN + 2DG-pinacidil in the cell-attached patch (0) and by UDP + pinacidil in the inside-out patch (A). A smaller conductance
channel (0) in inside-out patch, and the BKca channel (0) were also seen. The current traces were recorded continuously on
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ductance to fully conducting state, or vice versa were not
seen. All three current-voltage relationships reversed near EK
(- 19.5 mV). The subconductance state of channels activated
by pinacidil were also seen in a cell-attached patch. In Figure
2a, as well as the 20 pS channel activated by UDP in an
inside-put patch, channel activity with a half-size unitary
current was also present. The voltage-dependence of the
20 pS channel activated by pinacidil and UDP was checked
over the voltage range from -80 mV to + 40 mV. No modi-
fication was found in channel probability of opening upon
changing the holding potential.

Discussion

In this paper, we have demonstrated that metabolic block,
pinacidil and intracellular NDPs can induce K-currents in rat
mesenteric artery cells, which are apparently from the same

target channel. The channel activated by metabolic block,
pinacidil and intracellular NDPs has similar characteristics to
those of the channel we described in rabbit portal vein cells
in our previous papers (Beech et al., 1993a,b); it is a small
conductance channel (probably about 15 pS in quasi-
physiological K-gradient, Kajioka et al., 1991). NDPs are a

crucial regulator of these channels, which suggests that they
should be designated KNDP channels (Beech et al., 1993a).
When recordings were made from the cells of rat mesen-

teric artery in the conventional whole-cell recording mode
with ATP-free pipette solution, only a few cells developed a

small transitory outward current at -37 mV (EK was

-88 mV). No further currents developed when metabolic
inhibition was applied to these cells. However, when either
GDP was added to the pipette solution, or metabolic block
was applied during 'perforated patch' whole-cell recording, a

sustained outward current developed consistently. Similar
results were observed in rabbit portal vein cells where not only
GDP but several other NDPs could induce the current. The
simplest explanation for these observations is that the con-

centration of NDPs may rise, as well as that of ATP fall,
during 'perforated patch' whole-cell recordings because of the
metabolic block; ATP and NDPs may decline simultaneously
in conventional whole-cell mode as a result of diffusion into
the pipette, although at some stage of diffusion the ratio of
NDPs to ATP might rise high enough for the channels to
open and cause a small transient current. Hence, the effects
of ATP in closing the channel are only possible once NDP
has opened it. Pinacidil could induce an outward current
during conventional whole-cell recording whether a transitory
current had developed or not; pinacidil also induced an
additional current after current had been induced by meta-
bolic block or by intracellular GDP (Figure 1). Noack et al.
(1992b) found a transient outward current (Imet) during
whole-cell recording in rat portal vein cells held at -50 mV
in the absence of ATP and metabolic substrates. AfterImet
had developed, no response to levcromakalin was observed.
However, we always found that the responses to KCO and
NDP were not exclusive (Beech et al., 1993b; present results
and unpublished results). The responses to NDP, metabolic
inhibition and pinacidil were all blocked by glibenclamide,
suggesting that the KNDP channel was involved, since gliben-
clamide at this concentration had no significant effect on
voltage-dependent K-current (Beech et al., 1993b).
Although the K-channels in smooth muscle cells which can

be inhibited by ATP have been observed to be active in the
absence of ATP in inside-out patches in several vascular
muscles, viz: in rabbit and rat mesenteric artery (Standen et
al., 1989), in the afferent artery of rabbit kidney (Lorenz et
al., 1992) and inporcine coronary artery (Wakatsuki et al.,
1992; Miyoshi et at., 1992; 1993), we did not see such chan-
nels in inside-out patches in our previous experiments in
rabbit portal vein smooth muscle cell (Beech et al., 1993a,b).
In the experiments on rat mesenteric artery cells in the
absence of prior activation by metabolic inhibition or pina-

cidil in the cell-attached patch mode, when inside-out patches
were created into nucleotide-free solution, no channel activity
was observed unless NDPs were applied to the inner surface
of the patches (Figure 2). However, when the channels were
already activated by metabolic inhibition and/or pinacidil in
cell-attached patches, channel activity could still be observed
briefly after inside-out patches were created (Figure Sb,
Figure 6c). However, these channel openings in inside-out
patches were unlikely to be due to the absence of ATP since
the channels had already been activated by metabolic inhibi-
tion and pinacidil in the cell-attached patch and the channel
activity in Figure Sb did not increase when an inside-out
patch was excised but declined with time. Other groups have
also failed to identify K-channel activity, inhibitable by
[ATP]j, in inside-out patches in the absence of ATP and NDP
in rabbit portal vein cells (Kajioka et al., 1991; Kamouchi et
al., 1993) and in rat pulmonary artery cells (Robertson et al.,
1992). This is surprising because the KATP channel is sup-
posed to be closed by ATP in normal cells, and should open
in the absence of ATP; this characteristic can be used to
define a KATP channel, in contradistinction to our KNDP
channels which do not open simply in the absence of
ATP.
One explanation which has been offered for the lack of

channel activity in ATP- and NDP-free solution is that the
KATP channel rapidly 'runs-down' due to dephosphorylation
of the channel, after patches are excised from the cell, a
phenomenon which occurs in cardiac and pancreatic P-cells
(Terzic et al., 1994). However, KATP channels in cardiac and
pancreatic P-cells always showed dramatic channel activity
immediately after inside-out patches were formed into ATP-
free solution, which could last several minutes before the
channels ran down (Trube & Hescheler, 1984; Kakei et al.,
1985; Findlay & Dunne, 1986; Lederer & Nichols, 1989;
Tung & Kurachi, 1991). It is difficult to imagine that the
KATP channels in smooth muscle run down so fast (milli-
seconds) that we were unable to see their activity.
A second explanation which might be offered is that the

KATP channels in smooth muscle has already been dephos-
phorylated in the intact cell because [ATP]i in these cells, for
some reason, have become very low. This is unlikely to be
true, at least in the present experiments, as we tried very
carefully to prevent reduction of the [ATP]i level and the
energy supply in the cells by oxygenating during the whole
procedure of cell dispersion and by making the dissection
solution ice-cold. The ratio of ATP to ADP in these cells
(kindly measured using high performance liquid chromato-
graphy (h.p.l.c.) by S.A. Prestwich) was similar to that in
fresh tissues which were taken immediately after death (the
relative concentrations of ATP and ADP in fresh tissues were
13.3 and 4 nmol mg' protein respectively; the relative con-
centrations of ATP and ADP in the cells were 6.13 and
1.27 nmol mg-' protein respectively). Even stronger evidence
came from the effects of metabolic poisons applied to whole
cells during cell-attached patch recording, which caused the
development of a glibenclamide-sensitive K-channel activity
in many patches which were otherwise quiescent. This result
showed that ATP in these cells was high enough to maintain
the K-channels closed and sufficiently phosphorylated (if that
is necessary) to allow them to become active upon metabolic
inhibition, so they should also open upon forming isolated
patches into ATP- and NDP-free solution.
A third explanation, which is the one we prefer and which

we have suggested in our previous paper (Beech et al.,
1993a), is that intracellular NDPs, instead of ATP, are the
crucial regulators of these K-channels in smooth muscle.
NDPs as well as ATP are lost when inside-out patches are
formed. ATP, more likely binding to the open-state of the
channel, inhibits the channel opening once the channel is
activated by NDPs. This explanation agrees very well with
our results above and there is more evidence supporting this.
Firstly, ATP alone had no effects in patches in which UDP
was able to activate the channel (Figure 2). However, it is
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known that ATP reactivates the KATP channel in cardiac and
pancreatic P-cells and prevents channel run down (Findlay &
Dunne, 1986; Misler et al., 1986; Ohno-Shosaku et al., 1987;
Takano et al., 1990). Also, the mean open time of the
channel activity induced by metabolic poisons in cell-
attached patches was much shorter than that in inside-out
patches activated by UDP, presumably because the inhibition
of the channel by ATP in cell-attached patches was absent in
inside-out patches (see also Kajioka et al., 1991). Thus, the
channels we describe according to our definitions should be
designated KNDP not KATP-

In cardiac muscle the view is forming that NDPs are
important regulators of KATP channel activity and that the
effects of NDPs depend on the operative state of the channel
(Terzic et al., 1994). However, cardiac KATP channels differ
from those described in this paper and elsewhere (Kajioka et
al., 1991; Robertson et al., 1992; Beech et al., 1993a,b;
Kamouchi et al., 1993) in that lowering ATPj results in a
pronounced increase in activity. It seems likely that cardiac
KATP and smooth KNDP channels have some structural simi-
larities but also important differences. It is significant that rat
heart KATP channel mRNA was found to be expressed in a
variety of peripheral and central tissues but not in smooth
muscles (Ashford et al., 1994).
Working on the same tissue (rat mesenteric artery) and

under almost identical conditions (60:120 mM K-gradient;
negative holding potentials) as those used in this paper,
Standen et al. (1989) found an ATP-sensitive K-channel with
a conductance of 135 pS. This large conductance channel was
sensitive to ATP, activated by cromakalim, and the action of
cromakalim was inhibited by glibenclamide. We did not see
this channel in the present experiments nor did we see it in
rabbit portal vein cells in our previous experiments (Beech et
al., 1993a,b). Apart from channel conductance, there are
other differences in our channel characteristics, such as long
channel opening and noisy channel open state. Conductances
of the K-channels sensitive to [ATP]i in smooth muscle cells,
ranging from 7 pA to 257 pA have been reported (Inoue et
al., 1989; Kajioka et al., 1990; 1991; Kovacs & Nelson, 1991;
Miyoshi & Nakaya, 1991; Lorenz et al., 1992; Bonev &
Nelson, 1993), with different channel characteristics such as
Ca-sensitivity and voltage-dependence. Although many of

these channels show sensitivity to one or more of the agents
ATP, glibenclamide, or KCO, which has led to their designa-
tion at KATP channels, it seems reasonable to suggest that
they are not, after all, the same type of channel. An impor-
tant question which should now be asked is, what are the
roles of all these different K channels sensitive to ATP,
glibenclamide, or KCOs in smooth muscle?
The results from the experiments of Kajioka et al. (1991),

Kamouchi et al. (1993) and those obtained by us (Beech et
al., 1993b) suggest that the KNDp is the target channel KCO
in rabbit portal vein smooth muscle cells. These results agree
well with the observations that KCO hyperpolarizations and
relaxations of intact smooth muscle are blocked by gliben-
clamide and are unaffected by blockers of BK channels
(charybdotoxin or low concentrations of TEA) (Standen et
al., 1989; Winquist et al., 1989; Daut et al., 1990; Fujii et al.,
1990; Nelson et al., 1990; Grant & Zuzack, 1991; Brayden &
Nelson, 1992). The conclusion that a small conductance
(about 15 pS under quasi-physiological K gradient) channel
is the target for KCOs is consistent with estimates of single
channel conductance made from whole-cell current noise
(Beech & Bolton, 1989; Noack et al., 1992a,b; Clapp et al.,
1994; Criddle et al., 1994). However, although KNDP is most
likely the target channel of KCO in smooth muscle, KCOs
can also modulate BKc,, channel in isolated patches of
smooth muscle cells (Gelband et al., 1989; Klockner et al.,
1989; Carl et al., 1992; Gelband & McCullough, 1993),
although this modulation may not be responsible for the
effects of KCO on the whole tissue. In the present experi-
ments, we found that pinacidil activated a glibenclamide-
sensitive K current in both whole-cells and in patches. The
channel activated by pinacidil had apparently similar charac-
teristics to those of the channel activated by NDPs and
metabolic poisons. Further, pinacidil potentiated the channel
activity activated by NDPs but had no effect on the BK
channel. These results suggest that KNDp is the target channel
of pinacidil in rat mesenteric artery.

We are grateful to Dr S.A. Prestwich for measuring the ATP and
ADP levels by h.p.l.c. This work was supported by the MRC and by
the British Heart Foundation.
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Sustained negative inotropism mediated by a-adrenoceptors in
adult mouse myocardia: developmental conversion from
positive response in the neonate
'Hikaru Tanaka, Shigeru Manita, Tomoyuki Matsuda, Mika Adachi & Koki Shigenobu

Department of Pharmacology, Toho University School of Pharmaceutical Sciences, Miyama 2-2-1 Funabashi, Chiba 274, Japan

1 Inotropic responses to x-adrenoceptor stimulation and the effects of antagonists were examined in
isolated ventricular preparations from neonatal and adult mice.
2 Phenylephrine, in the presence of propranolol, produced positive inotropic responses in neonates up
to 1 week after birth, while it produced negative inotropic responses in mice older than 3 weeks.
3 Both positive and negative responses to phenylephrine in neonates and adults, respectively, were
antagonized by prazosin, WB4101 (2-([2,6-dimethoxyphenoxyethyl]aminomethyl)-1,4-benzodioxane) and
5-methylurapidil, but not by atropine, yohimbine or chlorethylclonidine.
4 Noradrenaline (NA) produced positive inotropic responses both in the neonate and adult; the
responses were observed in a lower concentration-range in the neonate than in the adult. WB4101
produced a significant leftward shift of the concentration-response curve for noradrenaline in adult
preparations while only a slight rightward shift was observed in the neonate.
5 Our results demonstrate the presence of x-adrenoceptor-mediated inotropic responses in the mouse
ventricular myocardia. The response to phenylephrine changes from a positive to a negative effect during
postnatal development. The responses are mediated by a,-adrenoceptors, and modulate the overall
inotropic response to NA in the adult.

Keywords: Myocardium; inotropism; noradrenaline; a-adrenoceptor; development

Introduction Methods

The sympathetic nervous system is a major regulator of
myocardial function. Although myocardial effects of the
neurotransmitter, noradrenaline (NA), are considered to be
mediated through P-adrenoceptors, a-adrenoceptors are also
present in myocardial tissue of various species, and their
stimulation is known to affect cardiac rhythm and contrac-
tility (reviewed by Fedida, 1993; Terzic et al., 1993).
Although effects of x-adrenoceptor stimulation are con-
sidered to be mediated through mechanisms different from
P-adrenoceptor stimulation, many questions on the
mechanism and the species difference of x-adrenoceptor-
mediated responses remained unsolved. Also, how a-adreno-
ceptors contribute to the overall inotropic action of NA or
sympathetic stimulation is even less well understood.

Cardiac responsiveness to agents, including physiological
neurotransmitters, is often different in developing animals
when compared with adults (reviewed by Kojima et al., 1990;
Shigenobu, 1990). Many endogenous factors including
autonomic innervation are known to affect cardiac respon-
siveness and in some cases abnormalities of the developing
myocardium are considered to be involved in the
pathogenesis of cardiovascular diseases (Tucker & Johnson,
1984; Tanaka et al., 1988b). In our previous study (Tanaka et
al., 1994), we examined the positive inotropic responses to
NA of isolated ventricular myocardia from neonatal and
adult mice and demonstrated a developmental increase in
sympathetic innervation and a tenfold decrease in the sen-
sitivity to NA. In the present study, we examined whether
x-adrenoceptor stimulation has any inotropic effect on mouse
myocardia. We found that a-adrenoceptor-mediated ino-
tropic responses in the mouse ventricular myocardia change
from positive to negative during postnatal development and
that this change contributes to the developmental decrease in
the overall inotropic sensitivity to NA.

' Author for correspondence.

Right ventricular free wall strips were rapidly isolated from
1-day old neonatal and adult (5 to 6 weeks old) ddy strain
mice. Preparations were placed horizontally in a 20 ml organ
bath containing physiological salt solution of the following
composition (mM concentration): NaCl 135, KCl 5, CaCl2 2,
MgCl2 1, NaHCO3 15 and glucose 5.5 (pH 7.4). The nutrient
solution was aerated with 95% 02: 5% CO2 and maintained
at 36.5°C. The preparations were driven by a pair of
platinum plate electrodes (field stimulation) with rectangular
current pulses (1 Hz, 5 ms, 1.2 x threshold voltage) generated
from an electronic stimulator (Dia Medical System, DPS-
165B). Addition of propranolol (10-6M) had no effect on the
basal contractile force indicating that endogenous
catecholamines which might be released by electrical stimula-
tion did not modify the basal contractile activities. The rest-
ing tension applied to each preparation was adjusted so that
the muscle was stretched to the peak of its length-tension
curve. Developed tension was recorded isometrically with a
force-displacement transducer (Nihon Kohden TB-61 IT)
connected to a minipolygraph (Nihon Kohden RM-6100).
Drugs were added after preparations had been allowed to

equilibrate for more than 30 min, after which the developed
tension of the preparations was well maintained. All drug
solutions were prepared immediately before the start of the
experiments by dissolving them in distilled water. Small ali-
quots of the solutions were added to the bath to give the
desired final concentrations. The preparations were incubated
with antagonists (except for chlorethylclonidine) for 15 min
before exposure to phenylephrine or NA. In the case of
chlorethylclonidine, the preparations were exposed to the
drug for 40 min and the drug was not removed during
exposure to phenylephrine. Concentration-response curves
were obtained by cumulative addition of agonists. Each curve
was obtained in a different preparation to avoid exhaustion
of preparations. Significance of difference in pD2 values were
evaluated by Duncan's multiple range test, and a P value less
than 0.05 was considered significant. The drugs used were

. 1995 Stockton Press All rights reserved 0007-1188/95 $9.00 %%BrRish Journal of Pharmacology (1995) 114, 673-677
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(-)-noradrenaline hydrogen tatrate monohydrate (Wako), (-)
phenylephrine hydrochloride (Wako), propranolol hydro-
chloride (Sigma), atropine sulphate monohydrate (Tokyo
Kasei), yohimbine hydrochloride (Tokyo Kasei), prazosin
hydrochloride (Wako), chlorethylclonidine dihydrochloride
(RBI), WB4101 hydrochloride (RBI) and 5-methylurapidil
(RBI). a
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Results

Phenylephrine, in the presence of 10-6M propranolol, pro-
duced a concentration-dependent positive inotropic effect in
neonatal myocardia (Figure la,b). The maximum contractile
force was about 200% of the basal contractile force and the
pD2 value was 5.23 ± 0.13. In contrast, in the adult (five to
six weeks after birth), phenylephrine, in the presence of
10-M propranolol, produced a concentration-dependent
negative inotropic effect. The contractile force decreased to
about 50% of the basal value and the pD2 value was
5.98 ± 0.20 (Figure la,b). Application of 10-4M phenyleph-
rine, in the presence of 10-6M propranolol, resulted in in-
creases in contractile force up to 1 week after birth, slight
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Figure 1 Inotropic responses of ventricular myocardia from
neonatal and adult mice to phenylephrine. All experiments were

performed in the presence of 10-6M propranolol. (a) Traces of
contractile force in neonatal (upper trace) and adult (lower trace)
preparations; (V) indicates the addition of 10-4M phenylephrine.
The horizontal bar indicates I min and the vertical bar indicates
100 mg. (b) Concentration-response curves for phenylephrine in
neonatal (0) and adult (0) preparations. (c) Effect of 10-4M
phenylephrine on preparations from various ages. Each point in (b)
and (c) represent the mean ± s.e. from five to ten experiments.

Figure 2 Effect of antagonists on the positive inotropic responses of
neonatal myocardia to phenylephrine. All experiments were per-
formed in the presence of 10-6M propranolol. (a) Increases in con-
tractile force by 10-4M phenylephrine in the presence of antagonists
were expressed as a percentage of the increase in the absence of
antagonists in the same preparation. The concentration of the
antagonists used were: atropine, 10-6M; yohimbine, 10-6M; prazosin,
10-M; chlorethylclonidine (CEC), 5 x 10-5M and WB4101, 10-6M.
(b) Concentration-response curves for phenylephrine in the absence
(@) and presence of 3 x 10-9M (A) and 10-8M (-) 5-methylurapidil.
Each column or point in (a) and (b) respectively, represent the
mean ± s.e. from five experiments.

decreases or no effect were observed at 2 weeks after birth,
and decreases were observed in myocardia from mice older
than 3 weeks (Figure ic).

In neonatal preparations (1 day after birth), positive ino-
tropic responses to 10-4M phenylephrine, in the presence
of 10-6M propranolol, were inhibited by 10-6M prazosin
and 10-6M WB4101, but not by 10-6 M atropine, 10-6M
yohimbine or 5 x 10-5 M chlorethylclonidine (Figure 2a). 5-
Methylurapidil concentration-dependently shifted to the right
the concentration-response curves for the positive inotropic
effect of phenylephrine, in the presence of 10-6M propranolol
(Figure 2b); the slope of the Schild plot was close to unity
(0.99 ± 0.11) and the pA2 value was 8.59 ± 0.07.

In adult preparations, negative inotropic responses to
10-4M phenylephrine, in the presence of 10-6M propranolol,
were inhibited by 10-6M prazosin and 10-6M WB4101, but
not by 10-6M atropine, 10-6M yohimbine or 5 x 10-5M
chlorethylclonidine (Figure 3a). 5-Methylurapidil concen-
tration-dependently shifted to the right the concentration-
response curves for the negative inotropic effect of phenyle-
phrine, in the presence of 10-6M propranolol; the slope of the
Schild plot was close to unity (0.91 ± 0.04) and the pA2 value
was 8.73 ± 0.11 (Figure 3b).

Noradrenaline produced positive inotropic responses both
in the neonate and adult (Figure 4a). The response was
observed with a lower concentration-range in the neonate
than in the adult, pD2 values for neonates and adults being
7.05 ± 0.01 and 6.09 ± 0.04, respectively. WB4101 (10-'M)
produced a significant leftward shift of the concentration-
response curve for noradrenaline in adult preparations while
only a slight rightward shift was observed in the neonate.
pD2 values for NA in the presence of 10-6M WB4101 in
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Figure 3 Effect of antagonists on the negative inotropic responses of
adult myocardia to phenylephrine. All experiments were performed
in the presence of 10-6M propranolol. (a) Decreases in contractile
force by 10-M phenylephrine in the presence of antagonists were
expressed as a percentage of the decrease in the absence of
antagonists. The concentration of the antagonists used were:
atropine, 10-6M; yohimbine, 10-6M; prazosin, 10-6M; chlorethyl-
clonidine (CEC), 5 x 10-5m and WB4101, 1O-6m. (b) Concentration-
response curves for phenylephrine in the absence (0) and presence
of 3 x 10-8M (A), 10-8M (-) and 3 x 10-8M (*) 5-methylurapidil.
Each column or point in (a) and (b) respectively, represent the
mean ± s.e. from five experiments.

neonates and adults were 6.87 ± 0.09 and 6.79 ± 0.06, respec-
tively. In the adult, 10-7 to 10-5M NA, in the presence of
10-6M propranolol, produced negative inotropic responses,
while it produced positive responses at concentrations higher
than 10-4M (Figure 4b).

Discussion

We have previously reported a tenfold decrease in the sen-

sitivity to NA during postnatal development of the mouse

myocardium (Tanaka et al., 1994). As sympathetic innerva-
tion of the mouse myocardium increases postnatally (Yamada
et al., 1980; Tanaka et al., 1994), increased NA uptake into
sympathetic nerve terminals may contribute to the decrease
in sensitivity to NA; this was pharmacologically confirmed to
be the case in our previous paper (Tanaka et al., 1994). As
the developmental decrease in sensitivity was also observed
with isoprenaline, which is not taken up into sympathetic
nerve endings, and with NA in the presence of desipramine, a
neuronal uptake inhibitor, it was suggested that a decrease in
the sensitivity of myocardial P-adrenoceptor-mediated
mechanisms also takes place during development (Tanaka et
al., 1994). In addition to these two mechanisms, other
mechanisms may be involved, i.e., the existence of an a-
adrenoceptor-mediated inotropic response in the mouse ven-
tricular myocardia and its change from positive to negative
during postnatal development, as was revealed in the present
study (Figure 1). In neonatal myocardium, the concentration-
response curve for NA was only slightly affected by WB4101,
indicating the small contribution of the x-adrenoceptor-
mediated positive effect to the overall inotropic response to
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Figure 4 Effect of WB4101 and propranolol on the positive ino-
tropic response to noradrenaline (NA) in ventricular muscles from
neonatal (open symbols) and adult (closed symbols) mice. (a)
Concentration-response curves for NA were obtained in the absence
(circles) and presence (squares) of 10-8M WB4101. (b)
Concentration-response curves for NA of adult preparations in the
presence of 10-Im propranolol. Each point represents the
mean ± s.e. from five experiments.

NA. This may be due to the greater sensitivity of the
myocardium to the P-adrenoceptor-mediated positive effects
of NA in the neonate (Tanaka et al., 1994). In contrast, in
adult myocardium, a significant leftward shift of the
concentration-response curve for NA by WB4101 was
observed (Figure 4a), indicating that the x-adrenoceptor-
mediated negative effect significantly contributes to the
overall inotropic response to NA. It was also confirmed that
not only phenylephrine but also NA can produce negative
inotropic responses during P-adrenoceptor blockade (Figure
4b). Thus, the developmental conversion of x-adrenoceptor-
mediated inotropic response from positive to negative con-
tributes to the postnatal decrease in the overall inotropic
sensitivity to NA.
The factors triggering the developmental changes remain to

be clarified. In the case of the ventricular myocardium of rats
(reviewed by Shigenobu, 1990), a tenfold decrease in the
sensitivity to NA and isoprenaline occurs in the early post-
natal period concurrently with the increase in sympathetic
innervation density (Shigenobu et al., 1988; Tanaka &
Shigenobu, 1990a). Sympathetic denervation studies (Ishii et
al., 1982; 1985; Goto et al., 1985) and organ culture
experiments (Tanaka et al., 1988a; Tanaka & Shigenobu,
1990b) revealed that sympathetic innervation is not only
responsible for the pre-junctional component of the
decreased sensitivity, but also exerts a long-term influence on
myocardial properties to maintain the sensitivity to agonists
at normal level. Whether the developmental decrease in sen-
sitivity of the P-adrenoceptor-mediated effects (Tanaka et al.,
1994) and conversion of o-adrenoceptor-mediated effects
from positive to negative (Figure 1) in mouse myocardia
have causal relationship with the concurrent increase in its
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sympathetic innervation is a matter of interest. o-Adreno-
ceptor agonists are reported to increase automaticity in non-
innervated ventricular myocytes or neonatal ventricles but
decrease automaticity in innervated ventricular myocytes or
adult ventricles (Malfatto et al., 1990). Alternatively, it is also
possible that developmental conversion of a-adrenoceptor-
mediated responses is triggered by other in vivo factors.
Myocardial x-adrenoceptor-mediated responses or sarcolem-
mal o-adrenoceptor density are reported to be altered by
abnormal thyroid function (reviewed by Osnes et al., 1985),
in hypoxia (Heathers et al., 1988), hypertension (Limas &
Limas, 1987) and experimentally induced diabetes mellitus
(Heijnis & van Zwieten, 1992).
The cellular mechanisms involved in the developmental

conversion of x-adrenoceptor-mediated responses also remain
to be investigated. Receptor-binding studies of mouse
myocardia indicate that, the density of P-adrenoceptors is
about 60% higher in the neonate than in the adult, while that
of x-adrenoceptors is not different between early postnatal
and adult periods (Yamada et al., 1980). In the present
study, both the positive and negative inotropic responses to
phenylephrine were antagonized by prazosin but not by
yohimbine indicating the involvement of ml-receptors. This
was further confirmed with the observation that the
concentration-response curves for phenylephrine were shifted
to the right by 5-methylurapidil (Figures 2b, 3b). The
positive inotropic responses following a-adrenoceptor
stimulation in several other species are reported to be
mediated by al-adrenoceptors (reviewed by Endoh, 1991).
m1-Adrenoceptors can be further subdivided into at least two
pharmacologically distinct subtypes, alA and lB (reviewed by
Minneman, 1988). The M1A-subtype has a higher affinity than
the ocB-subtype for the antagonist WB4101, 5-methylurapidil
and (+ )-nigludipine, while the MIB-subtype is irreversively
alkylated by chlorethylclonidine. The subtype responsible for
the al-adrenoceptor mediated inotropic responses varies
among species. For example, it is reported to be mainly the
OElA-subtype in rat myocardium (Rokosh & Sulakhe, 1991),
while the O1B-subtype mediates responses of the rabbit
myocardium (Takanashi et al., 1991). In the present study,
both the positive and negative responses to phenylephrine in
neonatal and adult mouse myocardia, respectively, were
sensitive to WB4101 and 5-methylurapidil (Figures 2, 3),
indicating that the receptors mediating both effects are of the
alA-subtype. The pA2 values for 5-methylurapidil against
phenylephrine in neonatal and adult myocardium is close to
those for ml-adrenoceptors in the rabbit aorta (Suzuki et al.,
1990) and bronchus (Takayanagi & Moriya, 1991). As for

the subclassification of receptor types, recent papers suggest
the existence of additional types of a-adrenoceptors (Noguchi
et al., 1993) and the possibility remains that the inotropic
responses of mouse myocardia are mediated by some of the
novel types of receptors. In any case, no evidence for
developmental changes in a-adrenoceptor subtypes mediating
the inotropic effects was obtained in the present study. Thus
it is likely that the developmental conversion of o-adreno-
ceptor-mediated response from positive to negative is due to
developmental changes in the signal transduction pathways
and/or excitation-contraction mechanisms of the mouse
myocardium rather than to changes in x-adrenoceptor sub-
types.
The contractile responses following o-adrenoceptor

stimulation are reported to vary among species (reviewed by
Fedida, 1993; Terzic et al., 1993). In the myocardium of the
rat (Tohse et al., 1987), cat (Hartmann et al., 1988) and
rabbit (Skomedal et al., 1990), x-adrenoceptor stimulation
results in increases in contractile force, while in that of the
dog (Endoh et al., 1978), guinea-pig (Hescheler et al., 1988)
and ferret (Endoh et al., 1989), inotropic effects are small or
do not exist. Varying results have been reported with human
myocardium (Jakob et al., 1988; Osnes et al., 1989). Many
questions on the mechanisms of a-adrenoceptor-mediated
inotropic responses remain unsolved. One reason for this
may be the presence of both positive and negative effects.
For example, in the rat ventricular myocardia, stimulation of
al-adrenoceptors results in a triphasic inotropic response
(Tohse et al., 1987). An initial increase in contractile force is
followed by a transient decline and finally reaches a max-
imum level which persists for more than 20min. Also, in
other species, it is possible that the positive response to
m-adrenoceptor stimulation is obscured by a simultaneous
unrecognized negative component. The adult mouse myocar-
dium is unique in that o-adrenoceptor stimulation results in a
sustained negative inotropic response (Figure la), and may
be useful in studies of a-adrenoceptor-mediated ino-
tropism.

In summary, our results demonstrated that the x-adreno-
ceptor-mediated inotropic response in the mouse ventricular
myocardia changes from positive to negative during post-
natal development. The effects are most likely mediated
through M1A receptors, and contribute to the overall inotropic
response to NA. Thus, the mouse myocardium provides an
interesting model for investigation of the factors regulating
and the cellular mechanisms of x-adrenoceptor-mediated
inotropism.
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The relationship between density of a-adrenoceptor binding
sites and contractile responses in several porcine isolated
blood vessels
'I.K. Wright, N.A. Blaylock, D.A. Kendall & V.G. Wilson

Department of Physiology and Pharmacology, Medical School, Queen's Medical Centre, Nottingham NG7 2UH

1 The aim of this study was to investigate constrictor x-adrenoceptors in three isolated blood vessles of
the pig, the thoracic aorta (TA), the splenic artery (SA) and marginal ear vein (MEV) and then compare
the functional response with the densities of a,- and M2-adrenoceptor binding sites in these and several
other porcine vascular tissues, palmar common digital artery (PCDA), palmar lateral vein (PLV) and ear
artery (EA).
2 Noradrenaline (NA), phenylephrine (PE) and UK14304 (all at 0.03-10gM) elicited concentration-
dependent contractions in the TA and MEV, with a rank order of potency of UK14304>NA>PE.
UK14304 produced maximal responses which were 58% (TA) and 65% (MEV) of that of NA. In the
SA, UK14304 and PE produced maximal responses which were less than 10% and 50% of the
NA-induced maximal response respectively, with an order of potency of NA>PE. In the SA, NA-
induced contractions were competitively antagonized by prazosin (pA2 = 8.60 ± 0.15). Further, rauwol-
scine (1-1O M) antagonized NA-induced contractions with an apparent pKB of 6.09 ± 0.11 (n = 6),
indicating an action at al-adrenoceptors. The combination of the two antagonists at concentrations
selective for al- (0.1 JLM) and a2-adrenoceptors (1 J4M) had no greater effect than either antagonist alone.
This suggests that the SA expresses only post-junctional a1-adrenoceptors.
3 In the TA, prazosin produced non-parallel shifts in the NA-induced CRC and this was also observed
with rauwolscine, where reductions in the maximal responses were also observed. In the MEV, prazosin
was largely inactive in antagonizing NA-induced contractions. In both these vessels a combination of
these two antagonists had a greater effect than either alone, indicating the presence of functional a,- and
M2-adrenoceptors. The post-junctional x2-adrenoceptors in all of these vessels were resistant to prazosin,
suggesting the a2-adrenoceptor to be of the a2A/2D subtype. The expression of functional a2-adrenoceptors
was MEV> TA> PLV> PCDA> SA.
4 In radioligand binding studies using TA P2 pellet membranes, [3H]-prazosin and [3H]-RX821002
([1,4-[6,7(n)-3H] benzodioxan-2-methoxy-2-yl)-2-imidazole) labelled different high affinity sites, and in
competition studies using identical membranes corynanthine displaced [3H]-prazosin with 10 fold higher
affinity than rauwolscine, indicating that [3H]-prazosin was selectively binding to al-adrenoceptor sites.
Further, rauwolscine displaced [3H]-RX821002 with approximately 100 fold greater affinity compared to
corynanthine, which is indicative of selective a2-adrenoceptor binding.
5 Separation of the P2 pellet into plasma membrane and mitochondrial fractions was carried out using
a differential sucrose density gradient. [3H]-prazosin and [3H]-RX821002 binding sites were found in both
the plasma membrane and mitochondrial fractions.
6 In saturation studies all tissues produced single site saturation curves with no difference in the Kd
(range 0.13-0.20nM) of the a1-adrenoceptor sites for [3H]-prazosin. However, there was considerable
variation in Bmax of a1-adrenoceptor sites; the highest density was found in the TA (397.9 ± 52.7 fmol
mg-', n = 4), followed by the PCDA (256.7 ± 22.7 fmol mg', n = 4), the PLV and SA having approx-
imately equal density (143.6 ± 3.9 and 159.1 ± 7.0 fmol mg-' respectively, n = 4 for both), followed by
the EA (91.3 ± 10.5 fmol mg-', n = 3) and the MEV had the lowest density (48.9 ± 11.4 fmol mg-',
n = 3).
7 In saturation studies using [3H]-RX821002, all tissues produced single site saturation curves with no
differences in the Kd values (range 1.31 ± 2.16 nM) but the highest densities were found in the TA and
MEV (545.3 ± 36.2 and 531.0 ± 40.9 fmol mg-' respectively), followed by the PLV (418.4 ± 39.4 fmol
mg-'), then the EA (266.3 ± 40.0 fmol mg-'), and low densities of [3H]-RX821002 binding being found
in the PCDA and SA (155.9 ± 18.1 and 117.5 ± 19.3 fmol mg-' respectively).
8 The pattern of binding site distribution for ol- and C2-adrenoceptors is in reasonable agreement with
functional studies carried out in these porcine vascular tissues; the TA has the highest densities of a,-
and X2-adrenoceptors; in the SA and PCDA there is a predominance (although small) of al-adrenoceptor
binding sites, the reverse of which is observed both in the PLV and MEV (i.e. greater density of
X2-adrenoceptor sites). Thus, it would appear that a,- and M2-adrenoceptor densities play a role in the
expression of functional responses via these receptor subtypes; although it is interesting to note that the
SA did have a small density of M2-adrenoceptor binding sites, no functional response was observed after
X2-adrenoceptor activation.

Keywords: x-Adrenoceptors; [3H]-prazosin; [3H]-RX821002; radioligand binding; contractile responses; porcine vascular tissue

Introduction

It is now well established that a-adrenoceptors can be divided
' Author for correspondence. into a,- and x2-adrenoceptor subtypes. The existence of these
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two subclasses has been demonstrated frequently by func-
tional studies on arterial resistance in vivo, but the presence
of a2-adrenoceptors has been more difficult to demonstrate in
vitro (see Agrawal et al., 1987) with functionality often only
being observed in the presence of an ancillary spasmogen
(Daly et al., 1988; Dunn et al., 1991). However, overt a2-
adrenoceptor mediated contractions have been observed in a
range of non-conduit/distal arteries and veins not generally
used for routine experimentation, such as human arterioles
(Nielsen et al., 1989), canine saphenous vein (Flavahan &
Vanhoutte, 1986), rabbit saphenous vein (Daly et al., 1988),
and feline middle cerebral artery (Fredholm et al., 1985). A
comparative study by Nielsen et al. (1991) examined the
pharmacological characteristics of x-adrenoceptor-mediated
contractions to noradrenaline in similar sized mesenteric
arteries (200 fym diameter) from the rat, rabbit, pig and man
and found a2-adrenoceptor-mediated contractions detectable
only in porcine and human blood vessels. Further, there are
reports that indicate that ml- and a2-adrenoceptors participate
in sympathetically mediated vasoconstriction of human
vessels (Stevens & Moulds, 1985; Parkinson et al., 1992), yet
a-adrenoceptor mediated constrictor responses in small
arteries from the rat, guinea-pig and rabbit appear to be
exclusively via al-adrenoceptors (Angus et al., 1988; Mc-
Grath et al., 1989). It seems likely that in small mammals,
neuronally activated x2-adrenoceptors reside on blood vessels
too small for routine experimentation (see Ohyanagi et al.,
1991).

It has been demonstrated that two superficial blood vessels
from the pig, the palmar common digital artery and palmar
lateral vein, possess constrictor M2-adrenoceptors, with the
latter preparation containing the larger, functional popula-
tion (Blaylock & Wilson, 1995). In the present study we have
extended our investigation and examined the presence and
significance of aj- and M2-adrenoceptors using both functional
and radioligand binding studies in four other porcine isolated
blood vessels; namely, thoracic aorta, splenic artery, ear
artery and marginal ear vein. It was then possible to deter-
mine whether any differences observed in acl- and a2-

Si

adrenoceptor binding site densities resulted in the differences
in functional responses observed in these vessels (present
study; Blaylock & Wilson, 1995).
Some of these results were presented in a preliminary form

to the British Pharmacological Society (Blaylock & Wilson,
1993; Wright et al., 1993).

Methods

Functional studies

Preparation of the blood vessel Ears, spleens, thoracic aortae
(a length of 15 cm starting 10 cm down from the aortic arch)
and trotters from the thoracic limbs were obtained within
30 min of the death of male pigs. The trotters and ears were
placed on ice, while the spleens and aortae placed in Krebs-
Henseleit saline (previously gassed with 95%02/5%CO2 and
maintained at 40C), and transported to the laboratory. A
3-4 cm length of the palmar common digital artery (PCDA)
and palmar lateral vein (PLV), a 4 cm segement of the
splenic artery (SA), just proximal to the point where it gives
rise to the left gastroepiploic artery, and a 2-3 cm segment
of the marginal ear vein (MEV) (the location of these vessels
is shown in Figure 1) were dissected out and stored overnight
at 40C in modified Krebs-Henseleit saline containing 2%
Ficoll which had been previously gassed with 95%02/
5%CO2. In the case of the thoracic aorta (TA), preliminary
experiments have established that these storage conditions
produce excessive impairment of contractile function, so
7 mm ring segments (without the adventitia) were stored
overnight at 370C in Krebs-Henseleit saline containing 2%
Ficoll and continually gassed with 95%02/5%CO2. Krebs-
Henseleit saline used for storage purposes was prepared with
twice distilled water, while single distilled water was used for
saline required for experimental purposes. The composition
of the modified Krebs-Henseleit saline was (mM): NaCl
118.4, KCI 4.7, CaCl2 1.25, MgSO4 1.2, NaHCO3 24.9,
KH2PO4 1.2 and glucose 11.1.

b

c

Figure 1 Diagrammatic representation of the location of porcine (a) splenic artery, (b) palmar common digital artery (dotted lines
indicate region of the vessel used), (c) palmar lateral vein, and (d) ear artery and marginal ear vein. Each tissue is not to scale in
comparison with the others.
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Isometric tension recordings On the following day, the blood
vessels were carefully cleaned of connective tissue and divided
into 5 mm ring segments. Stainless steel wire supports
(0.15 mm thick for ear veins, 0.2 mm thick for palmar lateral
veins and palmar common digitial arteries and 0.5 mm thick
for splenic arteries and thoracic aortae) were inserted into the
lumen and each segment suspended in an isolated organ bath
containing modified Krebs-Henseleit saline. Cocaine (10 jiM),
to inhibit uptakel, propranolol (1 pM), to inhibit P-
adrenoceptors, and Na2EDTA (23 fiM), to prevent the
oxidative degradation of NA, were included. The Krebs-
Henseleit saline was maintained at 31 C for the ear vein, and
at 37TC for the SA and TA, and gassed with 95%02/5%CO2.
The superficial blood vessels were maintained at 31 C
because previous studies have shown that M2-adrenoceptor
function is enhanced at lower temperature (Flavahan & Van-
houtte, 1986; Templeton et al., 1989). No attempt was made
to remove the endothelium. The lower support was fixed, and
the upper support was connected to a Grass FT-03 trans-
ducer linked to Grass Polygraph. After 30 min equilibration
in the Krebs-Henseleit saline, approximately 20 g wt. tension,
12 g wt. tension, and 2 g wt. tension was slowly applied to
the TA, SA, and MEV, respectively, and allowed to relax to
a final resting tension of 10-12g wt., 3-4g wt., and
0.3-0.4 g wt., respectively. After 60 min equilibration the
preparations were exposed to either 60 mM KC1 (TA) or
1 piM NA (the other vessels), and the contraction allowed to
proceed to maximum. Following complete washout, the
preparation was again challenged with the spasmogen,
washed and an additional 1 h equilibration period allowed
before starting the experiment. If these procedures resulted in
excessive loss of resting tension (>30%), then preparations
had tension reapplied prior to the beginning of the experi-
ment. This procedure was found to minimize changes in the
sensitivity of the preparation to further addition of NA.

In all experiments, cumulative concentration-response
curves (CRC) were constructed by exposing the tissue to
increasing concentrations (0.5 log unit increments) of the
agonist until a maximum response was observed. Since con-
tractile responses of the MEV to the a-adrenoceptor agonists
were not well maintained over a period greater than 90 s, the
addition of the next concentration of the agonist was made
as close to the peak response as possible.

The effect of agonists For the TA, only one agonist
concentration-response curve was generated per tissue and
responses to NA, PE, and UK-14304 were compared to that
produced by 60 mM KCL. For the other two vessels, two
concentration-response curves were generated: NA followed
by either UK-14304 or PE. The concentration-response
curves were obtained 60 min apart, as measured from the
time following washout and complete relaxation of the
preparation.

The effect of the antagonists The a-adrenoceptor anta-
gonists, prazosin (0.01-1I1M) and rauwolscine (0.1-1I10M)
or a combination of the subtype-selective antagonists were
added at least 40 min prior to the construction of a second or
third CRC to NA. In the case of the TA, however, only one
CRC was possible and the effects of the a-adrenoceptor
antagonists were examined by a comparison of paired tissues.

Data analysis In the SA and MEV the sensitivity of the
preparations to the agonists was assessed as the negative
logarithm of the concentration required to cause 50% of the
maximum response (pD2). The agonist concentration-ratio in
the presence and absence of the antagonist was determined at
the level of 50% of the maximum response, or 40% level of
response produced by 60 mM KCl (TA). Using the agonist
concentration-ratio produced by the lowest effective concen-
tration of the antagonist, an estimate of the negative
logarithm of the dissociation constant (pKB) was determined
by the method of Furchgott (1972) or, where possible, a pA2

value was determined by the method of Arunlakshana &
Schild (1959).

In all experiments, one preparation was run in parallel
with the experimental tissues, but received no antagonist, and
was used to determine any time-dependent changes in agonist
sensitivity (Furchgott, 1972). All responses are expressed as a
percentage of the maximum response and given as the
mean ± s.e.mean. Differences between means were considered
statistically significant if P< 0.05 for unpaired or paired
observations (Student's t test). The logarithm of the concent-
ration of NA producing either 50% of the control maximum
response (pD2) or agonist-concentration ratios were cal-
culated with the logistic equation described by DeLean et al.
(1978) with Kaleidagraph software (Synergy) on a MacIntosh
LC II computer.

Radioligand binding

Tissue preparation Vessels were dissected out as described
earlier. The amount of tissue (wet weight) required for each
membrane preparation was approximately 1 TA (- 15 g),
25 SA (--l5 g), 30 PCDA, PLV, EA and MEV (-4 g).

Each tissue was crudely cut into pieces in a McIlwain
tissue chopper and then homogenized with a Polytron dis-
rupter (2 x 30 s, at maximum setting) in a minimum volume
of ice-cold 50 mM Tris HCl buffer (pH 7.6 at 250C) and then
made up to approximately 10 volumes. This homogenate was
subjected to step-wise differential centrifugation at 40C, first
at 1000 g for 10 min to remove unbroken tissue, nuclei,
collagen and contractile protein. The post-nuclear super-
natant (PNS) was then centrifuged at 40,000 g for 20 min to
sediment the remaining fraction (P2). The P2 pellet was
resuspended in 2 volumes original wet weight of 50 mM Tris
HCl and saturation and competition binding studies were
carried out as described below. All binding studies were
carried out in freshly prepared PNS.

Differential sucrose density gradient (aorta only) The P2
pellet was resuspended in 9 ml of 0.32 M sucrose and
6 x 1.5 ml layered on top of a differential sucrose density
gradient composed of 3.5 ml each of 1.2 M, 0.8 M and 0.32 M
sucrose solutions then centrifuged at 75,000 g for 60 min at
4TC. Three distinct bands were obtained: fraction 1 between
the 0.32 M and 0.8 M sucrose solutions (myelin and connec-
tive tissue); fraction 2 between the 0.8 M and 1.2 M sucrose
solutions (plasma membranes); fraction 3 the pellet (mito-
chondria and endoplasmic reticulum). The plasma mem-
branes and mitochondrial fractions were removed by pasteur
pipette and diluted in 50 mM Tris-HCI, disrupted by either
shaking or low speed polytron and recentrifuged at 40,000 g
for 20 min. The sedimented plasma membranes and mito-
chondrial fractions were resuspended in 2 volumes original
wet weight of 50 mM Tris-HCI and used for radioligand
binding. The presence and enrichment of the plasma mem-
brane and mitochondrial fractions was determined by elect-
ron microscopy and enzyme markers (plasma membrane -
5'nucleotidase; mitochondria - succinate dehydrogenase).
For all enzyme marker and radioligand binding studies

aliquots of the appropriate membrane (1 ml) were stored at
- 18°C for subsequent protein determination by the method
of Bradford (1976).

Enzyme marker assays

5'Nucleotidase 5'Nucleotidase activity was measured as
inorganic phosphate (Pi) released after incubation for
150 min in 5 ml of buffered 250 JLmol 5'AMP, pH 7.0 at
37°C. Non-specific phosphatase activity was determined with
glycerolphosphate as the substrate (250 Jimol, pH 7.0 at
37C) and taken into account when calculating 5'nucleotidase
activity. After stopping the reaction with 1 ml 30% tri-
chloroacetic acid and centrifuging down the precipitated
protein, the liberated Pi was determined by the spect-
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rophotometric method of Fiske & SubbaRow (1925). Results
are expressed as pmol Pi h-' mg' protein.

Succinate dehydrogenase

Succinate dehydrogenase was assayed based on the method
of Pennington (1961), where succinate is oxidized to fumerate
by succinate dehydrogenase and correspondingly (2-p-iodo-
phenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT)
is changed from an oxidized (yellow) to a reduced (red) state.
This is then measured spectrophotometrically. Results are
expressed as jimol formazan minm- mg' protein.

Electron microscopy

Pellets were fixed in 2% glutaraldehyde:2% paraformal-
dehyde in 50 mM Tris-HCl (pH 7.4) for 2 h, post-fixed in 1%
OS04 for 1 h, buffer washed, and treated with 2% aqueous
uranyl acetate for 30 min. Samples were then dehydrated via
graded acetone, embedded in Transmit resin (Tabb Labor-
atories Ltd.), and polymerised for 24 h at 70TC. Individual
90 nm thick sections were cut on a Reichart Ultracut E
ultramicrotome and electron micrographs taken on a Philips
EM410 electromicroscope.

Saturation binding

[3H]-prazosin A final assay volume of 0.5 ml was employ-
ed; this comprised 200 fL membrane preparation (protein
concentration 0.8-3.2 mg ml-'), 200 fl 50 mM Tris HCl,
50 il 50 mM Tris HCl or NA (10 pM), and 50 fLI [3H]-prazosin
(specific activity 669.7 GBq mmol ') over a range of 8 con-
centrations from 0.04-5nM. Each experiment was carried
out in duplicate. The binding reaction was initiated by the
addition of 2001il membrane preparation and the mixture
was incubated for 30 min at room temperature. NA (1O pM)
was used to define non-specific binding (NSB). Membrane-
bound radioactivity was recovered by filtration under
vacuum through Whatman GF/B filters using a Brandel cell
harvester. Filters were rinsed with cold buffer (6°C)
immediately prior to filtration and filter-bound membranes
were rapidly washed twice with cold buffer.

[3H]-RX821002 [3H]-RX821002 saturation studies were car-
ried out which were identical to those with [3H]-prazosin with
the exception that the concentration-range of [3H]-RX821002
(specific activity 1.78 TBq.mmol-') was 0.08-10 nM, with an
incubation period of 60min at room temperature.

Competition binding

Competition studies were performed with the P2 pellet,
plasma membrane and mitochondrial fractions of the
thoracic aorta, employing a 0.5 ml assay volume (composi-
tion as for saturation binding) with a single concentration of
either [3H]-prazosin (0.1-0.3 nM), or [3H]-RX821002 (1-
1.5 nM) in the presence of increasing concentrations of either
yohimbine or its stereoisomers rauwolscine and corynanthine
(1O pM-1I00 gM). Incubation and assay conditions were as
for those of saturation studies. Each experiment was carried
out in triplicate.

Data analysis

In saturation studies, the equilibrium dissociation constant
(Kd) and maximum density of binding sites (Bm.) were deter-
mined by iterative fitting to a least squares non-linear equa-
tion (Kaleidagraph, MacIntosh). Competition data were also
analysed using iterative fitting to generate IC,0 values (con-
centration of drug displacing 50% specific binding). The ICso
was converted to the inhibitory constant (Ki) by the equation
of Cheng & Prusoff (1973) where Ki= IC50/1 + ([ligand]/Kd).

1.K. Wright et al m-Adrenoceptors in porcine vascular tissue

Drugs

The following compounds were used: (-)-noradrenaline
bitartrate (Sigma); prazosin HCl (Pfizer); rauwolscine HCl
(Roth); UK-14304 (5-bromo-6-[2-imidazolin-2-ylamino]-quin-
oxaline bitartrate, Pfizer); propranolol HC1 (Sigma); phenyle-
phrine hydrochloride (Sigma); cocaine HCl (MacCarthys);
yohimbine HCl (Sigma); corynanthine HCl (Sigma); Ficoll
70,000 (Sigma); [3H]-prazosin (N.E.N. Research); [3H]-
RX821002 (Amersham); Tris HCl (Sigma); adenosine-5'-
monophosphate (5'AMP, Sigma); glycerolphosphate (Sigma);
trichloracetic acid (Sigma); Fiske and SubbaRow reagent
(Sigma); succinic acid (Sigma); (2-p-iodophenyl)-3-(p-nitro-
phenyl)-5-phenyl tetrazolium chloride (INT, Sigma). For
functional studies stock solutions of noradrenaline were
prepared in distilled water with 23 pM Na2EDTA, prazosin
(1 mM) was dissolved in 0.1 M lactic acid and dilutions made
in distilled water; all other drugs were dissolved in distilled
water and added to the organ baths in a volume of 0.1 ml or
less. For radioligand binding [3H]-prazosin and [3H]-
RX821002 were made up fresh each day in 50 mM Tris HC1.
Noradrenaline, yohimbine, rauwolscine and corynanthine
were prepared fresh each day in 50 mM Tris HC1. Buffered
5'AMP and glycerolphosphate, trichloroacetic acid, Fiske
and SubbaRow reagent, succinic acid and INT were prepared
fresh on the day of the experiment.

Results

Functional studies

Overnight-storage of blood vessels In preliminary experi-
ments with TA segments previously stored overnight at 4°C,
60 mM KCl failed to produce responses greater than 3 g wt.
(n = 5). However, in 'fresh' (used same day) and 'overnight-
stored' (37°C with 95%02/5% CO2) segments 60 mM KCl
produced larger contractions, 15.3 ± 2.5 g wt. (n = 6) and
11.3 ± 2.9 g wt. (n = 12), respectively, which took 20-30 min
to reach maximum. All further experiments on the TA were
conducted on segments stored overnight in Krebs-Henseleit
saline with 2% Ficoll, gassed with 95%02/5%CO2 and main-
tained at 37C. Preparations that responded to 60 mM KCl
with a contraction of less than 3 g wt. (approximately 1 in 6)
were discarded. The other blood vessels were stored over-
night at 4°C in Krebs-Henseleit saline with 2% Ficoll, a
procedure which did not impair either contractile or dilator
function (see Lot & Wilson, 1994).

Response to c-adrenoceptor agonists Noradrenaline (0.01-30
tlM) produced concentration-dependent contractions of ring
segments of the SA (Figure 2a), TA (Figure 2b) and MEV
(Figure 2c) with a maximum response of 16.2 ± 1.1 g wt.
(n=8), 14.0±3.8gwt. (n= 12) and 2.21±0.24gwt. (n-
8), respectively. Contractions in the TA were considerably
slower than those in SA and MEV, requiring up to 15 min to
reach equilibrium. In the TA and MEV, NA was 3 to 10 fold
more potent than PE but less potent UK-14304 (Table 1). In
both tissues the maximum response to UK-14304 was 60%
of that produced by NA (Figure 2a,c). In the SA, the max-
imum response to UK-14304 and PE was less than 10% and
50% respectively, of the maximum response to NA (Table 1,
Figure 2b), and NA was 3 fold more potent than PE.

The effect of prazosin and rauwolscine against noradrenaline-
induced contractions Prazosin produced qualitatively differ-
ent inhibition against NA-induced contractions in the SA,
TA and MEV (Figure 3). In the SA, NA-induced contrac-
tions were competitively antagonized by prazosin (pA2
8.60 ± 0.15) with the slope of the Schild plot not being
different from unity (0.95 ± 0.09) (Figure 3a). In the TA,
0.01 jAM and 0.1 JIM prazosin caused a non-parallel,

681



6.8K. Wright et al a-Adrenoceptors in porcine vascular tissue

Table 1 Mean pD2 (± s.e.mean) and En,,a values for
various agonists in several isolated blood vessels from the
pig

Thoracic Splenic Marginal
aorta artery ear vein

Noradrenaline pD2
Emax

Phenylephrine pD2
Emax

UK-14304 pD2
Emax

-4

-8 -7 -6 -5 -4

5.71 ± 0.09
1

5.2a
>0.8

6.24± 0.11
0.58

The results shown are from observations in 7-12 animals.
aA true maximum was not obtained, so the value shown has
been estimated.

E
E
x

co

-Wo
C
0
0

(u)o0
cn

a
0.

U)a
(O
0

0
aD

-7 -6 -5 -4
log [Agonist] (M)

FIgure 2 The effect of (0) noradrenaline, (0) phenylephrine and
(@) UK-14304 in the porcine isolated (a) splenic artery, (b) thoracic
aorta and (c) marginal ear vein. Responses have been expressed as a
percentage of either the response to 60 mM KCI (a) or the maximum
response to noradrenaline (b,c). All points represent the mean of
5-12 observations and the vertical lines indicate the s.e.mean.

concentration-dependent, rightward displacement of the NA
concentration-response curve. At the level of 40% of the
response to 60 mM KCl, 0.1 jM prazosin produced a 50 fold
displacement of the NA CRC (Table 2), which was
associated with a 35% reduction in the maximum response.
Prazosin (1 EM) failed to cause a greater inhibition of the
responses than that produced by 0.1 tM prazosin (Figure 3b).
In the MEV, however, 0.01 AM and 0.1 AIM prazosin were
largely inactive, producing only a 2 fold rightward displace-
ment of the noradrenaline CRC, while 1 ltM prazosin caused
a 30 fold rightward, displacement of the CRC (Figure 3c and
Table 2).

In the SA, 1 gM and 10 LM rauwolscine produced a
concentration-dependent, parallel displacement of the NA
CRC; 0.1 gM rauwolscine was inactive (Figure 4a). Based
upon the effect of 1 LM rauwolscine, the estimated -log KB
value was 6.09 ± 0.11 (n = 6). In contrast, 0.1IgM-10 LM
rauwolscine produced a concentration-dependent, non-paral-
lel, rightward displacement of responses in the TA, which
was associated with a reduction in the maximum responses
(Figure 4b).

In the SA, the combination of 0.1I M prazosin and 1 AM
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Figure 3 The effect of (-) 0.01 M, (A) 0.03 LM, (0) 0.1 M, (A)
0.3 LM and (U) 1.0 gM prazosin against noradrenaline-induced con-
tractions of the porcine isolated (a) splenic artery, (b) thoracic aorta
and (c) marginal ear vein. The control concentration-response curve
to noradrenaline is represented by (0). All points represent the mean
of 5-10 observations and the vertical lines indicate the s.e.mean.

rauwolscine was no more effective than 0.1ILM prazosin alone
(Table 2). This contrasts with observations in the TA and
MEV, where the combination of the two antagonists pro-
duced more than a 1000 fold displacement of the nor-
adrenaline CRC (Tabel 2), which was significantly greater
than the effect of either antagonist alone.

a
100-

IE 80-
E
x 60-
E
< 40-
z
4-
0
o 20-

0 -

150
(U
U)
c
0
0.
c 100

E 50
0
co

6.82 ± 0.08
1

5.95 ± 0.09
0.48
<6.0a
>0.08

7.35 ± 0.09
1

6.24 ± 0.10
0.80

7.51 ± 0.09
0.65

0
-9
c

120 -'

E
2
2x

z
0

100 -

80 -

60 -

40 -

20 -

o0 -

-9 -8

4 3
-4 -3

682



I.K. Wright et al a-Adrenoceptors in porcine vascular tissue

Table 2 Logarithm of the concentration-ratio for noradrenaline produced by 'selective' concentrations of prazosin and rauwolscine,
either alone or in combination, in the porcine isolated splenic artery (SA), thoracic aorta (TA) and marginal ear vein (MEV)

SA

Prazosin 0.1 gM
Rauwolscine 1 LM
Prazosin 0.1 JIM +
Rauwolscine 1 JM

1.63 ±0.12 (n=5)
0.09 ± 0.21 (n = 6)
1.85±0.07 (n=5)

TA

1.72 ± 0.32 (n = 6)
0.58±0.17 (n=6)
2.62 ± 0.13 (n = 6)a

MEV

0.42 ± 0.16 (n = 7)
1.20± 0.13 (n=4)
3.21 ± 0.20 (n = 7)'

Values shown are the mean ± s.e.mean of n experiments (shown in parentheses).
ap<0.05 significantly different from the effect of the antagonist alone: Student's 2-tailed t test.
The values shown were calculated at the level of 40% of the response to 60 mM KCI (TA) or 50% of the maximum response to
noradrenaline (SA, MEV).
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Figure 4 The effect of (@) 0.1 I M, (0) 1.0 IM, (U) IO IM rauwol-
scine against noradrenaline-induced contractions of the porcine
isolated (a) splenic artery and (b) thoracic aorta. The control
concentration-response curve to noradrenaline is represented by (0).
All points represent the mean of 6-10 observations and the vertical
lines indicate the s.e.mean.

Radioligand binding

Porcine thoracic aorta saturation studies Saturation analysis
of [3H]-prazosin binding revealed a single, high affinity bind-

ing site in the P2 pellet of the TA (Figure 5a illustrates an

individual saturation isotherm), with an affinity (Kd) of
0.20 ± 0.03 nM and density (Bm.) of 397.9 ± 52.7 fmol mg-'
(n = 4). Similarly, saturation analysis of [3H]-RX821002 bind-
ing in the TA revealed a single, high affinity site (Figure Sb
illustrates an individual saturation isotherm), with a Kd of
2.16 ± 0.18 nM and Bmax 545.3 ± 36.2 fmol mg-' (n = 4).

Competition studies Rauwolscine and corynanthine dis-
placed [3H]-prazosin and [3H]-RX821002 binding to the TA
membranes in a concentration-dependent manner (Figure Sc
and Sd show displacement profiles from individual experi-
ments). The competition curves generated were fitted to a

one-site model and the mean pKi values for yohimbine,
rauwolscine and corynanthine against the two 3H-ligands
were calculated (Table 3). Corynanthine had a 5-10 fold

greater affinity for [3H]-prazosin binding compared to

rauwolscine (Figure 5c and Table 3). Table 3 shows that the
slopes of the displacement curves of [3H]-prazosin by both
rauwolscine and corynanthine were close to unity, indicating
binding to a single site. Figure 5d (and Table 3) indicated
that rauwolscine had approximately 100 fold higher affinity
for [3H]-RX821002 binding than corynanthine. However, the
slopes of the displacement curves were different from unity
with [3H]-RX821002 (Table 3).

Competition binding carried out in the subcellular frac-
tions obtained following differential sucrose gradient cen-
trifugation revealed aj- and M2-adrenoceptor binding in both
the plasma membrane and mitochondrial fractions. The
affinity ratios of rauwolscine to corynanthine suggest that
[3H]-prazosin and [3H]-RX821002 are labelling a,- and M2-
adrenoceptor binding sites respectively in the two fractions,
and the pKi and Hill slope values obtained from analysis of
the curve fitting indicate displacement of [3H]-prazosin and
[3H]-RX821002 from separate high affinity sites (Table 3).

Enzyme markers and electron microscopy The highest 5'-
nucleotidase activity was located in the plasma membrane
fraction, an approximate 17 fold enrichment from the P2
fraction, with very little enrichment in the mitochondrial
fraction (Table 4). The highest succinate dehydrogenase
activity was located in the mitochondrial fraction; about 2
fold greater than in the P2 fraction, and activity was almost
totally absent in the plasma membrane fraction (Table 4).

Electron micrographs of the plasma membrane and
mitochondrial fractions revealed that the plasma membrane
fraction is almost exclusively composed of vesicles of plasma
membrane (Figure 6a), and the mitochondrial fraction
(Figure 6b) shows a high density of mitochondria and some
endoplasmic reticulum (often with ribosomes attached).

Saturation studies in other porcine blood vessels

There was no difference in the affinity (Kd) of [3H]-prazosin
for the binding site between the different tissues but marked
variation was observed in the density of ax-adrenoceptor
binding sites (Bma,). The highest density of [3H]-prazosin
binding was observed in the TA (approximately twice the
density of the PCDA, 3 times higher than the PLV and SA,
and 4-6 times greater than the EA and MEV), followed by
the PCDA, and the PLV and SA having approximately equal
density, followed by the EA and with MEV having the
lowest density (Table 5).
As with [3H]-prazosin, there was no difference in the

affinity (Kd) of [3H]-RX821002 for the a2-adrenoceptor bind-
ing sites in each of the tissues but the density (Bma.) of
[3H]-RX821002 binding varied considerably from tissue to
tissue. The highest density was observed in the TA and
MEV, followed by the PLV, then the EA, and low densities
of [3H]-RX821002 binding being found in the PCDA and SA
(Table 5).

Correlations

[3H]-RX821002 binding site density was plotted against [3H]-
prazosin binding site density for either all six vessels (Figure
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Figure 5 Specific saturation binding curves of (a) [3H]-prazosin and (b) [3H]-RX821002 to porcine thoracic aorta membranes,
non-specific binding being defined as that remaining in the presence of 100 1M noradrenaline or 100 M yohimbine respectively.
Each saturation curve represents a typical experiment carried out in duplicate, and is a representative example of 3 to 4
experiments. The Kd and Bmax values determined from these curves are given in Table 5. Competition for (c) [3H]-prazosin and (d)
[3H]-RX821002 binding sites by rauwolscine (solid symbols) and corynanthine (open symbols) in porcine thoracic aorta membranes.
The data represent a typical experiment carried out in triplicate, and are representative of 3 to 4 experiments. On the vertical axis,
data are expressed as a percentage of control specific [3H]-prazosin or [3H]-RX821002 binding. The concentrations of [3H]-prazosin
and [3H]-RX821002 used were 0.1-0.3 nm and 1-15 nM respectively. pKi values of the antagonists and the Hill coefficients (slope)
of the curves are given in Table 3.

Table 3 Inhibition constants of yohimbine, rauwolscine and corynanthine at [3H]-prazosin and [3H]-RX821002 labelled binding sites
in porcine thoracic aorta P2 pellet, plasma membrane fraction, and mitochondria fraction

pKP2

Yohimbine
Rauwolscine
Corynanthine
Membranes
Rauwolscine
Corynanthine
Mitochondria
Rauwolscine
Corynanthine

[3H]-prazosin

5.22 ± 0.13
6.22 ± 0.16

5.10 ± 0.15
6.16 ± 0.05

5.12± 0.12
6.01 ± 0.05

Slope

-0.96 ± 0.10
-0.99 ± 0.14

-0.75 ± 0.08
-0.82 ± 0.04

-0.76 ± 0.08
-0.80 ± 0.04

pKA

8.41 ± 0.02
8.41 ± 0.02
6.50 ± 0.05

8.43 ± 0.09
6.09 ± 0.12

8.21 ± 0.09
6.09 ± 0.04

[3H]-RX821002
Slope

-0.64 ± 0.02
-0.64 ± 0.02
-0.81 ± 0.02

-0.80 ± 0.12
-0.74 ± 0.03

-0.74 ± 0.12
-0.76 ± 0.03

Each pK, and Hill coefficient (slope) value is the mean ± standard error of the mean (s.e.mean) of 3 to 4 separate experiments, each
carried out in triplicate. pKi values were calculated from the Cheng & Prusoff equation (1973).

Table 4 5'-Nucleotidase and succinate dehydrogenase activities in the different fractions obtained in the preparation of the plasma
membrane and mitochondrial fractions

Enzyme
5'-Nucleotidase

jLmol mg- ' h-' Relative to P2

0.25
1.15
1.66

19.50

0.22
1
1.44

17.0

Succinate dehydrogenase
pmol min- I mg- I Relative to P2

0.0045
0.0612
0.0952
0.0004

0.07
1

1.59
0.006
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7a) or all vessels except the TA (Figure 7b); using simple line
regression analysis no correlation was found between the
densities of the two binding sites in all 6 vessels
(slope = 0.173, r = 0.1 18, P = 0.825; Figure 7a) but when the

TA data were excluded a weak inverse relationship between
the 2 binding site densities was observed (slope = 1.592,
r = 0.721, P= 0.175; Figure 7b).

Figure 6 Electron micrographs of (a) plasma membrane vesicles and (b) intact and ruptured mitochondria (with the presence of
some endoplasmic reticulum with attached ribosomes). Fractions of porcine thoracic aorta were prepared using differential sucrose
density gradients. On both figures the size bar is equivalent to 0.1 jsm.

Table 5 m1-Adrenoceptor and M2-adrenoceptor densities labelled with [3H]-prazosin and [3H]-RX821002 respectively in six porcine
vascular tissues

[3H]-prazosin
B..

(fmol mg- I)

397.9 ± 52.7
256.7 ± 22.7
143.6 ± 3.9
159.1 ± 7.0
91.3 ± 10.5
48.9 ± 14.4

KD
(nM)

2.16 ± 0.18
1.80 ± 0.31
1.68 ± 0.39
2.11 ± 0.20
1.43 ± 0.04
1.31 ± 0.89

[3H1-RX821002
Bm.

(fmol mg- I)

545.3 ± 36.2
155.9 ± 18.1
418.4 ± 39.4
117.5 ± 19.3
266.3 ± 40.0
531.0 ± 40.9

Each value represents the mean ± standard error of the mean (s.e.mean) of 3 to 4 separate experiments for each radioligand. Each
experiment was carried out in duplicate.

Tissue

Thoracic aorta
Digital artery
Lateral vein
Splenic artery
Ear artery
Ear vein

KD
(nM)

0.20 ± 0.03
0.14 ± 0.03
0.14 ± 0.03
0.15 ± 0.04
0.15 ± 0.05
0.13 ± 0.03
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a (approximately 6) is also consistent with an interaction with
T a1-adrenoceptors. Third, UK-14304 failed to elicit a response

0 +t Slarger than 5% of the NA maximum. Thus, expression offunctional M2-adrenoceptors in porcine blood vessels appears
T to increase in the order SA, PCDA, PLV, TA and MEV

)O Go(data for PCDA and PLV is unpublished).
There are, however, two surprising observations that may

o r- have implications for future experiments on porcine vascular
±t smooth muscle. First, in both the TA and PCDA (Blaylock

to- & Wilson, 1995) 1 JAM prazosin was no more effective againstNA responses than 0.1 JAM prazosin, while in the MEV,
w H~H which appears to possess a larger population of m2-

10- - adrenoceptors, 1 JIM prazosin was more effective against NA-
induced contractions than 0.1 AM prazosin. At present it is

0 ,0 ,, not clear whether this discrepancy between the preparations
0 100 200 300 400 0 represents an interaction between a,- and x2-adrenoceptors,

Bmax [3H1-prazosin (fmol mg-1) as previously described in rabbit blood vessels (Daly et al.,x 1988; Dunn et al., 1991), or is due to M2-adrenoceptor
)O b heterogeneity, i.e. the presence of prazosin-sensitive a2-

adrenoceptors (m2B/M2C); this will form the basis of more

0+ detailed future studies. Although there is an apparent in-
crease in the contribution of m2-adrenoceptors from SA,

\ ; PCDA, PLV, TA and MEV (Blaylock & Wilson, 1995; pres-
o0- ent study), the situation regarding ml-adrenoceptors is less

clear. PE, which was employed because it is regarded as a
Do- _ selective ml-adrenoceptor agonist (McGrath et al., 1989),

elicited responses in each of the preparations but was least

Do - - \effective in the SA; the preparation with almost exclusively
10 l-adrenoceptors. As we have not examined the relative

potency of PE at post-junctional a,- and m2-adrenoceptors in
00 \ porcine vascular smooth muscle, the only functional marker

that we have for the relative contribution of ml-adrenoceptors
0 1 is the sensitivity of NA responses to prazosin (0.1 JAM): these

10loo 200 300 400 500 were in the order SA, TA and MEV.
Bmax (3H1-prazosin (fmol mg-1) Radioligand binding demonstrated the existence of ml- and32-adrenoceptor binding sites in all the vascular tissues

[3H]-RX821002 binding site density plotted against [3H]- studied. The identification of these two sites as al- and
binding site density in: (a) all six vessels: (*) thoracic aorta, M2-adrenoceptors was based on the radiolabelled binding of
Lar common digital artery, (0) palmar lateral vein, (U) the selective antagonists [3H]-prazosin (ol-adrenoceptors) and
tery, (x) ear artery, (0) marginal ear vein; (b) all vessels [3H]-RX821002 (M2-adrenoceptors) (Wilson et al., 1991). At
thoracic aorta. The line on each graph represents a simple al-adrenoceptors, corynanthine has 5-10 fold greater affinity

[analysis of the 6 or 5 data points from each vessel; (a) than rauwolscine, agreeing well with the competition binding
173, correlation coefficient= 0.118; (b) slope= - 1.592, in the TA and indicating that [3H]-prazosin binding was to
ri coefficient = 0.721. m-adrenoceptors. The Hill slope of [3H]-prazosin binding was

very close to unity, adding further support to evidence from
the saturation binding that [3H]-prazosin is binding to a
single site. However, at M2-adrenoceptors rauwolscine is the

ion more active stereoisomer having 100 fold higher affinity than
corynanthine, indicating that in this study [3H]-RX821002

ated by the results in the present study on porcine was binding to m2-adrenoceptors. The Hill slopes obtained
smooth muscle, and those of Blaylock & Wilson with the a2-adrenoceptor binding were somewhat different

the use of prazosin or rauwolscine alone may be from unity (0.65-0.8); this may possibly indicate the presence
to suggest the presence of post-junctional a of more than one type of x2-adrenoceptor, resulting in a

ptors that are activated by NA, i.e. either by the shallow displacement curve.
otency of rauwolscine or apparent resistance of res- Initial studies in the TA used membranes from the post-
to prazosin (McGrath et al., 1989). However, nuclear supernatant (PNS) or P2 pellet as the yield obtained
Ical demonstration of the presence of m2-adreno- meant the initial amount of tissue required was not too great.
was provided by the use of 'selective' concentrations However, when plasma membrane and mitochondrial frac-
rntagonists which, with the exception of the SA, tions from the TA were purified using differential sucrose
J a greater effect against responses to NA than either density gradient it greatly reduced the yield. Confirmation
ist alone in the TA and MEV (present study) and the that the plasma membrane and mitochrondrial fractions were
Lnd PLV (Blaylock & Wilson, 1995). The insensitivity composed of predominantly these structures was obtained
nses to even a high concentration of prazosin (1 JAM) after observing that there was a 17 fold increase in
that the postjunctional a2-adrenoceptors fall into 5'nucleotidase activity only in the plasma membrane fraction,

(2D category (Wilson et al., 1991). The result in the and a 2 fold increase in the activity of succinate dehyd-
t the combination of antagonists was no more rogenase in the mitochondrial fraction (and almost complete
than prazosin alone, is of particular importance lack of activity in the plasma membrane fraction), agreeing

veral other observations also argue against the with other reported studies (e.g. Matlib et at., 1979). Further
of a significant population of M2-adrenoceptors. evidence of the separation of the two different structures can

*azosin behaved as a competitive antagonist against be seen when looking at the electron micrographs; the plasma
iced contractions with a pA2 value (8.6); a value membrane fraction was composed almost exclusively of
it with ,1-adrenoceptors (McGrath et al., 1989). vesicles of plasma membrane, whilst the other fraction con-
the estimated dissociation constant for rauwolscine tained a large proportion of mitochondria together with
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some endoplasmic reticulum. However, no plasma mem-
branes were observed in the mitochondrial fraction and vice
versa.

It was noted that both al- and M2-adrenoceptor binding
were observed in plasma membrane and mitochondrial frac-
tions. Reports in the literature are usually confined to bind-
ing being carried out either in the plasma membrane or
mitochondrial fractions, and to our knowledge there have
been no reports of x-adrenoceptor binding in the mitochon-
drial fraction. Although an enrichment in the enzyme
markers has been observed, together with convincing electron
microscopy the possibility of cross contamination cannot be
ruled out. However, the fact that rauwolscine and corynan-
thine behaved almost identically in the two different fractions
suggests that the [3H]-prazosin and [3H]-RX821002 binding
sites exist within the mitochondrial fraction. The question is
raised as to whether these mitochondrial a,- and M2-
adrenoceptor binding sites have a function, or simply that
other binding sites (i.e. non-adrenoceptor) found in the P2
pellet would also be separated out into both fractions after a
sucrose density gradient. The possibility exists that the bind-
ing sites observed in the mitochondrial fraction are a result
of receptor turnover or 'traffic' in cells, as has been reported
for a- and P-adrenoceptor binding sites in other tissues (for
review see Mahan et al., 1987). Because of the significant
amount of binding in the mitochondrial fraction, and the
large amount of tissue that would be required to look at the
plasma membrane fraction solely, a comparative study of the
densities of al- and M2-adrenoceptor binding sites in the P2
pellet was carried out in a variety of different porcine vas-
cular tissues.

In saturation studies using [3H]-prazosin, the Kd values did
not significantly vary between the six different tissues,
indicating that the ml-adrenoceptor site which [3Hl-prazosin is
binding to was identical in all six vascular tissues. However,
the density of ml-adrenoceptor binding sites (Bm,,) was
highest in the TA, followed by the PCDA, the PLV and SA
having approximately equal density, followed by the EA and
with the MEV having the lowest density. Using the selective
M2-adrenoceptor antagonist [3H]-RX821002, there were no
differences in the Kd values but the density of [3H]-RX821002
binding was highest in the TA and MEV followed by the
PLV, then the EA, and low densities of [3H]-RX821002
binding being found in the PCDA and SA. In agreement
with Nishimura et al. (1987), the TA has a high density of
both a,- and M2-adrenoceptor binding sites, with the density
of a2-adrenoceptor sites being slightly greater than that of
al-adrenoceptor sites. The densities of these sites found in
this study are 30% less than those reported by Nishimura et
al. (1987), possibly as a result of their further purification of
the PNS fraction, but the ratio of Ml-:M2-adrenoceptor sites
(this study: 1:1.4; Nishimura et al.: 1:1.9) is very similar. In
the other vascular tissues studied it would appear that both
in the SA and PCDA there is a predominance (although
small) of al-adrenoceptor binding sites, the reverse of which
is observed both in the PLV and MEV (i.e. greater density of
M2-adrenoceptor sites).

This pattern of binding site distribution is in reasonable
agreement with the functional studies; functional al- and
M2-adrenoceptors were found in the TA and this tissue had
the highest densities of a,- and M2-adrenoceptor binding sites.
In the SA and PCDA, where there is a small predominance
of ao-adrenoceptor sites, greater ao-adrenoceptor-mediated
functional responses (compared to M2-adrenoceptor) were
observed (Blaylock & Wilson, 1995; present study); it is
interesting to note that the SA did have a small density of
M2-adrenoceptor binding sites but no functional response was

observed after X2-adrenoceptor activation. The PLV and the
MEV have overt a2-adrenoceptor-mediated functional res-
ponses (Blaylock & Wilson, 1995; present study) and both
were found to have high densities of M2-adrenoceptor sites.
The exception to this is the EA which, like the veins, has a
dominance of a2-adrenoceptor binding sites, and it would be
of interest to determine how this vessel responds functionally
to al- and M2-adrenoceptor activation. It can observed from
Figure 7a that there was no obvious relationship between the
density of al- and o2-adrenoceptor binding sites for the six
vessels. However, if the results from the TA were excluded
(Figure 7b) then there was evidence of a weak inverse rela-
tionship between al- and M2-adrenoceptors in the five, largely,
superficial, vessels examined. Whether this is true for the rest
of the cardiovascular system (e.g. renal, pulmonary, coronary
and cerebral vascular beds) remains to be determined. A
possible explanation of the anomalous findings in the TA
could be due to a large population of endothelial a2-
adrenoceptors, as recently reported (Bockman et al., 1993).
At the outset of this study it was decided that routine
removal of the endothelium, particularly for the small veins,
was not feasible. Thus, all blood vessels were essentially
'endothelium-intact'. In agreement with work carried out by
Shi et al. (1989) using canine vascular tissue, it would appear
that M2-adrenoceptor density in porcine vascular tissue plays
a role in the expression of functional responses via this
receptor subtype. However, this does not exclude the pos-
sibility that a cellular factor (e.g. G-protein or second
messenger) may also make an important contribution to the
regional differences detected.

In connection with this, preliminary high resolution
autoradiographic studies with [3H]-RX821002 have been car-
ried out to determine the exact location of the M2-
adrenoceptor binding sites in the SA. Specific binding of the
ligand was evenly distributed throughout the tunica media
with very little binding to either the endothelium or adven-
titia (unpublished observations, Dashwood and present
authors). Thus, even though no functional response was
observed in this vessel, M2-adrenoceptor binding sites were
detected and they appear to be located almost exclusively on
the smooth muscle. We are currently examining the pos-
sibility that a2-adrenoceptor-mediated contraction in the
splenic artery can be uncovered by the presence of an ancil-
lary spasmogen, as previously described in the rat isolated
tail artery (Templeton et al., 1989) and rabbit isolated distal
saphenous artery (Dunn et al., 1991).

In conclusion we have examined the pharmacological char-
acteristics of a-adrenoceptors mediating contraction to
noradrenaline in the TA, SA and MEV, and demonstrated
the involvement of al-adrenoceptors in all three preparations
and a2-adrenoceptors in the TA and MEV. Complementary
radioligand binding experiments have shown the presence of
both al- and M2-adrenoceptors which, with the exception of
the TA, appear to exhibit an inverse relationship for the
density of receptor expression. These observations support
functional studies presented here and elsewhere (Blaylock &
Wilson, 1995). Further experiments will capitalise on the
routine availability of porcine blood vessels to assess the
detailed pharmacological characteristics of vascular al- and
M2-adrenoceptors, and to undertake systematic examination
of the associated second messenger systems (i.e. phos-
phoinositide hydrolysis and cyclic AMP formation).

We would like to thank Mr T. Self for his assistance with the
electron microscopy, the Wellcome Trust for financial support and
Mason Bros. abattoir (Nottingham) for the supply of tissues.
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Sequential induction of nitric oxide synthase by
Corynebacterium parvum in different organs of the mouse
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1 The ability of Corynebacterium parvum (C. parvum) to induce nitric oxide (NO) synthase in the
macrophage, spleen, liver, aorta, heart and brain, and to elevate plasma NO2-/NO3- in the mouse was

investigated. In addition, the relationship between NO synthase activity and blood pressure was studied.
2 C. parvum (100 mg kg-', i.p.) induced a time-dependent expression of a Ca2+-independent NO
synthase in the macrophage, spleen, liver, aorta and heart. The time course of induction of the NO
synthase varied such that the maximum enzyme activity was at day 8 in the macrophage and liver, day
12 in the spleen and heart and day 16 in the aorta.

3 There was no significant induction of a Ca2'-independent NO synthase in the brain, nor was there
any change in the Ca2+-dependent enzyme in this organ, during the study period.
4 C. parvum produced a gradual decrease in blood pressure, with a maximum fall at day 16 (from
108 ± 1 mmHg to 79 ± 3 mmHg), which recovered gradually by day 28.
5 Plasma NO2-/NO3- was significantly elevated between days 8 and 24, with a maximum increase at
day 12.
6 These results show that C. parvum induces a Ca2'-independent NO synthase in a number of tissues
and that this induction occurs initially in macrophages and the liver. This suggests that induction of the
NO synthase in the other tissues is secondary and probably the result of activation of macrophages and
some cells of the liver.
7 Furthermore, the decrease in blood pressure induced by C. parvum is associated with the induction
of NO synthase in the vasculature, whereas the increased concentration of plasma NO2-/NO3- seems to
result from the generation of NO by a number of tissues.

Keywords: C. parvum; plasma nitrite/nitrate; blood pressure; inducible nitric oxide synthase

Introduction

The L-arginine: nitric oxide (NO) pathway (Moncada et al.,
1991) is now known to be involved in a variety of
physiological processes in the cardiovascular and nervous
system where NO is generated via constitutive Ca2"-
dependent NO synthases (Moncada et al., 1991; Snyder &
Bredt, 1992). On the other hand, an inducible Ca2+-
independent NO synthase is expressed in phagocytic and
other cells following activation by endotoxin (lipopoly-
saccharide; LPS) and/or cytokines. Much larger amounts of
NO are generated by this enzyme, which is responsible for
the cytotoxicity of macrophages towards certain micro-
organisms and tumour cells and may account for the
phenomenon of non-specific immunity (Moncada et al.,
1991). Endotoxin and/or cytokines also induce the expression
of a Ca2+-independent NO synthase in vascular endothelial
and smooth muscle cells and cardiac myocytes. This accounts
for the hypotension and probably the cardiac dysfunction
characteristic of septic shock (Rees et al., 1990a; Busse &
Mulsch, 1990; Fleming et al., 1991; Moncada, 1992; Wright
et al., 1992; Schulz et al., 1992).

Administration of endotoxin in vivo activates macrophages,
leading to the production of a variety of cytokines, including
tumour necrosis factor (TNF; Suffredini et al., 1989; De
Groote et al., 1992; Oliver et al., 1993), the maximal release
of which occurs 2 h after endotoxin administration (Oliver et
al., 1993). These cytokines, in turn, induce the Ca2+-indepen-
dent NO synthase simultaneously in a variety of tissues, with
maximal induction occurring after a further 4-12 h (Knowles
et al., 1990; Salter et al., 1991; Cunha et al., 1994).

Administration of the heat-inactivated gram-positive
bacterium Corynebacterium parvum (C. parvum) has been
shown to induce NO synthase in rat and mouse liver hepato-

' Author for correspondence.

cytes in vivo, with a time course of several days (Geller et al.,
1993). C. parvum also induces the release of a number of
cytokines over a period of weeks (Kawada et al., 1990). Since
the synthesis of NO is regulated by different cytokines in
different cells, we wondered whether induction of NO syn-
thase following C. parvum may vary significantly from one
tissue to another. In view of this, we have investigated the
effect of C. parvum on the induction of the NO synthase in
various tissues of the mouse, and on the plasma concentra-
tions of nitrite and nitrate (NO2-/NO3-), the breakdown
products of NO. Furthermore, we have investigated the rela-
tionship between induction of the NO synthase and the
blood pressure of the mouse.

Methods

Female CBA mice (Charles River, U.K. 30-35 g) were
housed in a temperature-controlled room with water and
food ad libitum. NO synthase activity in the spleen, liver,
aorta, heart and brain, as well as blood pressure and plasma
concentrations of NO2-/NO3f, were determined 2-28 days
following administration of C. parvum (100 mg kg-', i.p.,
dissolved in sterile water, -0.3 ml per mouse). In a separate
series of experiments, the induction of NO synthase in
peritoneal macrophages following C. parvum administration
was also studied.

Measurement ofplasma N02-/N03-
The animals were anaesthetized with isofluorane (2%) and
blood samples (-0.5 ml) were obtained following exsan-
guination via the carotid artery. The plasma NO2- concen-
tration was determined by first reducing the NO3-
enzymatically, using NO3- reductase from Aspergillus species.
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Briefly, plasma samples were diluted 1:4 or 1:10 with Milli-Q
distilled water and incubated with assay buffer (composition,
mM: KH2PO4 50, NADPH 0.6, FAD 5 and NO3- reductase
20 mu, pH 7.5) for 1 h at 370C. A standard curve for N03-
was constructed by incubation of NaNO3- (1-100pLM) with
the assay buffer. The resultant NO2- concentrations were
determined by chemiluminescence as described previously
(Palmer et al., 1987) and expressed as the amount of total
plasma nitrite and nitrate (NOx) in pM.

Measurement ofNO synthase activity in tissues

Immediately after collection of the blood sample, the tissues
were removed and washed briefly in Krebs' buffer (contain-
ing in mM: NaCl 118, KCl 4.8, CaCl22.5, MgSO4 1.2,
KH2PO4 1.2, NaHCO3 24 and glucose 11), gassed with 95%
02/5% CO2. The tissues were then freeze-clamped in liquid
nitrogen and stored at - 80TC.
On the day of assay, the frozen tissues were homogenized

in a cooled stainless steel pestle and mortar and then placed
in homogenizing buffer (pH 7.4; Tris 50 mM, sucrose 3.2 mM,
dithiothreitol 1 mM, leupeptin 10 g ml -1, soybean trypsin
inhibitor 10 ILg ml 1, aprotinin 2 tig ml-') and the tissue
sonicated for 3 s (x3) at 4°C. The homogenate was cent-
rifuged at 10,000 g for 20 min at 4°C. The resultant super-
natant, containing both the soluble and particulate NO syn-
thase was added to assay buffer (pH 7.2; containing
KH2PO4- 50 mM, MgCl2 1 mM, CaCl2 0.2 mM, valine 50 mM,
L-citrulline 20 giM, L-arginine 20 fLM, dithiothreitol 1 mM,
NADPH 100 ILM, tetrahydrobiopterin 3 iLM, flavin adenine
dinucleotide (FAD) 3 iLM, flavin mononucleotide (FMN)
3 fLM and L-[U-'4C]-arginine 0.05 fLCi' 1IgM]. Following a
20 min incubation at 37C, the reaction was terminated by
removal of substrate by adding 1:1 (v/v) Milli-Q water/
Dowex-AG5OW (200-400, 8% cross linked, Na+-form). The
resin was left to settle for 30 min at room temperature and
the supernatant carefully removed. NO synthase activity in
the supernatant was determined from the conversion of L-[U-
'4C]-arginine to [U-_4C]-citrulline. The activity of the Ca2+-
dependent enzyme was determined as the difference between
the [U-'4C]-citrulline generated from control samples and
samples containing EGTA (3 mM); the activity of the Ca2+-
independent enzyme was determined from the difference
between samples containing EGTA (3 mM) and samples con-
taining the NO synthase inhibitor, Nw-iminoethyl-L-ornithine
(L-NIO, 1 mM; Rees et al., 1990b). The soluble protein con-
tent of the supernatant was determined by the Coomassie
blue binding method using BIO-RAD protein reagent with
bovine serum albumin as a standard. NO synthase activity
was expressed as pmol NO min- mg-' protein. Due to the
high arginase content and rapid utilisation of L-arginine in
the liver, NO synthase levels in this tissue were determined
from the conversion of L-[2,3,4,5 3H]-arginine to L[2,3,4,5
3H]-citrulline at 37°C for 10 min. Under these conditions the
conversion of L-[14C or 3H]-arginine to L-['4C or 3H]-citrulline
is linear in both assays.

Measurement ofNO synthase in macrophages
The mice (n = 16) were killed by cervical dislocation. Culture
medium (RPMI; 10 ml, 10 u ml' heparin) was injected into
the peritoneum, agitated and withdrawn. The peritoneal
suspension was centrifuged (10,000 g) for O min. The pellet
was resuspended in distilled water for 5 s to lyse red blood
cells, followed by phosphate buffered saline (PBS) and
RPMI. The suspension was again centrifuged (10,000 g) for
10 min and the resulting pellet resuspended in RPMI. The
macrophages were left to adhere in 12-well plates for 2h.
Non-adherent cells were discarded and adherent cells washed
twice with fresh PBS and removed with a plastic scraper into
homogenisation buffer. NO synthase activity was determined
by the method described above. Macrophages from 4 mice
were pooled to obtain each value.

Blood pressure

Mice (n = 6 per group) were anaesthetized with isofluorane
(2%) at 0, 4, 8, 12, 16, 20, 24 and 28 days after C. parvum
administration. A cannula line was implanted in the femoral
artery, tunnelled subcutaneously to exit at the top of the
back and connected to a swivel tether system for continuous
monitoring of blood pressure. Normal physiological saline
(154 mM) containing heparin (10 u ml-') was administered as
a continuous infusion via the femoral artery (50 gI h-') to
maintain patency of the blood pressure cannula line. Follow-
ing a 1 h recovery from surgery, blood pressure was
measured over the following 2 h period.

Materials

Corynebacterium parvum (C. parvum; Coparvax), Nw-imino-
ethyl-L-ornithine (L-NIO; Wellcome Research Laboratories)
and NO3- reductase (Boehringer, England) were obtained
from the sources indicated. All other materials were obtained
from Sigma (England).

Statistics

Statistical significance (P <0.05) was analysed by a one-way
ANOVA test for multiple comparisons followed by Dunnett-
adjusted analysis. Results are expressed as means ± s.e.mean,
n = 3-10.

Results

Induction ofNO synthase in various tissues

Ca2--independent NO synthase Administration of C. parvum
(100 mg kg- ', i.p.) stimulated the expression of a Ca+-
independent NO synthase with different time courses in the
various tissues studied (Figure 1). Induction of this enzyme
was maximal in harvested peritoneal macrophages and the
liver at day 8 (600 ± 44 pmol min- mg' protein and
1467 ± 362 pmol min-' mg-1 protein respectively, n = 4 for
each, P <0.05), in the spleen and heart at day 12
(16 ± 0.8 pmol min-' mg-' protein and 8 ± 0.8 pmol
min-m mg- protein respectively, n = 3-10 for each, P < 0.05)
and in the aorta at day 16 (124 12 pmol min-' mg-' pro-
tein, n = 3-8, P <0.05). C. parvum did not induce a Ca" -

independent NO synthase in the brain.

Ca"-dependent NO synthase There was a smaller increase
in activity of a Ca2"-dependent NO synthase in the various
tissues. This followed a similar time course to that of the
Ca2"-independent enzyme. The activity of the Ca2+-depen-
dent enzyme was maximal in harvested peritoneal macro-
phages and the liver at day 8 (132 ± 9 pmol min-' mg-' pro-
tein; n = 4, P <0.05, and 36 ± 27 pmol min' mg-' protein
respectively, n = 3), in the spleen and heart at day 12
(2.4 ± 0.4 pmol min- mg-' protein and 2.8 ± 0.6 pmol
min mg protein respectively, n = 3-10 for each, P <0.05)
and in the aorta at day 16 (54 ± 18 pmol min-' mg-' protein,
n '= 3-8, P <0.05). There was no significant change in the
activity of the Ca2"-dependent NO synthase in the brain
(n = 4; Figure 2).

Plasma N02-/N03- measurements

The basal concentration of nitrite/nitrate (NOx) in the
plasma was 7 ± 3 gIM (n = 10). C. parvum (100 mg kg-', i.p.)
elevated plasma NO2-/NO3- concentrations from day 4
(13 ± 2 gM, n = 5, Figure 1), reaching a plateau at day 12
(1006 ± 23 gIM, n = 5, Figure 1, P <0.05) and gradually
returning to control values by day 28 (22 ± 11 AM, n = 5,
Figure 1).
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Figure 2 Ca2t-dependent NO synthase (NOS) activity in the brain
following a single administration of C. parvum (100mg kg-', i.p.;
n = 4). There was no induction of the Ca2'-independent NO syn-

thase over the time course studied. Day 0 represents control, un-

treated group.

Blood pressure measurements

Administration of C. parvum (100mg kg-', i.p.) to the con-

scious mouse caused a progressive fall in mean arterial blood
pressure (MABP) from a basal level of 108 1 mmHg (n = 6,
Figure 3) to a maximum fall at day 16 (79 3 mmHg, n = 9,
Figure 3, P <0.01), which recovered gradually by day 28
(102 ± 1 mmHg, n = 4, Figure 3).

Discussion

Administration of endotoxin from gram-negative bacteria to
animals induces the expression of a Ca2"-independent NO
synthase which plays a role in the immunological defence
mechanism against invading microorganisms and cancer cells
and also mediates the excessive vasodilatation characteristic
of septic shock (Moncada et al., 1991). The induction of the
NO synthase by endotoxin occurs in many tissues and organs

(Knowles et al., 1990; Salter et al., 1991; Mitchell et al., 1993;
Cunha et al., 1994) and is relatively short-lasting, with a time
course which starts typically 2 h following endotoxin admini-
stration, peaks between 6-12 h and is largely over by 24 h
(Knowles et al., 1990; Salter et al., 1991; Mitchell et al., 1993;

Cunha et al., 1994). This is accompanied by an increase in
the concentration of NO2-/NO3g in the plasma which fol-
lows a similar time course (Cunha et al, 1994). Although not
yet studied in detail, the gram-positive exotoxins appear to
induce the expression of NO synthase in various tissues with
a similar, short-lasting, time course of induction (Zembowicz
& Vane, 1992; Cunha et al., 1993).
There is another group of bacteria which, unlike those

described above, induce the NO synthase after a long period
of latency (1-2 days) and, in the organs studied, this induc-
tion lasts for a period of days or weeks. This group includes
Mycobacterium bovis (strain bacillus Calmette Guerin; BCG,
Stuehr & Marletta, 1987) and C. parvum (Billiar et al., 1990;
1992). Both bacteria induce profound and long-lasting
reticuloendothelial system stimulation, as shown by increased
carbon clearance from the blood, associated with a persis-
tence of the intact bacteria within the macrophage
(Cummins, 1984). Interestingly, these have been used as
immunostimulants and it is likely that this effect is mediated,
in part, by NO. Many reports have shown that macrophages
activated by endotoxin, C. parvum and/or cytokines mediate
non-specific anti-microbial and anti-tumour activities (Tuttle
& Cantrell, 1981) by a mechanism which involves induction
of NO synthase (Hibbs et al., 1990; Adams et al., 1990;
Moncada et al., 1991).
We have now shown that C. parvum induces a sequential

and differential induction of NO synthase, which is first
expressed in the macrophage and the liver, followed by the
spleen, heart and aorta. The fact that NO synthase induction
occurs first in the macrophage and liver suggests that follow-
ing the sequestration of the bacteria by macrophages and
probably Kupffer cells in the liver, their activation and subse-
quent generation of cytokines stimulates the induction of NO
synthase in other tissues. Induction in these tissues will
depend on their responses to different cytokines. This leads
to a temporal and differential expression of the enzyme in
various tissues. Thus, our results show that 12-20 days after
the administration of C. parvwn there is induction of NO
synthase in the vasculature which coincides with the develop-
ment of a small but significant hypotension. The time course
of changes in plasma NO2-/NO3-, on the other hand,
appears to reflect the production of NO in several different
organs, predominantly the liver and macrophage in which
NO synthase activity is greatest.

Interestingly, relatively small increases in the Ca2+-depen-
dent NO synthase were observed in all tissues over a similar
time course. This may be artefactual in nature, since we
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define Ca2+-dependence as the residual activity after chela-
tion of Ca2". Alternatively, induction of 'constitutive' NO
synthases has been described previously in vascular tissue
following shear stress (Nishida et al., 1992) or oestrogen
treatment (Weiner et al., 1994). Whether induction of the
Ca2+-dependent enzyme occurs will therefore require further
studies, including the measurement of mRNA for this
enzyme.
The hypotension observed following administration of C.

parvum was not as severe as that observed following treat-
ment with endotoxin. The reasons for this are not clear at
present, and detailed studies of the correlation between blood
concentrations of NO2-/NO3-, induction of NO synthase in
the vasculature and blood pressure are required. If, however,
the maximum induction of NO synthase in the vessel wall is
comparable after administration of endotoxin and C. parvum
the question will remain as to why the fall in blood pressure
following endotoxin is so severe and yet no hypotension has
previously been described following C. parvum (Cummins,
1984). One possibility is that the cardiovascular system is
able to adapt and compensate for the slow onset of the

induction of NO in the vasculature that occurs following C.
parvum administration.

Whether immunostimulants other than C. parvum also
induce this form of long-lasting sequential and differential
induction of NO synthase in different tissues remains to be
determined. Furthermore, it is worth investigating whether
selective and long-lasting induction of the NO synthase in the
reticuloendothelial system can be achieved. If so, it will be
very important to assess the anti-infective and anti-cancer
potential of such manipulation.
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Pharmacological characterization of noradrenaline-induced
contractions of the porcine isolated palmar lateral vein and
palmar common digital artery
N.A. Blaylock & 'V.G. Wilson

Department of Physiology and Pharmacology, The Medical School, Queen's Medical Centre, Nottingham, NG7 2UH

1 The aim of this study was to examine the pharmacological characteristics of a-adrenoceptor-
mediated contractions in two porcine isolated blood vessels, the palmar lateral vein (PLV) and the
palmar common digital artery (PCDA). This was carried out with noradrenaline used as the agonist
throughout, and either phentolamine (non-selective x-adrenoceptor antagonist), prazosin and YM-12617
(selective a,-adrenoceptor antagonists) or rauwolscine and CH-38083 (selective a2-adrenoceptor
antagonists).
2 Noradrenaline (0.003-1I0 M) produced concentration-dependent contractions in both vessels, with
the PCDA (pD2 = 6.33 ± 0.07, n = 10) being approximately 10 fold less sensitive to noradrenaline
compared to the PLV (pD2 = 7.39 + 0.09, n = 8). Also, the maximal response to noradrenaline was
greater in the PCDA compared to the PLV. Phentolamine (0.03-30 pM) produced parallel rightward
shifts in the CRC to noradrenaline in both tissue preparations. The pA2 values were similar and slopes
of the Schild plots were not significantly different from unity, indicating an interaction between
phentolamine and a single receptor in each preparation.
3 In the PCDA the a1-adrenoceptor antagonists, prazosin (0.01-1I tM) and YM-12617 (0.01- lJM)
produced non-parallel rightwards shifts in the CRC to noradrenaline, with the lower 10-15% of the
CRC exhibiting greater resistance to the effects of these antagonists compared to the upper part. In
contrast, rauwolscine (1-110 pM) and CH-38083 (10 SM) produced parallel displacement of the CRC to
noradrenaline. In the PLV, low concentrations of either al- (0.01 fiM) or a2-adrenoceptor antagonists
(0.1-1 tiM) produced a large shift in the CRC, but subsequent higher concentrations had only small
additional effects. Based upon pKB values estimated from the effects of the lower concentrations of
antagonists, the results are consistent with a large population of a,-adrenoceptors in the PCDA and a
mixture of al- and a2-adrenoceptors in the PLV.
4 In both tissues, when an ac,- and an a2-adrenoceptor antagonist were used in combination the effect
produced was greater than that with either agent alone. In contrast, the combination of the a,-
adrenoceptor antagonists (prazosin and YM-12617 together) or the x2-adrenoceptor antagonists (CH-
38083 and rauwolscine together) were no more effective than that produced by the individual
antagonists. These findings suggest the presence of functional al- and a2-adrenoceptors in the PLV and
PCDA.
5 Phenoxybenzamine (0.3-3gM, 60min exposure) produced a concentration-dependent reduction in
the maximal response to noradrenaline which was more pronounced in the PCDA than the PLV. After a
60 min exposure to a combination of phenoxybenzamine (1 pM) and rauwolscine (1 JLM), the remaining
NA-induced contraction after washout was resistant to prazosin (0.1 M) and sensitive to rauwolscine
(1 pM) in both tissue preparations, indicating the existence of functional a2-adrenoceptors in both
vessels.
6 Evidence suggests that post-junctional al- and X2-adrenoceptors contribute to noradrenaline-induced
contractions in the PCDA and PLV, with the latter possessing a larger population of functional
a2-adrenoceptors.

Keywords: Noradrenaline; porcine vascular smooth muscle; a,-adrenoceptors; X2-adrenoceptors; contraction

Introduction

Over the past 40 years, experimental studies on isolated for contraction (Beckeringh et al., 1984; Jenkin et al., 1991)
blood vessels from standard laboratory animals, e.g. rat, and the pharmacological characteristics of a-adrenoceptors
rabbit, guinea-pig and, less commonly, cat, dog and (Ruffolo & Waddell, 1982; Ruffolo et al., 1982; Nielsen et al.,
primates, have yielded invaluable information on the proper- 1991). In view of the difficulty associated with access and
ties of vascular smooth muscle. Although this information viability of non-diseased lhuan blood vessels, it is clearly
has been useful in the development of therapeutic agents for important to widen the range of isolated blood vessels
man, it is increasingly evident that the pharmacological char- available for experimental studies and ensure that these ade-
acteristics vary between and also within individual vascular quately reflect the heterogeneous characteristics of vascular
beds. The problem is further compounded by findings that smooth muscle. There are several reasons to believe that the
even for the same vessel from different species, e.g. the pig may be a useful model for this purpose.
thoracic aorta or mesenteric artery, substantial differences First, porcine aortic and mitral valves have been success-
exist in the degree of sympathetic innervation (Patil et al., fully employed in man for over 15 years (Burdon et al., 1992)
1972), utilization of cellular calcium and extracellular calcium and it has been suggested that pigs, genetically engineered to

reduce hyperacute rejection, may eventually be used for
xenotransplantation (First, 1992; Good et al., 1992; Cooper

'Author for correspondence. 1992). Secondly, pulmonary (Kovitz et al., 1993), renal
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(Christie & Lewis, 1991), carotid (Ohgushi et al., 1993),
cerebral (Linnik & Lee, 1989; Kim et al., 1992) and, in
particular, coronary blood vessels (Shafiq et al., 1992;
Ohgushi et al., 1993; Ito et al., 1993) from the pig have been
successfully used to examine the properties of vascular
smooth muscle. Finally, the availability of large quantities of
tissue has enabled radioligand binding and biochemical
studies to be conducted on both aortic and coronary vascular
smooth muscle (Nishimura et al., 1987; Tsutsui et al., 1990;
Ito et al., 1993), and it seems possible that this could be
extended to other blood vessels.

In the present study we have focused on an examination of
the pharmacological characteristics of o-adrenoceptor-
mediated contraction of the porcine isolated palmar lateral
vein (PLV) and palmar common digital artery (PCDA) to
assess the suitability of the pig as a (cardiovascular) model
for man. The corresponding human vessels were amongst the
first shown to possess a population of constrictor M2-
adrenoceptors (Stevens & Moulds, 1981), while demonstra-
tion of this subtype in superficial vessels from standard
laboratory animals often requires an ancillary spasmogen (rat
tail; Templeton et al., 1989), extensive pharmacological
manipulation (rabbit isolated saphenous vein; Daly et al.,
1988c) or a combination of both (rabbit saphenous artery;
Dunn et al., 1991). We have used noradrenaline as the
agonist throughout and examined the effect of prazosin and
YM-12617, antagonists selective for al-adrenoceptors (Honda
et al., 1985; McGrath et al., 1989), and rauwolscine and
CH-38083, antagonists selective for a2-adrenoceptors
(Weitzell et al., 1979; Vizi et al., 1986). Our results indicate
that the PLV and PCDA possess a population of al- and
a2-adrenoceptors which are stimulated by noradrenaline to
produce a contraction.

Methods

Preparation of the blood vessel

Porcine trotters from the forelimbs were obtained within
30 min of death of the animal, placed on ice and transported
to the laboratory. A 3-4 cm length of the palmar common
digital artery and palmar lateral vein (Ghosal & Nanda,
1975) was dissected out and stored overnight at 40C in
modified Krebs-Henseleit saline containing 2% Ficoll which
had been previously gassed with 95% 02/5% C02. The com-
position of the modified Krebs-Henseleit saline was (mM):
NaCl 11 8.4, KCl 4.7, CaCl2 1.25, MgSO4 1.2, NaHCO3 24.9,
KH2PO4 1.2 and glucose 11.1. Previous experiments have
established that this procedure neither impairs the contrac-
tility of the smooth muscle nor the ability of the endothelium
to release nitric oxide (Wellman et al., 1993; Lot & Wilson,
1994).

Isometric tension recordings

On the following day, the vein and artery were carefully
cleaned of connective tissue and divided into 5 mm ring
segments. Stainless steel wire (0.2 mm thick) supports were
inserted into the lumen and each segment suspended in an
isolated organ bath containing modified Krebs-Henseleit
saline with 10 JM cocaine (to inhibit uptake,), 1 gM pro-
pranolol (to inhibit P-adrenoceptors) and Na2EDTA (23 gM)
to prevent the oxidative degradation of noradrenaline. The
Krebs-Henseleit saline was maintained at 31 C, as this has
been shown to enhance the function of postjunctional a2-
adrenoceptors (Flavahan & Vanhoutte, 1986; Templeton et
al., 1989), and gassed with 95% 02 and 5% CO2. No attempt
was made to remove the endothelium. The lower support was
fixed, and the upper support was connected to a Grass FT-03
transducer linked to a Grass Polygraph. After 30 min equilib-
ration in the Krebs-Henseleit saline, approximately 8 g wt.
tension (artery) and 4 g wt. tension (vein) were slowly applied

and the tissue allowed to relax to a final resting tension of
1.5-2 g wt. (artery) and 0.5-0.7 g wt. (vein). After 60 min
equilibration, each preparation was exposed to 1 JM (-)-
noradrenaline (NA) and allowed to contract for 5 min. Fol-
lowing complete washout, the preparation was again
challenged with 1 JM noradrenaline, washed and an addi-
tional 1 h equilibration period allowed before starting the
experiment. This procedure was found to minimize changes
in the sensitivity of the preparation to further addition of
noradrenaline. In experiments involving phenoxybenzamine
the preparations were repeatedly exposed to 40 mM KCI,
rather than noradrenaline, to establish reproducible res-
ponses.

In all experiments cumulative concentration-response
curves (CRC) were constructed by exposing the tissue to
increasing concentrations (0.5 log unit increments) of the
agonist until a maximum response was observed. Since con-
tractile responses of the palmar lateral vein to the a-
adrenoceptor agonists were not well maintained over a
period greater than 90 s, the addition of the next concentra-
tion of the agonist was made as close to the peak response as
possible. For the palmar common digital artery, the CRC
was terminated at 3 JM noradrenaline to avoid receptor
desensitization. Successive CRCs were separated by 60 min,
as measured from the time following washout and complete
relaxation of the preparation, and a maximum of three CRCs
was constructed in each preparation.

The effect of reversible a-adrenoceptor antagonists

The a-adrenoceptor antagonists, phentolamine (0.03-30 JM),
prazosin (0.01-1IJM), rauwolscine (0.1-101JM), CH-38083
(0.1-1OJM), YM-12617 (0.01-1 JAM) or a combination of the
subtype-selective antagonists were added at least 40 min prior
to the construction of a second or third CRC. In one series
of experiments, the effect of phentolamine against
noradrenaline-induced contractions was also examined in the
presence of 1OpJM corticosterone (to inhibit extraneuronal
uptake).

The effect ofphenoxybenzamine

Preparations were exposed to a single concentration of
phenoxybenzamine (0.3 JM, 1 JM or 3 JM) or saline for
60 min (after reproducible responses to KCI had been estab-
lished) and then washed a minimum of five times over the
next 60 min before exposure to increasing concentrations of
noradrenaline. In another series of experiments, preparations
were exposed to 1 JAM rauwolscine 5 min before the addition
of 1 JAM phenoxybenzamine to increase the degree of protec-
tion for a2-adrenoceptors (Daly et al., 1988c). After 60 min,
the phenoxybenzamine was removed by washing twice with
Krebs-Henseleit saline containing 1 JAM rauwolscine and this
antagonist was removed 5 min later (total time; 60 min for
phenoxybenzamine, 70 min for rauwolscine). The prepara-
tions were washed a further five times over 45 min and a
concentration-response curve to noradrenaline constructed.
The noradrenaline CRC was repeated 60 min later after
40 min exposure to either 0.1 JAM prazosin, 1 JAM rauwolscine
or vehicle.

Data analysis

The sensitivity of the preparations to noradrenaline was
assessed as the negative logarithm of the concentration
required to cause 50% of the maximum response (pD2). The
agonist concentration-ratio in the presence and absence of
the antagonist was determined at level of either 50% of the
maximum response (palmar lateral vein) or 50% of the con-
trol response to 3 JAM noradrenaline (palmar common digital
artery). Using the agonist concentration-ratio produced by
the lowest effective concentration of the antagonist, an
estimate of the negative logarithm of the dissociation con-
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stant (pKB) was determined by the method of Furchgott
(1972). In the case of phentolamine, a pA2 value was deter-
mined by the method of Arunlakshana & Schild (1959).

In all experiments, one preparation was run in parallel
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Figure 1 The reproducibility of noradrenaline (NA) concentration-
response curves (CRCs) in the porcine isolated palmar common
digital artery (a and b) and palmar lateral vein (c). The highest
concentration of noradrenaline employed was 100 AM (a), 3 AM (b)
and 1O AM (c), and (0) denotes the 1st CRC, (@) denotes the 2nd
CRC and (A) denotes the 3rd CRC. All points represent the mean
of 6 observations (a) or 9 observations (b and c) with the s.e. mean
in (a). In (b) and (c) the s.e. mean, which were less than 6%, have
been omitted to improve clarity.

with the experimental tissues, but received no antagonist, and
was used to determine time-dependent changes in agonist
sensitivity (Furchgott, 1972). All responses are expressed as a
percentage of the maximum response and given as the
mean ± s.e. mean. Differences between means were con-
sidered statistically significant if P<0.05 for unpaired or
paired observations (Student's t test). The logarithm of the
concentration of noradrenaline producing either 25% or 50%
of the control maximum response or agonist-concentration
ratios was calculated with the logistic equation described by
DeLean et al. (1978) with Kalidegraph software (Synergy) on
a MacIntosh LC II computer.

Drugs

The following compounds were used: (- )-noradrenaline
bitartrate (Sigma); prazosin HC1 (Pfizer); rauwolscine HCI
(Roth); YM- 12617 (5-[2-[[2-(ethoxyphenoxy)ethyl]amino]
propyl]-2-methoxy benzene-sulphonamide HCl) (Yamanouchi);
CH-38083 (7,8-(methylenedioxi)-14-x-hydroalloberbane HCI)
(Chinoin); phenoxybenzamine HCl (SKB); corticosterone
(Sigma); phentolamine mesylate (Rogitine, Ciba Geigy); pro-
pranolol HC1 (Sigma); cocaine HCl (MacCarthys), Ficoll
70,000 (Sigma). Stock solutions of noradrenaline were
prepared in distilled water with 23 jiM Na2EDTA. Prazosin
(1 mM) was dissolved in 0.1 M lactic acid and dilutions made
in distilled water. Phenoxybenzamine (1 mM) was prepared in
20% absolute alcohol in distilled water and a drop of 1 N
HCl to remove turbidity and further dilutions were made in
distilled water. Corticosterone (10 mM) was dissolved in pro-
pylene glycol. All other drugs were dissolved in distilled
water and added to the organ baths in a volume of 0.1 ml or
less.

Results

The reproducibility of responses to noradrenaline and the
effect ofphentolamine

In the presence of 10 JAM cocaine and 1 fiM propranolol,
noradrenaline (0.001-100 pM) produced concentration-
dependent contractions of the PCDA and the PLV (Figure
la,b). The maximum response of the PCDA was greater than
that of the PLV, but the sensitivity of the arterial preparation
to noradrenaline was 1/10th of that of the vein (Table 1).
The addition of 10 JAM corticosterone to the bathing medium
caused a 2 fold increase in the sensitivity of the PCDA to
noradrenaline, but did not alter the sensitivity of the PLV
(Table 1).

Exposure of the PCDA to 100 tM noradrenaline (in order
to achieve the maximum effect) required 2 h of repeated
washing to effect complete relaxation of the smooth muscle.
As shown in Figure la, the subsequent CRC was displaced
approximately 3 fold to the right (pD2- 5.95 ± 0.13, n = 6)
and was associated with a 20-25% reduction in the max-

Table 1 Responses of the porcine isolated palmar common digital artery (PCDA) and palmar lateral vein (PLV) to noradrenaline

Force
(g wt) pD2

PCDA
Cocaine 1OJM, propranolol 1 JM
Cocaine 10 JM, propranolol 1I JAM,

corticosterone 10 JAM
PLV
Cocaine 1O JAM, propranolol 1IJM
Cocaine 1O JiM, propranolol I JAM,

cortisterone 10 JAM

10.4±0.9 (n= 10)
9.2±0.8 (n=8)

3.24± 0.22 (n=8)
2.88±0.19 (n=8)

6.33 ± 0.07 (n = 10)
6.63 ± 0.08 (n = 8)*

7.39 ± 0.09 (n = 8)
7.48±0.12 (n=8)

Values shown are the mean ± s.e.mean of n experiments (shown in parentheses). *Significantly different from value in the absence of
corticosterone (P< 0.05, unpaired ttest).
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imum response. Inclusion of 10 JM corticosterone to the
bathing medium, reduced the time required to effect complete
relaxation of the PCDA following exposure to 100 jAM
noradrenaline, but did not appreciably alter the apparent
desensitization. By limiting the highest concentration of
noradrenaline to 3 JAM for the PCDA and 10 JM for the PLV,
three reproducible CRCs could be constructed 75 min apart
(Figure lb,c).

Figure 2 shows the effect of phentolamine against
noradrenaline-induced contractions of the PCDA and PLV in
the presence of 10 JAM cocaine and 1 JAM propranolol. Phen-
tolamine (0.03-30 JM) produced a parallel rightward dis-
placement of the concentration-response curves for
noradrenaline in both preparations. As shown in Table 2, the
pA2 value for phentolamine was similar in both preparations
and the slopes of the Schild plots were not significantly
different from unity. Neither the pA2 value nor the slope of
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Figure 2 The effect of 0.03 gM (0), 0.3 JAM (0), 3 JAM (U) and
30tJM (A) phentolamine against noradrenaline (NA)-induced con-
traction of (a) the porcine isolated palmar common digital artery and
(b) the porcine isolated palmar lateral vein. The control
concentration-response curve to noradrenaline is represented by (0).
All points represent the mean ± s.e. mean of 6 observations.

the Schild plot for phentolamine was significantly altered by
the inclusion of 10 JAM corticosterone in the bathing medium
(Table 2). Since, corticosterone failed to alter the interaction
between phentolamine and noradrenaline at x-adrenoceptors
in either preparation, it was decided to conduct all subse-
quent experiments in the presence of only 10 JM cocaine and
1 JAM propranolol.

The effect of other a-adrenoceptor antagonists against
noradrenaline-induced contractions

Figure 3 shows the effect of prazosin, YM-12617, rauwol-
scine and CH-38083 against noradrenaline-induced contrac-
tions in the PCDA. Prazosin (0.01-1;lM) and YM-12617
(0.01- I JM) produced a non-parallel rightward displacement
of noradrenaline CRCs, with the lower 10-15% of the CRC
exhibiting greater resistance to the effect of these antagonists
than the upper part of the CRC (Figure 3a, b). In contrast,
rauwolscine (1-101M) and CH-38083 (101JM) produced a
parallel displacement of the noradrenaline CRC; lower con-
centrations of the antagonists failed to produce any effect. In
the PLV, the lowest concentration of prazosin (0.01 JAM) and
YM-12617 (0.01 JAM) examined produced a 10-20 fold right-
ward displacement of the noradrenaline CRC (Figure 4a,b).
However, further increases in the concentration of the
antagonists (to 1 JLM) produced only a small additional dis-
placement of the CRC. Qualitatively similar profiles were
obtained for rauwolscine (0.1-10 JM) and CH-38083
(0.1-10 jM) against noradrenaline-induced contractions of
the PLV (Figure 4c,d).

Based upon the displacement of the CRC produced by the
lowest effective concentration of the antagonists (Table 3),
the estimated -log KB values for the antagonists are consistent
with a large population of a,-adrenoceptors in the PCDA
and a mixture of a,- and M2-adrenoceptors in the PLV.

The effect of combinations of the a-adrenoceptor
antagonists

Concentrations of the antagonists which produced a 15-50
fold rightward displacement of the noradrenaline CRC in
PLV (see Table 4) were chosen in order to examine the
effects of combinations of the antagonists against
noradrenaline-evoked contractions in both preparations.
Figure 5 shows that the combination of 1 JiM prazosin and
1 JAM rauwolscine produced a significantly greater rightward
displacement of the noradrenaline CRC in the PCDA and
PLV than either 1 JiM rauwolscine and 10 JAM CH-38083 in
combination, or 1 JAM prazosin and 0.1 JAM YM-1267 in com-
bination. In both cases, prazosin and rauwolscine caused
more than a 1000 fold rightward displacement of the

Table 2 pA2 values and slope for the Schild plot (with 95% confidence intervals) for phentolamine, in the presence of various
ancillary agents, against noradrenaline-induced contractions of the porcine isolated palmar lateral vein (PLV) and palmar common
digital artery (PCDA)

(n)

PLV Cocaine 10 JM,
propranolol 1 JAM

Cocaine 1O JM,
propranolol 1 JAM,
corticosterone 10 JAM

PCDA Cocaine 10 JM,
propranolol 1 JAM

Cocaine 10 JM,
propranolol I JM,
corticosterone 10 JM

pA2

19 7.78 (8.26-7.26)

20 8.06 (8.41-7.70)

19 7.56 (8.08-7.04)

17 7.52 (7.19-7.14)

Slope

0.91 (1.03-0.70)

0.92 (1.05-0.78)

0.80 (1.14-0.68)

0.88 (1.15-0.77)

The values shown are based on a minimum of 4 observations at each of 4 observations at each of 4 concentrations (0.03 JAM, 0.3 JM,
3 JAM and 30 JM) of phentolamine.
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noradrenaline CRC; an effect greater than either agent alone
(Table 4). In contrast, the combination of 1 ILM prazosin with
0.1 ILM YM-12617 was no more effective than either agent
alone. Table 4 also shows that in both preparations the
combination of 0.1 LM YM-12617 and 10tiM CH-38083 was
more effective than either agent alone.
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0.1 I M (0), 1 JIM (I), IOJIM (A) rauwolscine and (d) 0.1 IM (0), 1 JIM (0) IOJIM (U) CH-38083 against noradrenaline
(NA)-induced contractions of the porcine isolated palmar common digital artery. The control concentration-response curve to
noradrenaline is represented by (0). All points represent the mean ± s.e. mean of 5-7 observations.

/P

E
E

C._

x

-ao
0-

-9 -8 -7 -6 -5 -4 -3
log [NA] (M)

E
E

E
>I t~~~~~~~~~~~~~~~~~-

C
0

0

b
120 -

100 -

80 -

60 -

40 -

20 -

o-
-10

d
11 Ifs

10

8'

61

41

21

x, I .T - I I I I I

-10 -9 -8 -7 -6 -5 -4 -3

log [NA] (M)

0
10

0ho -y

0o
0

-9 -8 -7 -6 -5 -4 -3
log [NA] (M)

-10 -9 -8 -7 -6 -5

log [NA] (M)
-4 -3

Figure 4 The effect of (a) 0.01 JIM (0), 0.1 JIM (0), 1 EM (U) prazosin; (b) 0.01 IM (0), 0.1 JIM (0), 1 JIM (U) YM-12617; (c)
0.1 I M (0), 1 JIM (0), IO0JM (-) rauwolscine and (d) 0.1 IM (0), 1 JIM (0) IJI M (-) CH-38083 against noradrenaline
(NA)-induced contractions of the porcine isolated palmar lateral vein. The control concentration-response curve to noradrenaline is
represented by (0). All points represent the mean ± s.e. mean of 5-10 observations.

E
E
x

E
.0
L-
cJ

Ca.
0

a
120 -

100 -

80 -

60 -

40 -

20 -

o-
-10

c
120

E
E

COxE

20
0

0

100

80

60

40

20

coo

12l



N.A. Blaylock & V.G. Wilson a-Adrenoceptors on porcine vascular smooth muscle

from the same group. This suggests that a,- and M2-
adrenoceptors contribute to responses to noradrenaline in
both preparations. Confirmation of this provided by the
results in Figure 6. Figure 6a and b shows the effects of a
60 min exposure to phenoxybenzamine on contractions to
noradrenaline in the PCDA and PLV, respectively. Phenoxy-
benzamine (0.3-1IM) produced a concentration-dependent
reduction in the maximum response to noradrenaline, which
was more pronounced in the PCDA (Figure 6a) than in the
PLV (Figure 6b). Phenoxybenzamine 31M practically
abolished noradrenaline-induced contractions.
The a-adrenoceptor(s) contributing to the response to the

noradrenaline remaining after exposure to a combination of
1 LM phenoxybenzamine and 1 LM rauwolscine was examined
by investigating the effect of 0.1 ILM prazosin and 1 LM
rauwolscine. Figure 6c shows that 0.1 AM prazosin failed to
affect responses to low concentrations of noradrenaline
(0.03-1 !LM) in the PCDA, but reduced responses to high
concentrations of noradrenaline (>1 JIM). Rauwolscine 1 gM
produced only a 10 fold rightward displacement of
noradrenaline CRC in the PCDA. In contrast, 0.1 AM
prazosin failed to affect responses to noradrenaline in the

Table 3 Mean - log KB values (± s.e.mean) for several
antagonists at a-adrenoceptors in the porcine isolated
palmar common digital artery (PCDA) and palmar lateral
vein (PLV)

PCDA

Prazosin

YM-12617

Rauwolscine

CH-38083

Comment: major
a-adrenoceptor
subtype

8.83 ± 0.09
(0.01 JAM, n = 9)

8.96 ± 0.22
(0.01 JAM, n = 6)

6.60 ± 0.22
(1.1 JIM, n=5)

5.22 ± 0.08
(IOjM, n=5)

(XI

PLV

8.73 ± 0.25
(0.01 AM, n = 6)

8.63 ± 0.14
(0.01 JAM, n = 6)

8.31 ± 0.22
(0.1JM, n = 10)

8.20 ± 0.13
(0.1IJM, n=5)

axl and a2

PLV, while 1 JiM rauwolscine produced a 300 fold rightward
displacement of the noradrenaline CRC (Figure 6d).

Discussion

As indicated in the Introduction, the principal objective of
this study was to examine the pharmacological characteristics
of a-adrenoceptors mediating contractions of the PCDA and
PLV and assess the suitability of these blood vessels as a
model for man. The approach adopted during the course of
this investigation was to use noradrenaline as the agonist,
because it does not discriminate between oa- and a2-
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concentration of the antagonist used for calculating the
- log KB value and the number of experimental
observations are shown in parentheses.
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Figure 5 The effect of 1 gM rauwolscine and 10 JM CH-38083 (0);
0.1 JM YM-12617 and 1 AM prazosin (0); 1 FM prazosin and 1 AM
rauwolscine (U) against noradrenaline (NA)-induced contractions in
(a) porcine isolated palmar common digital artery and (b) porcine
isolated palmar lateral vein. The control concentration-response
curve to noradrenaline is represented by (0). All points represent the
mean ± s.e. mean of 6-9 observations.

Table 4 Logarithm of the concentration-ratio for noradrenaline produced by 'selective' concentrations of the antagonists, either alone
or in combination, in the porcine isolated palmar lateral vein (PLV) and palmar common digital artery (PCDA)

PCDA

CH-38083* 10 gM
Rauwolscine* 1 AM
Combination
Prasozin* 1 JAM
YM-12617* 0.1 AM
Combination
YM-12617* 0.1 AM
CH-38083* 10 gM
Combination
Prazosin* 1 JAM
Rauwolscine* 1 AM
Combination

0.71 ± 0.10
0.66 ± 0.22
0.80 ± 0.15

1.52 ± 0.18
1.61 ± 0.14
1.98 ± 0.17

1.61 ± 0.14
0.71 ± 0.22
2.47 ± 0.21

1.52 ± 0.18
0.66 ± 0.22
3.21 ± 0.23

(n = 5)
(n = 5)
(n = 7)
(n = 6)
(n = 6)
(n = 7)

(n = 6)
(n = 5)
(n = 7)t
(n = 6)
(n = 5)
(n = 6)t

PLV

1.75 ± 0.13
1.17 ± 0.08
1.58 ± 0.11

1.16 ± 0.19
1.35 ± 0.18
1.45 ± 0.14

1.35 ± 0.18
1.75 ± 0.13
2.50 ± 0.18

1.16 ± 0.19
1.17 ± 0.08
3.38 ± 0.14

(n= 10)
(n = 9)
(n = 7)
(n = 9)
(n = 9)
(n = 7)

(n = 9)
(n= 10)
(n = 7)t
(n = 9)
(n = 9)
(n = 9)t

Values shown are the mean ± s.e.mean of n experiments (shown in parentheses). *Concentration-ratio calculated at the 50% level of
the maximum control response to noradrenaline (PLV) or at the level of 25% of the control response to 3 JAM noradrenaline (PCDA).
*Values taken from a separate series of experiments (see Figures 3 and 4). tThe effect of the combination of the antagonists is
significantly more effective than either antagonist alone (P<0.05. Student's unpaired t test).
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Figure 6 (a, b) The effect of prior exposure to 0.1 M (0), 1 pM (0) and 3 JM (U) phenoxybenzamine (60 min exposure followed
by 45 min washout) on noradrenaline (NA)-induced contractions of the (a) the porcine isolated palmar common digital artery and
(b) porcine isolated palmar lateral vein. The control concentration-response curve to noradrenaline is represented by (0). All
points represent the mean of 5-6 observations ± s.e. mean. (c,d) The effect of 0.1 JIM prazosin (0) and 1 pM rauwolscine (0)
against noradrenaline (NA)-induced contractions of the (c) the porcine isolated palmar common digital artery and (d) the porcine
isolated palmar lateral vein, after exposure to a combination of 1 JiM phenoxybenzamine (60 min) and I JiM rauwolscine (70 min)
followed by a several washes over 45 min. The control concentration-response curve to noradrenaline is represented by (0). All
points represent the mean ± s.e. mean of 5-6 observations.

adrenoceptors (McGrath 1982; McGrath et al., 1989), and
rely upon selective antagonists to establish the presence of
particular receptor subtypes. Support for this stance is pro-
vided by Sjbberg and coworkers (1987), who observed that
B-HT 920 and clonidine, agonists which selectively activate
M2-adrenoceptors in other species, failed to elicit contractions
of human blood vessels while the combination of noradrena-
line and a selective al-adrenoceptor antagonist suggested the
presence of postjunctional M2-adrenoceptors.

There are three other aspects of the experimental condi-
tions in our study that are worthy of comment. First, in
preliminary experiments we observed that inhibition of
neuronal uptake by cocaine, and blockade of P-adrenoceptors
by propranolol, produced a 3 fold increase in the sensitivity
of both preparations to noradrenaline (unpublished observa-
tions), and these agents were routinely incorporated in the
Krebs-Henseleit saline. Secondly, although the inclusion of
10 ttM corticosterone in the bathing medium further increased
the sensitivity of the PCDA to noradrenaline, its failure to
influence significantly either the slope of the Schild plot or

pA2 value for phentolamine (see below), coupled with a
tendency to cause a slight reduction of the maximum res-

ponse in both preparations, was taken as a basis for leaving
extraneuronal uptake intact. Finally, no attempt was made to
remove the endothelium, so the possibility exists that x-

adrenoceptor-mediated contractions were reduced by either
basal release or a2-adrenoceptor-mediated release of
endothelium-derived nitric oxide (Kovitz et al., 1993;
Ohgushi et al., 1993). It should be noted, however, that
endothelium-denudation in the PCDA failed to affect con-

tractions to 5-hydroxytryptamine (Lot & Wilson, unpub-
lished observations) and, a2-adrenoceptor-mediated release of
nitric oxide in the pig was not observed in mesenteric, renal
or iliac arteries (Ohgushi et al., 1993).

Noradrenaline produced concentration-dependent contrac-

tions in both preparations which were competitively
antagonized by phentolamine. The pA2 for phentolamine,
approximately 7.3-7.7, is consistent with the presence of
o-adrenoceptors (McGrath et al., 1989). It was noticeable,
however, that the potency of phentolamine was slightly
higher in the PLV compared to the PCDA and that this
difference was not influenced by the inclusion of 1OjiM cor-

ticosterone in the bathing medium. The possibility exists that
the decision to avoid full concentration-response curves in
the PCDA, to reduce the potential for receptor desensitiza-
tion, might have resulted in an underestimation of the
potency of phentolamine in the arterial preparation.
To assess in greater detail the pharmacological characteris-

tics of x-adrenoceptors in the two blood vessels, prazosin and
YM-12617 were used as selective a1-adrenoceptor antagonists
and rauwolscine and CH-38083 used as selective m2-adreno-
ceptor antagonists. Since, with the exception of prazosin
(Akers et al., 1987; Neilsen et al., 1991), none of these agents
has been used to characterize a-adrenoceptors on porcine
vascular smooth muscle, no assumption was made about
their selectivity for subtypes of o-adrenoceptor in the pig.
Instead, we have relied upon agents of the same provisional
class to produce qualitatively similar effects in each vessel. In
this respect, the evidence suggests the presence of al- and
M2-adrenoceptors contributing to noradrenaline-induced con-
tractions in the PCDA and PLV, with the latter possessing a

larger population of functional M2-adrenoceptors.
Prazosin and YM-12617 were potent antagonists in the

PCDA but, unlike phentolamine, they produced non-

competitive inhibition. Based upon the displacement pro-
duced by the lowest concentration employed (10 nM), the
dissociation constant for both antagonists, approximately 9,
is consistent with an effect at zx-adrenoceptors (Wilson et al.,
1991). Significantly, higher concentrations of the antagonists
tended to produce much smaller rightward displacement of
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the lower component of the noradrenaline concentration-
response curve, suggesting the presence of another receptor
subtype. In the PCDA, only high concentrations of CH-
38083 and rauwolscine (>1 M) produced significant inhibi-
tion of noradrenaline-induced responses which, when viewed
in isolation, supports the presence of ax-adrenoceptors. How-
ever, since the combination of a putative selective al- and
M2-adrenoceptor antagonist (prazosin and rauwolscine or
YM-12617 and CH-38083) was more effective than the com-
bination of either the putative al-adrenoceptor antagonists
or X2-adrenoceptor antagonists (prazosin with YM-12617 or
CH-38083 and rauwolscine), this has been taken as evidence
for the presence of M2-adrenoceptors and also confirmation of
the characteristics of the antagonists at a-adrenoceptors in
the pig. Qualitatively similar observations were made in the
PLV, except that the component of the noradrenaline res-
ponse resistant to prazosin and YM-12617 was larger, and
this was associated with a corresponding increase in the
potency of rauwolscine and CH-38083; based upon the effect
of the lowest concentration employed, rauwolscine and CH-
38083 had an effect consistent with an action at x2-adreno-
ceptors (see Wilson et al., 1991). Finally, phenoxybenzamine,
which has been reported to inactivate xl-adrenoceptors
preferentially (Constantine et al., 1982), was more effective in
the PCDA suggesting a larger population of xl-adreno-
ceptors. Furthermore, following exposure to a combination
of rauwolscine and phenoxybenzamine, to increase protection
of a2-adrenoceptors (Daly et al., 1988c; Dunn et al., 1991),
the response to noradrenaline in PLV was completely resist-
ant to prazosin but sensitive to rauwolscine; unequivocal
evidence for a population of postjunctional M2-adrenoceptors
(McGrath et al., 1989). In the case of the PCDA, however,
only part of the remaining response was resistant to prazosin.
The basis of this difference between the preparations is not
known.
Although a,- and M2-adrenoceptors are currently divided

into several further subtypes on the basis of both pharma-
cological characteristics of membrane sites in radioligand
binding assays and receptor amino acid sequence (Wilson et
al., 1991; Lomasney et al., 1991), the lack of genuinely
subtype-specific antagonists, with selectivity comparable to
that for either prazosin or rauwolscine, has precluded any
attempt at detailed subclassification of a-adrenoceptors in
these functional experiments. Moreover, since there is the

potential for these receptor subtypes to interact (Daly et al.,
1988b,c; Dunn et al., 1991), we have limited the scope of the
pharmacological characterization simply to al- and a2-
adrenoceptors. It is noteworthy, however, that since we have
used the resistance of responses to prazosin (0.1-1 AM) as a
marker for the presence of postjunctional a2-adrenoceptors, it
seems likely that these belong to the a2A/D subgroup. Also,
the relative ease with which it is possible to obtain large
quantities of porcine vascular smooth muscle has allowed us
to perform preliminary radioligand binding experiments on
the thoracic aorta and splenic artery (Wright et al., 1993).
Future experiments will be directed towards using membrane
preparations of individual blood vessels for the purpose of
detailed pharmacological characterization of the a-
adrenoceptors.
Thus the PLV, like superficial veins from the rabbit, dog

and man (Constantine et al., 1982; Sjdberg et al., 1987; Daly
et al., 1988a,b; Amer et al., 1988) appear to possess al-
adrenoceptors and a large population of a2-adrenoceptors.
Although al-adrenoceptors are the major subtype responsible
for contractions to noradrenaline in the PCDA, observations
with both competitive and irreversible antagonists indicate
the presence of a small population of M2-adrenoceptors which
do not require the presence of an ancillary agent for func-
tional expression (cf. Templeton et al., 1989; Dunn et al.,
1991). In this respect, the PCDA is similar to both human
skin and digital arteries (Stevens & Moulds, 1981; 1986;
Borbujo et al., 1989), and it provides support for the sugges-
tion that the porcine blood vessels may be a good experi-
mental model for man. Our results also suggest that demon-
stration of functional M2-adrenoceptors on other human
arteries, e.g. epigastric artery (Sjdberg et al., 1987), may be
more easily demonstrated by the use of noradrenaline and a
combination of a selective al- and a selective oX2-adrenoceptor
antagonist. It remains to be determined, however, whether
the similarity between porcine and human a-adrenoceptor
pharmacology in digital blood vessels extends to other vas-
cular beds and, indeed, to other receptor systems, e.g.
neuropeptidey and 5-HTI-like, which have proved elusive in
arterial vessels from standard laboratory animals.

We are grateful to the Wellcome Trust and Mason Brothers (Not-
tingham) for their support.
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Relaxation and decrease in [Ca2+]i by hydrochlorothiazide in
guinea-pig isolated mesenteric arteries

Peter Pickkers & 'Alun D. Hughes

Department of Clinical Pharmacology, Queen Elizabeth the Queen Mother Wing, St. Mary's Hospital Medical School, Imperial
College of Science Technology and Medicine, South Wharf Rd, London W2 lNY

1 We examined the effect of the thiazide diuretic, hydrochlorothiazide, on intracellular calcium
concentration ([Ca2+]) and tone in guinea-pig mesentery arteries. Vessels were mounted on a microvas-
cular myograph and loaded with the Ca2"-sensitive fluorescent dye, Fura-2.
2 Hydrochlorothiazide caused relaxation of noradrenaline-precontracted arteries associated with a fall
in [Ca2+Jj. Preincubation of arteries with hydrochlorothiazide inhibited, both contraction and rise in
[Ca2+], in response to noradrenaline. Hydrochlorothiazide did not affect tone and [Ca2+1 when this was

elevated by a combination of depolarizing potassium solution and noradrenaline.
3 Hydrochlorothiazide-induced vasorelaxation and decrease of [Ca21J, was abolished by charybdotoxin,
a blocker of large conductance Ca2'-activated K channels.
4 The rise in [Ca2+]I elicited by caffeine in Ca2+-free physiological salt solution, and presumably
reflecting Ca2+ release from intracellular stores, was not altered by preincubation with hydro-
chlorothiazide.
5 Under depolarizing conditions hydrochlorothiazide did not alter the relationship between the extra-
cellular concentration of Ca2+ and [Ca2+]j; however, hydrochlorothiazide caused a small reduction in the
contraction produced for a given rise in [Ca2+]i suggesting hydrochlorothiazide may cause a slight
desensitization of the contractile machinery.
6 These findings suggest that hydrochlorothiazide opens Ca2+-activated K channels leading to hyper-
polarization and consequent closing of voltage-operated calcium channels. The result of this is an

impaired influx of extracellular Ca2', a decrease in [Ca2'I. and vasorelaxation.
Keywords: Hydrochlorothiazide; diuretics; Ca2+; Fura-2; K channels; calcium channels; vascular smooth muscle

Introduction

Almost four decades after their introduction in 1957, thiazide
diuretics are still the mainstream of therapy of a large part of
the hypertensive population (Ramsey et al., 1994). Besides
the well studied effect of thiazide diuretics on the nephron,
little is known concerning direct vascular actions of this class
of drug, despite the fact that in the long term, thiazide
diuretics act by lowering vascular resistance, rather than by
their diuretic effects (Van Brummelen et al., 1980). Hydro-
chlorothiazide has been reported to relax isolated portal vein
by Mironneau and colleagues (1981), and recently relaxant
effects of hydrochlorothiazide and related drugs have been
demonstrated in human isolated small arteries (Calder et al.,
1992; 1993).

It has long been recognized that Ca2' ions are necessary to
trigger and maintain the cascade of protein activation and
deactivation that leads to a contractile response in vascular
smooth muscle cells. The free concentration of Ca2+ ions that
is present in the cytosol of vascular smooth muscle cells
governs, to an important extent, the activity of the contrac-
tile machinery. The contraction of vascular smooth muscle in
response to a vasoconstrictor is initiated by increases in free
intracellular calcium ([Ca2+]D. This increase of [Ca2'l arises
from two main sources: influx of extracellular Ca2+ ions, and
mobilisation of intracellular calcium stores, probably
associated with the sarcoplasmic reticulum (Somlyo &
Himpens, 1989). There are also indications that vasoconstric-
tor agents increase the sensitivity of the contractile machinery
to [Ca2+]i (Nishimura et al., 1988; Somlyo & Himpens, 1989;
Jensen et al., 1992).

In the opposite case of vasodilatation, [Ca2+]i can decline
as a result of blockade of calcium release from intracellular
stores or through decrease of influx of extracellular Ca2 ,
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besides the possibility that some relaxants may desensitize the
contractile apparatus to Ca2" (Somlyo & Himpens, 1989).

In view of the key role played by [Ca2+]i in regulating
vascular tone, we have studied the interaction between the
vasorelaxant, hydrochlorothiazide and [Ca2J]i in isolated
small arteries (internal diameter - 300 gm) using the fluore-
scent indicator, Fura-2. Such arteries were used for this study
since they are small enough to contribute significantly to
peripheral vascular resistance in vivo (Mulvany & Aalkjaer,
1990) and may better reflect the behaviour of the resistance
vasculature than larger upstream vessels.

Methods

Guinea-pig mesentery was removed from male animals
(-300 g) killed by cervical dislocation. Resistance vessels
(internal diameter 342 ± 15 jim) were dissected free from sur-
rounding tissue and mounted on two 40 gm wires in a single
channel myograph dedicated to fluorescence measurements to
allow simultaneous measurements of isometric tension (force)
and [Ca2J]i to be made.
The myograph contained 5 ml of a modified Krebs-

Henseleit physiological saline solution (PSS composition,
mM: NaCl 118, KCl 4.7, CaCl2.5H20 2.5, MgSO4.7H20 1.17,
NaHCO3 25.0, NaH2PO4.2H40 1.0, Na2EDTA 0.03 and
glucose 5) maintained at 370C and aerated with 95% 02, 5%
CO2. The vessels were allowed to equilibrate for 1 h and then
set at a 'normalized' internal circumference 0.9 L1,o estimated
to be 90% of the circumference they would maintain if
relaxed and exposed to 100 mmHg transmural pressure. L1,o
was calculated for each individual vessel on the basis of the
passive length-tension characteristics of the artery and the
Laplace relationship (Mulvany & Halpern, 1977). This proce-
dure optimised active force generation by these vessels and

BrRish Journal of Pharmacology CL995) 134 703-707
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the internal diameters referred to were derived from this
calculation.

Prior to the beginning of the studies, vessel viability was
assessed by exposing arteries to 118 mM K+ solution (KPSS;
PSS with equimolar substitution of 118 mM KCI for NaCl),
KPSS with noradrenaline (10 tM), and noradrenaline (10 j4M)
alone. Vessels which did not reproducibly produce tension
equivalent to more than 100 mmHg effective pressure (by
Laplace) in response to these stimulants were discarded.

Following assessment of vessel viability the vessels were
incubated with the fluorescent calcium indicator Fura-2 AM
(6 SAM) for 2 h in PSS containing 0.02% Pluronic F-127, 0.1%
cremaphor EL and 0.5% dimethyl sulphoxide to improve
loading as previously described (Jensen et al., 1992; 1993).
Basal tone and contractile response to noradrenaline and
potassium were not affected by exposure to this solution.

Fluorescence was measured with a Deltascan spectro-
fluorimeter (Photon Technology International Inc., South
Brunswick, NJ, U.S.A.) connected to an inverted Axiovert 35
fluorescence microscope (Carl Zeiss Oberkochen, Germany).
[Ca2+]i was assessed on the basis of the ratio of fluorescence
emission measured at 510 ± 5 nm which was evoked by
excitation at 340 and 380 nm. Emission signals and force
were measured simultaneously at 4 Hz and acquired on-line
using an A/D interface (Photon Technology International
Inc., South Brunswick, NJ, U.S.A.) connected to an IBM AT
PC. Data were stored on an optical disc and later analysed
off-line using commercially available software (Photon Tech-
nology International Inc., South Brunswick, NJ, U.S.A.).
Both changes in force and [Ca2+]i were normalized by expres-
sing them as a percentage of control responses to KPSS for
each individual vessel. Relaxation or fall in [Ca2+], was cal-
culated as % reduction in stable active tone or [Ca2+]i
immediately prior to addition of drug.

Guinea-pig mesenteric arteries do not possess tone under
resting conditions, therefore the relaxant effect of hydro-
chlorothiazide was examined on precontracted vessels. In
some experiments a supramaximal concentration of
noradrenaline (10 gM), or noradrenaline (10 riM) in the
presence of KPSS were used to precontract the vessels and
a near maximal concentration of hydrochlorothiazide (30 ptM)
was added once stable tone and [Ca2+]1 were attained. In
other experiments we examined the effect of 20min prein-
cubation with hydrochlorothiazide (30 pM) or vehicle control
on noradrenaline-induced rise in tone and [Ca2+]j. Hydroch-
lorothiazide had no effect on resting tone or [Ca2+]j. We also
studied the effect of charybdotoxin on hydrochlorothiazide-
induced relaxation in vessels precontracted with
noradrenaline (10 pM) after pre-incubation with charyb-
dotoxin (100 nM) for approximately 20 min. Charybdotoxin
was present throughout these experiments.

The effect of hydrochlorothiazide on release of Ca2" from
intracellular stores was studied by examining the effect of
caffeine (10 mM) in the absence of extracellular Ca2". Vessels
were bathed in Ca2'-free PSS (containing 1 mM BAPTA) for
3 min which is sufficient to remove extracellular Ca2", but
not to deplete intracellular stores (Garcha & Hughes, 1994).
The vessel was then exposed to Ca2'-free PSS containing
10 mM caffeine for a further 3 min and then washed out into
PSS. Hydrochlorothiazide (30tiM) or vehicle control (0.1%
dimethylsulphoxide) was present in PSS and then in Ca2+-
free PSS for a total of 20min before addition of caffeine.
The effect of hydrochlorothiazide on the sensitivity of the

contractile machinery to [Ca2+], was examined by observing
the effect of hydrochlorothiazide on contractile and [Ca2+],
responses to addition of extracellular Ca2+ to a nominally
Ca2'-free high potassium solution. Concentrations of Ca2+
referred to are those addedtt the nominally Ca2+-free high
potassium solution and extracellular [Ca2"] is likely to differ
from these. Vessels were bathed in Ca2l-free KPSS for 3 min
prior to cumulative addition of Ca2" (1 nM-3 mM). Ca2+
concentration-response curves (Ca2 :1 nM-3 mM) were con-
structed after either incubation with hydrochlorothiazide for

17 min in PSS prior to changing to Ca2"-free KPSS contain-
ing hydrochlorothiazide (30 tiM) or a similar incubation with
vehicle control. In order to exclude time- or order-dependent
effects in these studies the order of exposure to hydro-
chlorothiazide or vehicle was randomized.

Drugs

1,2-bis(2-Aminophenoxy) ethane N',N',N',N', tetraacetic acid
(BAPTA), caffeine, cremaphor-EL, dimethylsulphoxide, hy-
drochlorothiazide, noradrenaline bitartrate and verapamil
were purchased from Sigma (Poole, Dorset, UK). Pluronic
F-127 and pre-weighed aliquots (50 jg) of Fura-2 acetoxy-
methylester (Fura-2 AM) were purchased from Molecular
Probes (Oregon, U.S.A.). One fresh aliquot of Fura-2AM
was used for each experiment. Charybdotoxin was purchased
from Peptide Institute (Osaka, Japan). With the exception of
charybdotoxin which was stored as frozen aliquots, all drugs
were prepared on the day of the experiments. Noradrenaline
was dissolved in distilled water and hydrochlorothiazide in
dimethylsulphoxide. The final concentration of dimethylsul-
phoxide 0.1% (v/v) had no effect on vessel reactivity.

Statistics

Data are presented as mean ± standard error of mean with
the number of observations in parentheses. Data were
analysed by Student's t test, in the case of paired com-
parisons, or two-way analysis of variance (ANOVA) in the
case of multiple comparisons. P< 0.05 was considered
significant. Concentration-response data were fitted to a
logistic function:

A + (B- A)

mum ffec; B= = + ?~
I {lo AD

Where y = effect at a given concentration of drug; A = mini-
mum effect; B = maximum effect; c = ECm; x = log [drug];
D ='Hill slope', by non-linear regression using Excel 5.0
(Microsoft, U.S.A.) and a macro written by one of us
(A.D.H.) on an IBM compatible PC.

Results

The effect of hydrochlorothiazide on responses to
noradrenaline and the effect of charybdotoxin on
hydrochlorothiazide-induced responses

As shown in Figures 1 and 2, the vasorelaxant effect of
hydrochlorothiazide (30 pM) was associated with a fall in
[Ca2+]i. In vessels preconstricted with noradrenaline (10pM)
in the presence of KPSS, hydrochlorothiazide had no

significant effect on vascular tone or [Ca2+]i (Figures 1 and
2). Incubation with charybdotoxin (20 min, 100 nM) had no

effect on the subsequent contraction to noradrenaline, but
under these conditions hydrochlorothiazide-induced relaxa-
tion was almost totally inhibited (Figures 1 and 2). This was

associated with a marked inhibition of the fall in [Ca2+]i
induced by hydrochlorothiazide; [Ca2+]i (Figures 1 and 2).

In vessels preincubated with hydrochlorothiazide (301AM),
noradrenaline (10 pM) induced a significantly smaller increase
in [Ca2+]i and force than in vessels preincubated with vehicle
control. Force and [Ca2+]i responses to noradrenaline alone
were 69 ± 11% and 50 ± 4% respectively (n = 10); following
preincubation with hydrochlorothiazide these were reduced
to 29 ± 16% and 35 ± 17% respectively (n = 5; P<0.05 for
force and [Ca2+]I).
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Figure 1 The effect of hydrochlorothiazide on force and [Ca2+]i
under various conditions. Representative traces are shown of simul-
taneously measured force (% KPSS) and [Ca2+]J (% KPSS) in
guinea-pig isolated small mesenteric arteries mounted in a myograph
and loaded with Fura-2. (a) Vessel was precontracted with
noradrenaline (NA; 1pAM) and hydrochlorothiazide (HCT; 30pM)
was added once stable tone and [Ca2J+] were achieved. Periods of
drug exposure are indicated by the horizontal bars, the parallel lines
interrupting the traces indicate washout of drug. (b) Vessel was
contracted with high potassium solution (KPSS) and then nor-
adrenaline (NA; 1pm) added. Hydrochlorothiazide (HCT; 30pM)
was added once stable tone and [Ca2+]i were achieved. Periods of
drug exposure are indicated by the horizontal bars, the parallel lines
interrupting the traces indicate washout of drug. (c) Vessel was
contracted with noradrenaline (NA; 10WM) in the presence of
charybdotoxin (CTx; 100 nM) following 20 min preincubation with
CTx. Hydrochlorothiazide (HCT; 30 I.M) was added once stable tone
and [Ca2J1 were achieved. Periods of drug exposure are indicated by
the horizontal bars, the parallel lines interrupting the traces indicate
washout of drug. Calibration bar is shown. Traces are representative
of 4-9 similar experiments.

The effect of hydrochlorothiazide on calcium release
from intracellular stores

Noradrenaline (10 pM) had no effect on force (-1 ± 2%) or
[Ca2+], (0+ 1%) in 3 vessels in Ca2'-free PSS, although
endothelin-I (100 nM) induced a transient rise in force and
[Ca2+], under the same conditions (n = 2). Preincubation with
the calcium antagonist, verapamil (10 lAM), also abolished
force and [Ca2J]i responses to noradrenaline (10 tiM) in
mesenteric arteries (n = 3), though both endothelin-l (100
nM) and vasopressin (100nM) induced an increase in tone

Figure 2 Combination chart showing the effect of hydrochloro-
thiazide (HCT; 30 jiM) on contraction (columns) and elevated [Ca2+J,
(symbols) induced in guinea-pig mesenteric arteries by (a) nor-
adrenaline (NA; 10 ftm; n = 9); (b) noradrenaline (NA; 10 ftM) in the
presence of a depolarizing potassium solution (KPSS; n = 5) and (c)
noradrenaline (NA; 10 tM) in the presence of charybdotoxin (CTx;
100 nM) and following 20 min preincubation with CTx (n = 4).
Vessels were precontracted until stable tone and [Ca2+], were
achieved. HCT was then added. Results were calculated as the %
reduction in tone or [Ca21J, induced by HCT taking the response to
NA as 100%. Values represent the mean ± s.e.means of n observa-
tions. *P<0.001 by Student's t test.

and a rise in [Ca2+1] in the same arteries in the presence of
verapamil (10I1M). It was therefore not possible to examine
the effect of hydrochlorothiazide on noradrenaline-induced
release of intracellular stores in this vessel.

Caffeine induced a small and transient increase in [Ca2+]
and force of respectively 37.6 ± 12.5% and 20.3 ± 6.3%
before and 37.5 ± 21.7% and 18.0 ± 5.6% after hydro-
chlorothiazide incubation (n = 5 in both cases). The action of
caffeine was not significantly affected by the presence of
hydrochlorothiazide.

The effect of hydrochlorothiazide on responses to
extracellular Ca" under depolarized conditions:
interaction between hydrochlorothiazide and the
sensitivity of the contractile machinery
Ca2+ concentration-response curves were constructed in the
presence and absence of hydrochlorothiazide. Data were
analysed in terms of the effect of cumulative addition of
extracellular Ca2+ on isometric force (Figure 3a), [Ca2+ I
(Figure 3b) and the relationship between isometric force and
[Ca2+]i derived from the previous two relationships. Hydro-
chlorothiazide caused a small rightward shift in the extracel-
lular Ca2+-force relationship (Figure 3a); the pD2 for Ca2+ in
the presence of hydrochlorothiazide was 5.2 ± 0.1 (n = 5),
compared with 5.4 ± 0.1 (n = 5) under control conditions
(NS), and there was little difference in the relationships
between extracellular Ca2+ and [Ca2+], in the presence or
absence of hydrochlorothiazide (Figure 3b; pD2 = 5.4 ± 0.1
(n = 5) in both cases). Examination of the [Ca2']i-force rela-
tionship indicated a small rightward shift (desensitization) of
this curve in the presence of hydrochlorothiazide, although
this difference was not found to be statistically significant by
2-way analysis of variance.

Discussion

This study has confirmed that hydrochlorothiazide relaxes
guinea-pig isolated mesenteric small arteries as Calder and
colleagues (1994) have previously reported. We have shown
that this effect of hydrochlorothiazide is associated with a fall
in [Ca2"]i and it seems likely that this fall in [Ca2+]J largely
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Figure 3 The effect of hydrochlorothiazide (HCT; 30 jiM) on re-

sponses to cumulative addition of Ca2` to nominally Ca2 -free
depolarized conditions. (a) Concentration-response relationships
between added extracellular Ca2" and force in the presence (@) or

absence (0) of HCT. HCT was present for a total of 20 min pnor to

cumulative addition of Ca2l. Increase in force is expressed as %
contraction to KPSS in the same vessel. (b) Concentration-response
relationship between added extracellular Ca2` and [Ca2+]i in the
presence (0) or absence (0) of HCT. Change in [Ca2+], is expressed
as % change in [Ca2+], in response to KPSS in the same vessel. (c)
Relationship between [Ca2+]i and force derived from data in (a) and
(b). Each value represents the mean ± s.e.means of data from 5
separate experiments.

explains the direct vasorelaxant effects of hydrochloro-
thiazide. Both the reduction in [Ca2']i and force were

blocked by charybdotoxin. Charybdotoxin is a 37-amino acid
peptide present in the venom of the scorpion Leiurus quin-
questriatus hebraeus which is a relatively selective inhibitor of
large conductance Ca2+-activated K+ channels (KCa) (Ander-
son et al., 1988; Gimenez-Gallego et al., 1988). It inhibits K+
channels by physically plugging the outer pore of the channel
(Miller, 1990), but does not affect sodium or calcium chan-
nels (Miller et al., 1985). The finding that charybdotoxin
blocks the effect of hydrochlorothiazide on both force and
[Ca2+]i suggests that these actions of hydrochlorothiazide
involve opening of Kca channels to increase K permeability
and hyperpolarize the cell. Such a conclusion is supported by
the failure of hydrochlorothiazide to alter tone and [Ca2+]i in
mesenteric arteries contracted by noradrenaline in the
presence of potassium. Under these conditions the vessels will
be depolarized and the membrane potential will be near to K

equilibrium potential (probably near 0 mV under these ionic
conditions). In this case opening KCa channels would have
negligible effect on membrane potential and therefore should
not reduce [Ca2+]i or tone.

Hydrochlorothiazide had no detectable effect on caffeine-
induced rises in [Ca2+]i or tone. Caffeine is a widely used
pharmacological tool which releases Ca2" from intracellular
stores (Leijten & Van Breemen, 1984), probably by activating
channels in the sarcoplasmic reticulum involved in Ca2+-
induced Ca2" release (Smith et al., 1988). The failure of
hydrochlorothiazide to affect responses to caffeine suggests
that hydrochlorothiazide probably does not influence tone or
[Ca2+]i through an action on the caffeine-sensitive store in
these arteries. In contrast, Mironneau (1988) reported that
indapamide, a thiazide-like drug, depressed constrictions
elicited by release of calcium from the endoplasmic
reticulum. However, despite its structural similarities with
thiazides there is evidence that indapamide-induced vaso-
relaxation shows considerable differences from thiazide-
induced relaxation and probably acts through unrelated
mechanisms (Mironneau et al., 1981; Calder et al., 1992). It
was not possible to examine the effect of hydrochlorothiazide
on noradrenaline-induced release of intracellular Ca2+ in
these studies, since noradrenaline had very little or no detec-
table effect on tone or [Ca2+]i in the absence of extracellular
Ca2+ or the presence of verapamil, a calcium antagonist.
Since other agonists, endothelin-1 and vasopressin were able
to increase tone and [Ca21]i under these conditions, these
preliminary data suggest that noradrenaline may be unable to
mobilize Ca2+ from the intracellular store(s) in guinea-pig
mesenteric small arteries, though further studies will be
necessary to establish this unequivocally.

In our experiments using addition of increasing extracel-
lular Ca2+ concentrations to a nominally Ca2+-free depolariz-
ing solution, we found that hydrochlorothiazide caused a
small shift in the relationship between added extracellular
Ca2+ and force. Although not statistically significant this
magnitude of shift is similar to that previously reported by
Calder and others (1993), which was interpreted by these
authors as indicating a calcium antagonist action of hydro-
chlorothiazide. Our data where changes in [Ca2+]i were
measured, do not support such a conclusion and suggest that
this modest effect of hydrochlorothiazide is due to a reduc-
tion in sensitivity of the contractile apparatus to [Ca2+]i
rather than interference with Ca2+ entry under depolarized
conditions. Although such an effect may make some con-
tribution to the vasorelaxant effect of hydrochlorothiazide,
overall our data suggest that the effect of hydrochloro-
thiazide on K channels is a more important influence.
A recent study has shown that hydrochlorothiazide in-

creased 86Rb+ efflux, a marker of K+ efflux, from guinea-pig
mesenteric arteries (Calder et al., 1994). A similar effect has
also been seen using another thiazide drug, cyclothiazide, in
tail artery smooth muscle (Moura & Worcel, 1983). Both
these findings are consistent with the notion that thiazides
increase the permeability of smooth muscle membranes to
K+, probably by opening KCa. It is not known how hydro-
chlorothiazide acts on KCa channels. It may be via an intra-
cellular biochemical effect or by a direct interaction with the
channel; electrophysiological studies represent the most direct
approach to resolving this question.
The possibility that thiazides increase K+ permeability may

also have implications for thiazide-induced hyperglycaemia.
In the pancreas, depolarization of the plasma membrane by
inhibition of K+ channels and opening of Cl- channels
leading to opening of voltage-dependent Ca2+ channels and
increase of [Ca2+]i is involved in the activation of insulin
release (Sehlin, 1978; Wollheim & Sharp, 1981; Pedersen &
Findlay, 1987). Recently it has been reported that hydro-
chlorothiazide reduced insulin release by isolated pancreatic P
cells and that this was associated with a fall in glucose-
stimulated 45Ca2" uptake (Sandstrom, 1993). It is known that
diazoxide, a drug structurally related to the thiazides, hyper-
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polarizes P-cells by opening ATP-dependent K channels
(KATP) and that this impairs insulin release (Malaisse &
Malaisse-Lagae, 1968; Henquin & Meissner, 1982; Trube et
al., 1986). This effect of diazoxide can be inhibited by agents
such as glibenclamide which block KATP channels and are
used as clinically hypoglycaemic agents. In contrast, blockers
of KATP channels do not affect thiazide-induced relaxation
(Calder et al., 1992), or thiazide-induced 86Rb+ efflux (Calder
et al., 1994). Hydrochlorothiazide does not affect the activity
of KATP channels in the P-cell plasma membrane (Gillis et al.,
1989), but the effect of thiazide on KCa channels appears not
to have been investigated. In view of our findings and those
of others cited above a possible role for Kca channels in the
inhibitory effect of hydrochlorothiazide on insulin release
seems plausible.

In conclusion, we have shown that hydrochlorothiazide-
induced vasorelaxation is associated with decreased influx of

extracellular Ca2". This phenomenon is probably mediated
through activation of large conductance Ca2"-activated K+
channels, as it was abolished by an antagonist of these
channels, charybdotoxin. As a result of these studies we
postulate that hydrochlorothiazide opens Ca2+-activated K+
channels, thereby leading to K+ efflux and membrane hyper-
polarization, and consequent closing of voltage-operated
Ca2+ channels and smooth muscle cell relaxation. How hy-
drochlorothiazide acts on these channels remains to be estab-
lished.
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experiments and Dr M. Schachter for helpful discussions and his
comments on this manuscript. P.P. was supported by a grant from
the Dutch Heart Foundation, A.D.H. is a British Heart Foundation
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Pharmacological analysis of the local and reflex responses to
bradykinin on rat urinary bladder motility in vivo

1A. Lecci, S. Giuliani, S. Meini & C.A. Maggi

Pharmacology Research Dept., 'A. Menarini' Pharmaceuticals, via Sette Santi 3, 50131 Florence, Italy

1 The topical application of bradykinin (BK) (0.05-5000 pmol/rat) onto the serosal surface of the
urinary bladder in urethane-anaesthetized rats, evoked low amplitude tonic contractions (not exceeding
25 mmHg) or high amplitude (about 50 mmHg), phasic reflex contractions (chemoceptive micturition
reflex) which were abolished by bilateral ablation of the pelvic ganglia. In ganglionectomized rats, BK
induced only a local, tonic-type contraction.
2 Systemic capsaicin pretreatment (164 jmol kg-', 4 days before) reduced the incidence of chemocep-
tive reflex induced by BK (500 pmol/rat) but had no effect on the magnitude of the tonic-type
contraction elicited by BK in ganglionectomized rats. Indomethacin (1 I mol kg-', 20 min before)
reduced the incidence but not the amplitude of the reflex contractions induced by topical application of
BK (500 pmol/rat). In ganglionectomized rats, indomethacin (1 IlAmol kg-', 20 min before) decreased
the amplitude of the tonic contraction evoked by BK. Indomethacin did not affect the chemoceptive
reflex induced by topical application of capsaicin (15 nmol/rat) onto the bladder.
3 Intrathecal administration of the tachykinin NK, receptor antagonists, RP 67,580 (10 nmol/rat) or

SR 140,333 (10 nmol/rat), abolished the chemoceptive reflex induced by BK without modifying the
magnitude of the tonic contraction. SR 140,333 (10 nmol/rat) also abolished the occurrence of the
chemoceptive reflex induced by capsaicin.
4 Intravenous administration of the B2 receptor antagonist, Hoe 140 (35 nmol kg-', 10 min before)
abolished the reflex and local effects induced by BK on bladder motility but failed to modify the
chemoceptive reflex induced by topical application of capsaicin (15 nmol/rat).
5 Intrathecal administration of Hoe 140 (10 nmol/rat) reduced the incidence of the chemoceptive reflex
induced by BK but had no effect on the amplitude of the local motor response. Likewise, Hoe 140
(10 nmol/rat, i.t.) reduced the incidence of reflex bladder contractions induced by topical application of
capsaicin (15 nmol/rat) without affecting the magnitude of the tonic-type contraction.
6 These findings indicate that BK stimulates motility through B2 receptors in the rat urinary bladder.
BK activates the reflex response by stimulating capsaicin-sensitive afferent nerves with a contribution
from prostanoids. At the spinal cord level, tachykinin NK, and BK B2 receptors could also be involved
in the chemoceptive reflex induced by BK or capsaicin.

Keywords: Micturition reflex; bradykinin; capsaicin; tachykinin; rat urinary bladder

Introduction

Bradykinin (BK) is the most potent endogenous mediator
producing pain (Dray & Perkins, 1993, for review). In
laboratory animals the nociceptive effect induced by BK
depends on the activation of a population of afferent nerves
which are sensitive to capsaicin (Dray et al., 1988a; 1989).
The sensory stimulant action of peripherally applied BK is
accompanied by a number of local effects such as vasodilata-
tion, smooth muscle contraction, increased vascular
permeability, etc (Marceau et al., 1983, for review). These
peripheral effects are partly a consequence of the direct
action of BK on target cells and, to varying degrees in
various systems, occur indirectly, through the local release of
sensory neuropeptides from capsaicin-sensitive primary
afferent nerves (Geppetti, 1993, for review) together with
prostanoid generation from immune and muscle cells and
sensory or sympathetic nerves (Dray & Bevan, 1993).
BK is generated during inflammation or by stimuli produc-

ing tissue injury (Bhoola et al., 1992). However, the urine
contains significant amounts of kinins (BK-related peptides)
even in physiological conditions (Oza, 1988; Bhoola et al.,
1992). Therefore BK could be a stimulus producing pain in
the lower urinary tract whenever the urothelial barrier is
disrupted. BK induces urinary bladder contraction both in
vivo (Maggi et al., 1993) and in vitro (Maggi et al., 1989). In
the latter experimental conditions, indomethacin pretreat-
ment but not capsaicin desensitization reduced the activity of

' Author for correspondence.

BK. However, the role of prostanoids and of capsaicin-
sensitive nerves in the sensory stimulant action of BK in the
rat urinary bladder has not been investigated in vivo.

In the present study the motor effects produced by topical
application of BK onto the urinary bladder of urethane-
anaesthetized rats were compared with the effects induced by
topical application of capsaicin. Since spinally administered
NK, receptor antagonists block the capsaicin-evoked micturi-
tion reflex (Lecci et al., 1992; 1993a) we also investigated the
effect of intrathecal (i.t.) administration of NK, receptor
antagonists, such as RP 67,580 or SR 140,333 (Garret et al.,
1991; Jung et al., 1994) on the motor effects induced by the
topical application of BK. In addition, the receptor subtype
involved in the responses to BK was characterized by means
of a potent and selective bradykinin B2 receptor antagonist,
Hoe 140 (Wirth et al., 1991).

Methods

General

Male Wistar rats weighing 340-360 g were anaesthetized
with urethane (1.2 g kg-', s.c.). After laparotomy, the blad-
der was exposed and both ureters were tied. Intrathecal (i.t.)
administration of drugs was performed via a catheter (PE 10)
inserted through the atlanto-occipital membrane for 8.5 cm,
in such a way that the tip of the catheter was placed just
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above the lumbosacral enlargement (LI -L2 segments), as
previously described (Lecci et al., 1993a). After catheter
insertion, 25 1A of saline was rapidly flushed through the
catheter and all animals responding with muscle myoclonus,
hindleg, or tail movements were discarded. Rats were placed
on a heating pad to keep body temperature between 36.5 and
37C. Experiments were carried out 2 h after catheterization.
Drugs or vehicle were administered in a volume of 10 ll and
the cannula was rinsed with 15 fil of saline; the flow rate for
injections was 10 1l min-'. Some experiments were also per-
formed in capsaicin pretreated animals (164 lmol kg-', s.c., 4
days before experiments). This protocol of capsaicin pretreat-
ment has been shown to produce a selective impairment of a
limited fraction of bladder afferents which accounts for the
whole content of tachykinins in the rat urinary bladder
(Maggi et al., 1987a,b).

Bladder contractions induced by topical application of
bradykinin or capsaicin (chemoceptive vesico-vesical
reflex)

The intraluminal bladder pressure was measured by a
catheter (PE 90) inserted through the proximal urethra. For
topical application of BK or capsaicin, the bladder was
exposed, kept separated from adjoining viscera by a piece of
parafilm and covered with a saline moistened cotton gauze.
The urinary bladder was filled with saline until high amp-
litude rhythmic contractions (micturition reflex) were
observed in order to check the viability of the preparation.
Afterwards, a small amount of saline was withdrawn until
such contractions disappeared. Therefore the urinary bladder
remained filled with just a subthreshold volume for eliciting
the micturition reflex (about 0.35 ml of saline in controls and
1 ml in capsaicin-pretreated rats) and, after 30 min of equilib-
ration, BK (500 pmol/50 gtl) or capsaicin (15 nmol/50 pl) was
applied onto the serosal surface of the urinary bladder by
means of a microsyringe, as previously described (Lecci et al.,
1993a). Indomethacin was given 20 min before, Hoe 140, SR
140,333, RP 67,580 or the vehicle were administered int-
ravenously or intrathecally 10 min before topical application
of BK or capsaicin. In these experiments the following
parameters were evaluated: presence of reflex bladder con-
tractions (two or more phasic contractions of amp-
litude> 16 mmHg), the maximal amplitude of reflex contrac-
tions or of tonic-type contraction, as previously described
(Maggi et al., 1986).

In a series of experiments the pelvic ganglia were exposed
and removed by means of microscissors. In these animals,
bladder filling induced only low amplitude (1-4 mmHg)
myogenic contractions; a volume of 0.35 ml was used to fill
the bladder of control rats whereas 1 ml of saline was infused
in capsaicin-pretreated rats. These volumes are the average
threshold volumes of activation of micturition reflex in
animals with intact urinary bladder innervation or sensory
nerve lesion induced by pretreatment with capsaicin in adult
rats. The experiments were carried out 1.5 h after bilateral
surgical ablation. In ganglionectomized rats the maximal
value of intravesical pressure (mmHg) produced within
20 min from agonist application was recorded.

Drugs

Capsaicin and indomethacin were from Sigma (St Louis,
U.S.A.), BK was from Peninsula Laboratories Inc. (Mersey-
side, UK). Hoe 140 (D-Arg[Hyp3, Thi5, D-Tic', Oic8]
bradykinin), RP 67,580 ((3aR, 7aR)-7,7-diphenyl-2-[1-amino-
2(2-methoxyphenyl) ethyl] perhydroisoindol-4-one) and SR
140,333 (S)l-{2-[3-(3,4-dichlorophenyl)-l-(3-isopropoxyphenyl-
acetyl)-piperidin-3-yl] ethyl)-4-phenyl-l-azoniabicyclo[2.2.2.]
octane chloride) were kindly provided by Drs K. Wirth
(Hoechst, Frankfurt, Germany), C. Garret (Rhone-Poulenc
Rorer, Vitry, France) and by X. Exmonds-Alt (Sanofi, Mont-
pellier, France), respectively.

Data analysis

All values represent means ± standard error of the mean
(s.e.mean). Dose-response experiments for the incidence of
the chemoceptive reflex were evaluated by means of Chi2 test.
EDM values for the activation of micturition reflex were
calculated according to the Lichtfield-Wilcoxon method. The
effect of antagonists on this parameter was analysed by Chi2
test. The effect of antagonists on intravesical pressure was
evaluated by one-way ANOVA followed by Tukey test or by
Student's t test, when applicable.

Results

The topical application of BK onto the urinary bladder
produced a dose-related increase in the incidence of the
chemoceptive micturition reflex. The morphology of the
intravesical pressure waves produced by BK is qualitatively
similar to that observed in response to topical application of
capsaicin (Lecci et al., 1993a,b), i.e. a tonic-type contraction
(4-25 mmHg in amplitude, lasting 2-6 min) on which a
series of high amplitude (20-85 mmHg in amplitude, lasting
1-7 min) phasic contractions were superimposed. The tonic-
type contraction could be seen when the reflex was not
activated or was blocked by pharmacological or surgical
means (Figure 1). The reflex response induced by topical
application of BK is an all-or-none response, since the
incidence but not the amplitude of this response is related to
the dose of BK used (Table 1). In preliminary experiments
(n = 9), we studied the response to 4 consecutive applications
of BK (500 pmol/rat) at 20 min intervals: the reflex response
faded on the second application of BK (9 out of 9 responders
on the first challenge, 5 out of 9 on the second one, P< 0.05,
Chi2 test), with a partial recovery on the last two challenges
(8 out of 9 and 7 out of 9 responders at the third and fourth
challenge, respectively). To minimize these problems, the
dose of BK was increased by a factor of 10 for consecutive
additions of peptide (0.05-5000pmol/rat) in either vehicle-
or capsaicin-pretreated rats. The period between the adminis-
tration of each BK dose was 20 min. The effect of other drug
treatments (indomethacin, Hoe 140, SR 140,333 and RP
67,580) was evaluated toward a single dose of BK (500 pmol/
rat).

In vehicle-pretreated rats the volume threshold for the
activation of the micturition reflex (distension-induced) was
364 ± 76 pl (n = 8) and the ED50 for the activation of
chemoceptive reflex by BK was 3.4 pmol/rat (0.3-40.8 pmol/
rat, 95% confidence limits, n = 8). In capsaicin-pretreated
rats (164 gpmol kg-', s.c., 4 days before), the volume
threshold for the activation of micturition reflex was
1324 ± 364 gd (n = 8, P <0.05 vs vehicle). In these animals,
BK was unable to activate the chemoceptive reflex, since, in a
wide range of doses (0.05-5000 pmol/rat) the incidence of
activation of the reflex response was never greater than 25%
(Figure 1 and Table 1), although a tonic-type contraction
was observed in all preparations at the highest doses used
(500 and 5000 pmol/rat).

Indomethacin (5.5-11 pmol kg-', i.v.) reduced the in-
cidence of reflex urinary bladder contractions induced by a

submaximal dose of BK (500 pmol/rat) without affecting
their amplitude (Table 2A). However, in those preparations
where the chemoceptive reflex was inhibited (7 out of 12 at
5.5 ,mol kg-' indomethacin), the tonic-type contraction was

still present (Table 2A). In order to evaluate the effect of
indomethacin on the BK-induced tonic-type contractions, a

series of experiments was performed in. ganglionectomized
animals. Indomethacin (11 amol kg-', i.v.) reduced the amp-
litude of bladder contraction in rats subjected to the ablation
of pelvic ganglia (Table 3). In these preparations, capsaicin
pretreatment neither altered the effect of BK nor modified
the inhibitory effect of indomethacin on the response induced
by BK (Table 3). Indomethacin (11 ltmol kg- ', i.v.) was
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a Control 1 min b Ganglionectomy

(:

o~~~~~
Bradykinin
500 pmol

c Capsaicin

I
Bradykinin
500 pmol

1 min
d Hoe 140 1 min

Figure 1 Representative traces showing the effects of application of bradykinin (500 pmol/rat) on urinary bladder in control rats
(a), ganglionectomized rats (b), capsaicin (164 gmol kg-', s.c.) pretreated rats (c), Hoe 140 (35 nmol kg-', i.v.) pretreated rats (d).

Table 1 Cumulative dose-response of topical application of bradykinin in vehicle and capsaicin-pretreated rats (164,mol kg-', 4 days
before)

Dose/rat (pmol)

Vehicle
Incidence of reflex contractions

Amplitude of reflex contractions (mmHg)

Amplitude of tonic contraction (mmHg)

Capsaicin
Incidence of reflex contractions
Amplitude of reflex contractions (mmHg)

Amplitude of tonic contraction (mmHg)

0.05 0.5 5 50 500 5000 Chi2 ED50 (c-l.)

2/8 3/8 3/8 5/8 7/8 8/8 P<0.01

59± 17
(n = 2)
5±2
(n = 6)

0/8

2±2
(n = 8)

46± 11
(n = 3)
4±2
(n = 5)

2/8
29 ± 1
(n = 2)
2± 1
(n = 6)

43 ± 9
(n = 3)
3±2
(n = 5)

2/8
29 ± 1
(n = 2)
3± 1
(n = 6)

48± 10
(n = 5)
6 ± 3
(n = 3)

2/8
37±9
(n = 2)
4± 1
(n = 6)

55±8
(n = 7)

8
(n= 1)

2/8*
29 ± 1
(n = 2)
12±4
(n = 6)

56 ± 6
(n = 8)

2/8**
44± 16
(n = 2)
9± 1
(n = 6)

3.4
(0.3-40.8)

NS n.p.c.

Chi2: *P< 0.05 and **P<0.01, respectively vs vehicle-pretreated rats. NS = not significant; n.p.c. = not possible to calculate.

Table 2 Effect of i.v. indomethacin on the chemoceptive vesico-vesical reflex induced by topical application of (A) bradykinin (BK,
500 pmol/rat) in vehicle or capsaicin-pretreated rats (164 gmol kg-', 4 days before), and (B) topical capsaicin (15 nmol/rat)

Dose (jumol kg-')

A

Incidence of the reflex
Amplitude of reflex contractions

(mmHg)
Amplitude of tonic contraction

(mmHg)

Vehicle
Indomethacin 2.75
Indomethacin 5.5
Indomethacin 11

Caps-Vehicle -

Caps-Indometh 11

B

Vehicle
Indomethacin 11

Student's t test: *P<0.05 vs Vehicle; Chi2 test: P°P<0.01 vs Vehicle.

1 min

I
Bradykinin
500 pmol

1501
0

I
Bradykinin
500 pmol

11/12
12/12
7/12
5/12

2/10
1/10

60±5 (n= 11)
46 ± 5 (n = 12)
46 ± 5 (n = 7)
49 ± 9 (n = 5)
30 ± 2 (n = 2)

31 (n = 1)

10/10
8/10

8 (n= 1)

9±2 (n=5)
1,± 4 (n=7)
12±3 (n=8)
5 ± 1* (n = 9)

44 ± 5 (n = 10)
51±5 (n=8) 10±5 (n=2)

-- --- --------- ------- ---
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ineffective against the chemoceptive reflex induced by topical
application of capsaicin (15 nmol/rat, Table 2B).
The non-peptide tachykinin NKI receptor antagonists, RP

67,580 (10 nmol/rat) or SR 140,333 (10 nmol/rat) blocked the
activation of the chemoceptive reflex induced by topical app-
lication of BK (500 pmol/rat) while leaving the amplitude of
the tonic-type detrusor contraction unaffected (Table 4A and
Figure 2c). At the dose inhibiting the reflex response
activated by BK, SR 140,333 (10 nmol/rat, i.t.) also com-
pletely prevented the activation of chemoceptive vesical reflex
induced by topical application of capsaicin (15 nmol/rat);
even in this case the tonic-type bladder contraction was
preserved (Table 2B and Figure 2).

Table 3 Effect of i.v. indomethacin (11 mol kg-', i.v.) and
of capsaicin pretreatment (164 lmol kg-', 4 days before) on
the tonic contraction induced by topical application of
bradykinin (500 pmol/rat) in rats subjected to bilateral
ablation of pelvic ganglia (1.5 h before)

Pretreatment-treatment
Incidence of Amplitude of tonic

reflex contraction (mmHg)

I.v. administration of the selective B2 receptor antagonist,
Hoe 140 (10 and 35 pmol kg-') inhibited all the responses
produced by topical application of BK (500 pmol/rat) (Table
5A) in a dose-dependent manner but at the dose of
35 nmol kg-', i.v. Hoe 140 did not alter the response to
capsaicin (15 nmol/rat, Table 5B).
As a negative control, the effect of i.t. administration of

Hoe 140 was also tested on BK-induced chemoceptive reflex.
Surprisingly, Hoe 140 (10 nmol/rat, i.t.) reduced the in-
cidence of the reflex activated by local application of BK
onto the urinary bladder (Table 6A and Figure 2b). In order
to exclude the possibility that the inhibitory effect of Hoe 140
was due to leakage out of the central nervous system and
blockade of peripheral B2 receptors, some experiments were
performed after bilateral removal of pelvic ganglia. In these
animals, only the tonic-type detrusor contraction to BK was
evident; however, Hoe 140 (10 nmol/rat, i.t.) did not affect
this response (Table 6B).
The specificity of the effect of Hoe 140 after i.t. administra-

tion was verified on the chemoceptive reflex induced by local
application of capsaicin (15 nmol/rat). Hoe 140 blocked the
reflex response without modifying the tonic-type contraction
(Table 6C and Figure 2e).

Vehicle-vehicle
Capsaicin-vehicle
Vehicle-indomethacin
Capsaicin-indomethacin

0/8 7.7 ± 1.4
0/8 6.2 ± 0.8
0/8 3.4 ± 0.7**
0/8 1.9 ± 0.5**

(n = 8)
(n = 8)
(n = 8)
(n = 8)

Tukey test: **P<0.01 vs respective vehicle.

Discussion

BK is a potent stimulant of urinary bladder motility both in
vitro (Maggi et al., 1989) and in vivo (Maggi et al., 1993).

Table 4 Effect of i.t. SR 140,333 and RP 67,580 on the chemoceptive vesico-vesical reflex induced by topical application of (A) BK
(500 pmol/rat) or (B) capsaicin (15 nmol/rat)

Dose (nmol/rat) Incidence of the reflex

A

Vehicle
SR 140,333
SR 140,333
RP 67,580

B

Vehicle
SR 140,333

7/8
6/7
0/8°°
0/8°°

10
10

8/9
0/9--10

Amplitude of reflex contractions
(mmHg)

53±4 (n=7)
43±7 (n=6)

57±5 (n=8)

Amplitude of tonic contraction
(mmHg)

12 (n = 1)
14 (n= 1)

18±2 (n=8)
14 ± 3 (n = 8)

10 (n = 1)
20± 3 (n=9)

Chi2 test: °P<0.01 vs Vehicle.

a

E

0 t

Topical bradykinin
b

t

d

Topical capsaicin

100

0

f f

f

t
Figure 2 Representative traces showing the effects of application of (upper panel) bradykinin (500 pmol/rat) or (lower panel)
capsaicin (15 nmol/rat) on urinary bladder in control rats (a and d), in rats pretreated with Hoe 140, 10 nmol/rat, i.t. (b and e), and
in rats pretreated with SR 140,333, 10 nmol/rat, i.t. (c and f).

c

t
1 min
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Table 5 Effect of i.v. Hoe 140 on the chemoceptive vesico-vesical reflex induced by (A) topical application of BK (500 pmol/rat) or
(B) capsaicin (15 nmol/rat)

Dose (nmol kg-')

A

Vehicle
Hoe 140
Hoe 140

10
35

Incidence of the reflex

8/10
3/10
0/8"

B

Vehicle
Hoe 140

7/8
7/835

Amplitude of reflex contractions
(mmHg)

60±5 (n=8)
44±18 (n=3)

46±7 (n=7)
40±8 (n=7)

Amplitude of tonic contraction
(mmHg)

9±5 (n=2)
3± 1 (n=7)
1±±1 (n=8)

15 (n = 1)
20 (n = 1)

Chi2 test: "P<0.01 vs Vehicle.

Table 6 Effect of i.t. Hoe 140 on the chemoceptive vesico-vesical reflex induced by (A) topical application of BK (500 pmol/rat) in
intact animals or (B) ganglionectomized animals or (C) topical application of capsaicin (15 nmol/rat) in intact rats

Dose (nmol/rat) Incidence of the reflex
Amplitude of reflex contractions

(mmHg)
Amplitude of tonic contraction

(mmHg)

A

Vehicle
Hoe 140
Hoe 140

8/8
4/6
1/8°10

51±6 (n=8)
45 ± 7 (n =4)
52 (n= 1)

9±3 (n=2)
6± 1 (n=7)

B

Vehicle
Hoe 140

0/8
0/810

7± 1 (n=8)
8±1 (n=8)

C

Vehicle
Hoe 140

8/8
2/8°°10

54± 7 (n = 8)
49 ± 1 (n = 2) 15±3 (n=6)

Chi2 test: °P<0.01 vs Vehicle.

Following topical application onto the urinary bladder, BK
induced both high amplitude rhythmic contractions and a
low amplitude tonic contraction. On the basis of previous
studies in this model (Maggi et al., 1984b; Lecci et al.,
1993c), it appears that the tonic contraction is a local res-
ponse, while the high amplitude phasic contractions represent
the activation of a chemoceptive micturition reflex. This
assumption was verified in animals subjected to acute,
bilateral removal of pelvic ganglia where, following topical
application of BK, only the tonic contraction was evident.

In vitro, the urinary bladder contraction induced by BK is
capsaicin-resistant, although a release of sensory neuropep-
tides is produced by BK (Maggi et al., 1989; 1993). The
present results show that, in vivo, a large component of
urinary bladder response to BK is sensitive to capsaicin
pretreatment. Since only the reflex response to BK was
reduced in capsaicin-pretreated animals, we suggest that BK
acts predominantly on the afferent rather than the efferent
function of capsaicin-sensitive fibres in the rat urinary blad-
der. Alternatively, the motor component of the 'efferent'
activation of capsaicin-sensitive fibres by BK is masked by
other local motor effects induced by BK (Maggi et al., 1989).
The activation of the reflex response by BK or by cap-

saicin is critically dependent on the integrity of the capsaicin-
sensitive sensory innervation as indicated by the failure of
BK (present results) or capsaicin (Maggi et al., 1984b) to
induce the chemoceptive reflex in capsaicin-pretreated rats.
The suppression of the BK-induced chemoceptive reflex by
capsaicin pretreatment does not follow a non-specific depres-
sion of the distension-induced micturition reflex, because, in
similar experimental conditions, the reflexogenic effect of a

selective tachykinin NK2 receptor agonist was not modified
by capsaicin pretreatment (Lecci et al., 1993b). On the other
hand, the reflex response induced by BK is not a direct
consequence of the BK-evoked, local, tonic-type contraction
since capsaicin pretreatment reduces the former but not the
latter response. Therefore these results indicate that BK
stimulates reflex bladder motility by stimulating those sen-
sory fibres which are sensitive to the neurotoxic effect of
topical capsaicin.

Present and previous (Dray et al., 1992) studies indicate
that prostanoids play an important role in the activation of
reflex responses by BK. In fact indomethacin reduced the
incidence of the BK-evoked chemoceptive reflex as well as
the BK-induced neuropeptide release from the urinary blad-
der (Maggi et al., 1989) or from the spinal cord (Andreeva &
Rang, 1993). Since BK receptors are present on sensory
nerves (Steranka et al., 1988) and BK can directly excite
sensory nerves without any contribution of arachidonic acid
metabolites (Fox et al., 1993), the relevance of prostaglandins
in the stimulatory activity of BK on sensory nerves might
vary between different tissues. The present results indicate
that in the rat urinary bladder, prostanoids could play a
permissive role (sensitization) on BK-induced activation of
capsaicin-sensitive nerves, and that a large component of the
local motor response produced by BK in the rat bladder is
indomethacin-sensitive, thus confirming the results of pre-
vious investigations (Maggi et al., 1989; Andersson et al.,
1992; Pinna et al., 1992).
Although prostanoids modulate the micturition reflex

(distension-induced) through an action on afferent innerva-
tion (Maggi et al., 1984a; 1985; 1988), the effect of
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indomethacin on the BK-evoked chemoceptive reflex does
not depend upon a general depression of bladder-related
reflexes. In fact when the chemoceptive reflex was triggered
by capsaicin, indomethacin was ineffective, as previously
observed for other kinds of capsaicin-induced reflexes
(Staszewska-Woolley et al., 1991). These results also indicate
that the excitatory effect of BK and that of capsaicin are
produced on the same population of bladder afferents
through different mechanisms as established for the activa-
tion of intracellular effectors by these agents on sensory
neurones in culture (Dray et al., 1988a). The hypothesis that
BK and capsaicin excite an overlapping population of sen-
sory fibres in the rat urinary bladder, is also supported by the
fact that the intrathecal administration of NK1 receptor
antagonists abolished the reflex response induced by either
capsaicin (Lecci et al., 1992; 1993a) or BK. These results
would suggest that the application of capsaicin or BK onto
the serosal surface of the urinary bladder causes the release
of tachykinins from capsaicin-sensitive afferent neurones at
the spinal cord level and that tachykinins act through NKI
receptors to induce reflex motor response of the urinary
bladder.
BK acts through two different receptors which have been

termed B1 and B2. However, only B2 receptors have been
reported to mediate in vivo responses to BK in the absence of
inflammation or other pathological conditions (Hall, 1993,
for review). This proposal is in agreement with the finding
that both reflex and local responses to topical BK were
completely blocked by i.v. administration of the peptide B2
receptor antagonist, Hoe 140.
Hoe 140 also reduced the incidence of the chemoceptive

vesico-vesical reflex induced by BK or capsaicin when
administered intrathecally. Despite the fact that this effect
occurred at a dose of Hoe 140 which was similar to that
producing full inhibition of the response to BK after systemic
administration, the inhibition seen after i.t. administration of
Hoe 140 does not depend on a leakage of the antagonist out
of the central nervous system. On the other hand, systemic
administration of Hoe 140 does not inhibit the reflex res-
ponse induced by the local application of capsaicin. These
results suggest that Hoe 140 may possess pharmacological

properties which are not related to the BK antagonism.
However, Hoe 140 does not block tachykinin NKI receptors
in the rat bladder (Maggi et al., 1993) or in the spinal cord
(Lopes et al., 1993b), thus excluding an effect of Hoe 140 on
tachykininergic transmission. Another possibility is that
either capsaicin or BK, when applied at the peripheral level,
may stimulate the synthesis of BK-like material within the
central nervous system. However, this hypothesis is not sup-
ported by previous studies showing that a nociceptive reflex
induced by the peripheral application of capsaicin was not
blocked by BK receptor antagonists applied to the spinal
cord (Dray et al., 1988b).
Although BK-like immunoreactivity (Correa et al., 1979;

Perry & Snyder, 1984) as well as BK receptors (Fujiwara et
al., 1988; Sharif & Whiting, 1991; Privitera et al., 1992;
Lopes et al., 1993a) have been identified in the spinal cord
there is no evidence to support BK as a neurotransmitter
(Dray et al., 1988b). Despite this, i.t. administration of B2
receptor antagonists selectively blocked the effects of
administration of BK in the spinal cord (Lopes et al., 1993b)
and induced an antinociceptive effect (Chapman & Dicken-
son, 1992) in a model sensitive to i.t. administration of NKI
receptor antagonists (Yamamoto & Yaksh, 1991; Birch et al.,
1992; Chapman & Dickenson, 1993). The real significance of
the inhibitory action of i.t. administered Hoe 140 on the
reflex response elicited by peripherally applied BK or cap-
saicin, remains to be established.

In conclusion, the present findings indicate that BK and
capsaicin excite with a different mechanism (indomethacin-
sensitive and resistant, respectively) a common population of
sensory fibres which use tachykinins (and possibly BK) as
neurotransmitters for activation of a chemoceptive micturi-
tion reflex. This effect of BK is mediated by B2 receptors in
the bladder wall. These findings provide further evidence that
BK and tachykinin receptor antagonists may prove useful for
treatment of irritative symptoms of cystitis.

This work has been supported by IMI contract No. 56665. We are
grateful to Drs X. Emonds Alt, C. Garret and K. Wirth for gifts of
SR 140,333, RP 67,580 and Hoe 140, respectively.
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Interaction between methotrexate and indomethacin on a

human normal haemopoietic cell line

'S.J. Hollingsworth, *N.P. Shankley, 2E.M. Anderson & A. Bennett

Department of Surgery, King's College School of Medicine and Dentistry, The Rayne Institute, 123 Coldharbour Lane,
London, SE5 9NU and *James Black Foundation, King's College School of Medicine and Dentistry, 68 Half-Moon Lane,
London, SE24 9JE

1 The interaction between methotrexate and indomethacin has been examined, at a physiological folate
concentration (20 nM), on a human normal lymphoblast-like cell line (RPMI 1788) in vitro.

2 Indomethacin (1 pg ml-') increased the reduction of lymphoblast growth caused by methotrexate
(10-80 ng ml-').
3 Indomethacin (0.1 and 1 pg ml-') potentiated the cytotoxicity of methotrexate (20 and 40 ng ml')
after 4 days in culture.
4 Indomethacin (0.4 igml-') reduced the accumulation of tritium in lymphoblasts incubated with
[3HJ-methotrexate after 30 min; therefore initial drug accumulation was not responsible for the potentia-
tion seen after 4 days.
5 If indomethacin increases the killing of human cancer cells by methotrexate in vivo, with a smaller
potentiation on lymphoblasts, this combination may be beneficial in treating human malignancy.

Keywords: Haemopoietic cells; indomethacin; lymphoblasts; methotrexate

Introduction

Indomethacin (Indo) potentiates the cytotoxicity of the folate
analogue, methotrexate (MTX) to the murine NC carcinoma
in vivo and in vitro (Gaffen et al., 1985; Bennett et al., 1987)
and, of particular clinical relevance, to two human breast
cancer cell lines (T47D and DU4475, Bennett et al., 1989). It
has been suggested that this action is due to increased MTX
uptake and/or retention (Bennett et al., 1989; Bennett &
Gaffen, 1989). Indo does not appear to potentiate MTX by
blocking cyclo-oxygenase, since the effect is not mimicked by
the selective inhibitors flurbiprofen or piroxicam, or
counteracted by adding prostaglandin E2 (PGE2) (Bennett et
al., 1987; 1989). In contrast, Indo did not increase the MTX-
induced killing of normal epithelial-like cells from human
embryonic intestine, or their accumulation of tritium during
incubation with [3H]-MTX (Bennett et al., 1987). We also
have similar preliminary data showing no potentiation in two
other epithelial-like cell lines from normal human gut (FHs
74 Int cells and HCMC cells, Bennett et al., 1989). Thus Indo
may be of use for increasing MTX cytotoxicity to human
breast cancer, without simultaneously increasing gastrointes-
tinal damage. However, bone marrow is also particularly
sensitive to MTX toxicity, so we have now studied the Indo/
MTX interaction on RPMI 1788 lymphoblasts, a continuous
human haemopoietic cell line derived from a normal individ-
ual (Huang & Moore, 1969).

Methods

Cells and cell culture

RPMI 1788 cells were initially derived from peripheral blood
leucocytes of a normal 33-year-old Caucasian male (Huang &
Moore, 1969). Morphologically they are lymphoblast-like,

secrete IgM-lambda chains, and are positive for HLA 2, 7
antigens.

Standard culture media typically contain sup-
raphysiological levels of folates: the medium used for the
lymphoblast cells (RPMI 1788; American Type Culture Col-
lection, Rockville, Maryland, U.S.A.) was Iscove's
modification of Dulbecco's medium (IMD) which contains
8 gM folic acid, i.e. 400 times that in normal blood (20 nM).
For the studies with MTX, medium formulated without folic
acid (Flow Laboratories) was used after adding folic acid to
give a physiological level of 20 nM. The lymphoblast cells
were maintained in roller suspension culture in IMD for-
mulated with 20 nM folic acid and containing 10% heat-
inactivated foetal bovine serum plus 50 units ml-' each of
penicillin and streptomycin (Gibco). Bulk cultures received
additions of fresh medium (30-40% by volume) at 48-72 h
intervals. The growth of bulk cultures was determined daily
by counting cells in a 10 ml sample. Experiments were carried
out on cultures grown for at least 15-20 cell cycles at the
physiological folate concentration and with 106 cells ml-' in
the logarithmic phase of growth (>95% viability).

Determination of cell growth

Cell growth was determined by microturbidimetry (Gaffen et
al., 1985), by measuring the transmission of 600 nm light
through cell suspensions (recorded as absorption units with a
Dynatec MR600 microplate reader). This wavelength gave a
linear correlation between light 'absorption' and cell numbers
(1.25 x 104 to 2 x 105 cells in 200 Al; Figure la).

Cells from bulk suspension cultures were pelleted by cent-
rifugation (200g, O min), resuspended in 10-20 ml growth
medium, gently disaggregated by repeated pipetting, and
counted (Coulter counter). The cells were diluted in fresh
medium to 1.25 x 104, 2.5 x 104, 5 X 104, 1 x i0s and 2 x 105
in 200 gLl final volume and added to microplate wells. Light
absorbance readings were taken immediately, and then on 4
consecutive days of incubation at 37°C, following gassing of
the plates for 5 min with CO2/02 (95:5) in a sealed Perspex
box (separate plates for each day). As the cells grew and
multiplied, the optical density of the cultures increased

I Author for correspondence at present address: Department of
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Dentistry, Denmark Hill, London SE5 9RS.
2Present address, University Department of Surgery, Royal Free
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linearly over 4 days. Figure lb shows the growth curve for
I05 cells per well as used in the drug assays.

In the studies of drug effects, aliquots of 100 IlI medium
containing vehicle alone or drugs at twice the desired final
concentration were added to each of the 96 flat-bottomed
wells of a microtest plate, followed by 100 al of cell suspen-
sion (105 cells) or medium alone. After 4 days incubation
(370C, 5% CO2 in humidified air) the plates were sealed in a
Perspex box, gassed for 5 min with C02/02 (95:5), and light
absorption was measured at 600 nm.

Concentration-growth curves were obtained to determine
the sensitivity of the lymphoblasts to MTX at 10-80 ng ml '
and Indo at 0.1-10Itg ml-'. Later experiments examined the
effect of Indo at 0.1 and 1 gyg ml-' alone or with MTX at 20
and 40 ng ml-' on lymphoblast growth.

Methotrexate accumulation studies

Tritium accumulation was measured by a method modified
from Henderson et al. (1978). Cells from bulk cultures were
harvested, disaggregated and counted as described above,
and were diluted to 8 x 106 cells ml-' in IMD (without folic
acid, as this would compete for uptake with MTX) supp-
lemented only with penicillin and streptomycin (50 units ml-'
each). Assay tubes (30 ml universal containers placed on ice)
contained 8 x 106 lymphoblasts, 3 ng ml-' [3H]-MTX
(500,000 d.p.m.; [L-glutamyl-3,4-3H]-MTX, 41.0 Ci mmol-'.
DuPont, UK), and nonradioactive MTX to various concent-
rations (5-140 ng ml-' or 0.5-14 pgml-'), with or without
Indo (0.4 ;Lg ml-') in a total volume of 1.1 ml. Triplicate
containers were then incubated at 37°C (to measure total
accumulation) with identical controls at 0°C (blank). The
difference between total and blank was taken as the 'specific
accumulation'. After 30 min incubation, the reaction was
stopped by placing the tubes on ice for 10 min prior to
centrifugation (600 g, 5 min). Cell pellets were resuspended in
25 ml of ice-cold phosphate buffered saline pH 7.4 (PBS),
centrifuged as above, transferred to scintillation vials by
three aliquots of 200 ILI twice distilled water, and 3 ml of
scintillation cocktail (Packard Ultima Gold) was added. The
accumulation of tritium was determined by standard spect-
rophotofluorimetric counting in a Packard 2200 CA scintilla-
tion counter (average 3H efficiency - 50%).

Drugs and solvents

Sodium indomethacin trihydrate (Merck Sharp and Dohme)
and MTX were made up in 154 mM NaCl, adjusted to
pH 7.4 with 0.1 M NaOH, filter-sterilised and stored at
- 20°C.

Statistics

The results are expressed as means ± s.e.mean and analysed
by Student's t test (2-tailed) for paired and unpaired data as
appropriate.

Results

Cell studies

Indo alone had no significant effect on lymphoblast growth.
With low concentrations of Indo (0.1 and 1 tLg ml-') the
mean growth at 4 days was slightly higher (13.9 ± 6.5 and
10.0 ± 6.0% respectively, n = 12, Figure 2) than controls,
whereas with higher concentrations (5 and O fig ml-') it was
slightly lower (1.2 ± 8.3 and 6.3 ± 6.7% respectively, Figure
2).
MTX at 40 and 80 ng ml-' produced a concentration-

dependent reduction of lymphoblast growth (both P <0.03,
Figure 3), but at 10 and 20 ng ml-' had no significant effect
(both P<0.5). Indo (1 pgml-') with MTX at 20, 40 and

80 ng ml-' increased the growth reduction (105, 98, and
207% greater reduction than with MTX alone;
P <0.02, <0.001 and <0.001 respectively; Figure 3), and a
similar trend occurred with Indo (1 jig ml-') + MTX at
10ngml-' (38% greater reduction than with MTX alone;
P<0.2, Figure 3).
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and light transmission was linear (linear regression analysis,
r = 0.988). Each point is the mean ± s.e. of the separate means from
4 experiments each with 8-16 replicates. (b) The reduction of light
transmission through each microplate well during a 4-day period of
lymphoblast cell growth. Each point is the mean ± s.e. of the
separate means from 4 experiments with cultures initially containing
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The MTX/Indo interaction was then evaluated in more
detail. A possible drug interaction was examined by subtrac-
ting the sum of the separate mean percentage decreases in
lymphoblast growth obtained with MTX and Indo alone,
from the mean percentage decrease with the respective drug
combinations. This can be summarised as follows:

% interation mean % effect obtained with
1II~L41UL =(MTX + Indo) - (MTX) - (Indo)

A value above zero indicates potentiation, whilst a negative
value indicates antagonism.

In further experiments, Indo potentiated the cytotoxicity of
MTX at 20 and 40 ng ml-', calculated as described above, by
14.0 ± 5.8% and 16.8 ± 6.1% respectively with Indo at
0.1 g ml-', and by 13.2 ± 5.2% and 18.3 ± 5.3% respec-
tively with Indo 1 jLg ml-' (all P values< 0.03, Figure 4).

Methotrexate accumulation

Initial experiments showed a linear active accumulation of
label (3 ng ml' [3H]-MTX) with time and increasing cell
density, while the 0°C blanks showed only a very slow uptake
of tritium (Figures 5a and b respectively).
The effect of Indo (0.4 jtg ml-') was determined on the

accumulation of tritium after 30 min incubation of cells with
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Figure 3 The effect of methotrexate (MTX) with and without
indomethacin (Indo) on lymphoblast cell growth. (0 *) Vehi-
cle controls; (0 .....0) + I pg ml - I indomethacin. P values:
*<0.05 MTX vs vehicle; t<0.05 and tt<0.001 MTX + Indo vs
MTX alone. Each point is the mean ± s.e. of the separate means
from 18-42 experiments each with 4-16 replicates.

3 ng ml-l [3H]-MTX + unlabelled MTX 5 ng ml' to
14 fig ml1, a range chosen to give concentrations expected to
saturate the dihydrofolate reductase (DHFR). Four
experiments, each on a separate population of cells, were
performed in triplicate. Indo (0.4 ig ml ') reduced the
accumulation of [3H]-MTX, as shown by the difference in
slope of the lines (P<0.05), and a decreased y-intercept
(P<0.005) determined from linear regression analysis using
the means of the three replicates from each of the four
individual experiments (vehicle controls, r = 0.996; + Indo,
r = 0.994; Figures 6a and b). The concentration-dependent
increase in [3H]-MTX accumulation did not appear to reach
a maximum even at the highest concentration of MTX used
(14 fig ml-').

Discussion

High doses of MTX (0.5-20 g m-2 for 6-24 h) are given to
cancer patients, but these amounts are tolerated only when
followed by folinic acid rescue, otherwise severe or even fatal
myelosuppression may occur (Von Hoff et al., 1977). Little is
known about MTX pharmacokinetics in myeloid bone mar-
row cells. Four patients with non-Hodgkin's lymphoma
infused with MTX for 24 h showed a much greater uptake
and retention of MTX by cells in the proliferating
(immature) myeloid compartment than by the mature
myeloid cells and neutrophils (Schr0der, 1987). Long-term
bone marrow cultures showed a concentration-related supp-
ression of myelopoiesis with 1, 10 or 100 mM MTX followed
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Figure 4 The potentiation of methotrexate (MTX) cytotoxicity to
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the mean ± s.e. of the separate means of 24-42 experiments each
with 4-16 replicates.
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tritium accumulation by 8 x 106 lymphoblasts incubated for 30min
with ['H]-methotrexate. (0) Vehicle controls; (0) + indomethacin.
Each point is the mean of the separate means from 4 experiments
each with 3 replicates.

by folinic acid rescue (Williams et al., 1988). Similarly, using
an exogenous spleen-colony assay in irradiated mice, MTX
inhibited the proliferative activity of transplanted
haemopoietic stem cells in an exponential dose-response rela-
tionship (Juratskovd, 1988).

Because our previous findings indicate that the cytotoxicity
of MTX to human breast cancer cell lines is potentiated by
Indo (Bennett & Gaffen, 1989; Bennett et al., 1989), we have
examined the safety of these drug combinations on the
haemopoietic lymphoblast-like cell line RPMI 1788 derived
from normal human peripheral blood.

Indo potentiated the cytotoxicity of MTX to RPMI 1788
normal human lymphoblast cells, the effect being slightly
greater with higher concentrations of MTX. Compared to
murine NC cells (derived from a spontaneously arising mam-
mary tumour in WHT/Ht mice, Hewitt et al., 1976), a much
higher concentration of MTX was required to kill the lym-
phoblasts, and the potentiation by Indo was much less (Hol-
lingsworth et al., 1992). For example, in murine NC cells a
concentration of MTX of only 4 ng ml- ' caused a
55.1 ± 4.1% decrease in growth, and Indo at 1 fg ml-', a
concentration that alone had little or no effect, caused a
further 25.8 ± 4.1% increase in cell loss. Initial drug
accumulation is an important factor in effective therapy with

MTX (Jansen et al., 1990), and it has been suggested that the
potentiation by Indo is due to an increased uptake and/or
retention of MTX (Bennett et al., 1989; Bennett & Gaffen,
1989). Indo increased the accumulation of label by NC cells
incubated with [3H]-MTX (Bennett et al., 1989; Kuonen et
al., 1992), whereas in this study with RPMI 1788 cells, Indo
reduced the accumulation of label. Thus an increased initial
drug accumulation does not explain the potentiation of MTX
cytotoxicity to lymphoblasts by Indo. However, tritium
accumulation in the present studies was measured after
30 min incubation, whereas cytotoxicity was measured at 4
days; what happens to MTX accumulation between 30 min
and 4 days is not known. If Indo affects the Km for MTX
influx but not the Vma,,, in long incubation studies the initial
changes in drug accumulation by Indo may not be important
in the overall MTX/Indo interaction. Accumulation of
tritium was apparently not saturated even on incubation with
very high concentrations of MTX (well above those used in
the cytotoxicity studies). It is therefore unlikely that Indo
affects only the Vm., even though this could not be evaluated
in these studies. Experiments with yet higher MTX concen-
trations, or longer incubation periods, would be limited by
the need to maintain physiological conditions, except for the
presence of drugs, and a reasonably high cellular viability. It
is not known whether Indo potentiates MTX cytotoxicity to
the lymphoblasts after 4 days in culture by inhibiting folate
uptake and so increasing MTX accumulation, an effect that
would not have been seen in the accumulation studies that
were performed in the absence of folate. However, this would
seem unlikely as the route by which folate enters the cell
differs from that for reduced folates and MTX (Sirotnak,
1985). It is not clear from these studies how Indo reduces the
accumulation of label at 30 min during incubation of lym-
phoblasts with [3H]-MTX, or how cytotoxicity is potentiated
at 4 days.
The kidney is also particularly at risk fom damage by

MTX. Non-steroidal anti-inflammatory drugs (NSAIDs)
competitively inhibit the in vitro accumulation of MTX by
rabbit kidney slices (Nierenberg, 1983), and this may be
related to the in vivo inhibition of renal MTX clearance by
NSAIDs (Christophidis et al., 1985). Using the ratio between
the therapeutic plasma concentration and the Ki for this
inhibition by each drug, Nierenberg (1983) predicted that
drugs such as salicylates, fenoprofen, naproxen and phenyl-
butazone would be most likely to inhibit renal MTX excre-
tion and cause toxicity, whereas Indo and meclofenamate
would be least likely to do so. Seideman et al. (1987) found
that in water-loaded rheumatic patients with normal kidney
function, therapeutic doses of Indo decreased diuresis by
25-50%. Acute renal failure due to the concomitant action
of MTX and Indo has been reported (Ellison & Servi, 1985;
Maiche, 1986), and other life-threatening interactions
between MTX and NSAIDs have been described (aspirin,
Day et al., 1984; ketoprofen, Thyss et al., 1986; naproxen,
Singh et al., 1986; azapropazone, Daly et al., 1986).
Our results suggest that Indo reduces the initial accumula-

tion of label when human RPMI 1788 lymphoblasts are
incubated with [3H]-MTX, and although the long-term
cytotoxicity of MTX is increased in the presence of Indo, the
effect is much smaller than in murine NC adenocarcinoma
cells. It remains to be seen how relevant these findings are to
human disease, but if this difference is maintained in human
malignant cells, the MTX/Indo interaction may have value in
treating human cancer, with only a small increase of risk to
the bone marrow.

We thank the Joint Research Committee of King's College London
for financial support.
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Different pressor and bronchoconstrictor properties of human
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1 In the present study, the precursors of endothelin-1, endothelin-2 and endothelin-3 were tested for
their pressor and bronchoconstrictor properties in the anaesthetized guinea-pig. In addition, the effects
of big-endothelin-l and endothelin-l were assessed under urethane or ketamine/xylazine anaesthesia.
2 When compared to ketamine/xylazine, urethane markedly depressed the pressor and bronchocon-
strictor properties of endothelin-1 and big-endothelin-1.
3 Under ketamine/xylazine anaesthesia, the three endothelins induced a biphasic increase of mean
arterial blood pressure. In contrast, big-endothelin-1, as well as big-endothelin-2 (1-38), induced only
sustained increase in blood pressure whereas big-endothelin-3 was inactive at doses up to
25 nmol kg-'.
4 Big-endothelin-1, but not big-endothelin-2, induced a significant increase in airway resistance. Yet,
endothelin-1, endothelin-2 and endothelin-3 were equipotent as bronchoconstrictor agents.
5 Big-endothelin-l, endothelin-l and endothelin-2, but not big-endothelin-2, triggered a marked release
of prostacyclin and thromboxane A2 from the guinea-pig perfused lung.
6 Our results suggest the presence of a phosphoramidon-sensitive endothelin-converting enzyme (ECE)
which is responsible for the conversion of big-endothelin-1 and big-endothelin-2 to their active moieties,
endothelin-1 and 2. However, the lack of bronchoconstrictor and eicosanoid-releasing properties of
big-endothelin-2, as opposed to endothelin-2 or big-endothelin-1, suggests the presence of two distinct
phosphoramidon-sensitive ECEs in the guinea-pig. The ECE responsible for the systemic conversion of
big-endothelins possesses the same affinity for big-endothelin-l and 2 but not big-endothelin-3. In
contrast, in the pulmonary vasculature is localized in the vicinity of the sites responsible for eicosanoid
release, an ECE which converts more readily big-endothelin-1 than big-endothelin-2.

Keywords: Endothelin-l; big-endothelin-2; eicosanoids; phosphoramidon; pressor response; bronchoconstriction (guinea-pig);
endothelin-converting enzyme (ECE)

Introduction

The 21-amino acid peptide, endothelin-l, is a potent pressor
and bronchoconstrictor agent in the anaesthetized guinea-pig.
Unlike its hypertensive properties, the increase of airway
resistance induced by endothelin-I is markedly blunted by
indomethacin, illustrating the indirect bronchoconstrictor
properties of the peptide via the release of thromboxane A2
in the guinea-pig (Payne & Whittle, 1988; Pons et al.,
1992).

Similarly to endothelin-1, big-endothelin-1 is also a potent
pressor and bronchoconstrictor agent (Kashiwabara et al.,
1989; Fukuroda et al., 1990; D'Orleans-Juste et al., 1991b).
Yet, unlike endothelin-1, both effects of big-endothelin-1 are
suppressed by phosphoramidon, suggesting that the latter
peptide must be converted to its active metabolite via an
endothelin-converting enzyme (ECE) which is sensitive to this
neutral endopeptidase inhibitor. In comparison, we have
shown previously that the precursor of endothelin-3, big-
endothelin-3 (Bloch et al., 1990), is inactive both as a pressor
agent in vivo and as a releaser of eicosanoids in the guinea-
pig isolated perfused lung, illustrating the possible selectivity
of the phosphoramidon-sensitive ECE for big-endothelin-1
(D'Orleans-Juste et al., 1991b).

In different in vivo models, the conscious or anaesthetized
rat, various groups have shown that big-endothelin-3 induces

Author for correspondence.

a phosphoramidon-sensitive pressor effect, demonstrating an
interspecies variation in the ECE activity (Gardiner et al.,
1992; Matsumura et al., 1993; Mattera et al., 1993; Pollock et
al. 1993). Furthermore, Matsumura et al. (1993) have sug-
gested that different conditions of anaesthesia as well as the
use of a ganglion blocker enhanced the pressor activity of
big-endothelin-3 in the rat model.
Our initial observations on the lack of activity of big-

endothelin-3 were obtained from urethane-anaesthetized
guinea-pigs not treated with neuromuscular or ganglion
blockers (D'Orleans-Juste et al., 1991b). We were therefore
interested to explore whether a different anaesthesia and the
use of succinylcholine would unmask the pressor effects of
big-endothelin-3 in this animal model.

Finally, although the pharmacological properties of
endothelin-2 in the guinea-pig have been reported by Pons et
al. (199la,b), those of big-endothelin-2 remained to be inves-
tigated. It is of interest that the structure of human big-
endothelin-2 (1-37), initially reported by Arinami et al.
(1991), has recently been shown to be erroneous, for
Yorimitsu et al (1992) have suggested that the structure of
big-endothelin-2 includes an extra L-arginine amino acid in
its C-terminal portion. Therefore, we have compared its pres-
sor and bronchoconstrictor effects with big-endothelin-1 and
3 in the ketamine/xylazine-anaesthetized guinea-pig. Further-
more, its eicosanoid-releasing properties in comparison with
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endothelin-2 were also investigated in the guinea-pig perfused
lung.

Methods

In vivo experiments

Dunkin-Hartley guinea-pigs of either sex (250-350 g, Charles
River, St-Constant, Canada), anaesthetized with either
urethane (1.5 g kg-', i.p.) or ketamine/xylazine (90/15 mg kg-',
i.m.), were used for the in vivo experiments. The type of
anaesthetics and their dosage were chosen according to the
regulations set by the Canadian Council of Animal Care in
the 'Guide for the care and use of experimental animals'
(Volume 1, page 188, 1993). Polyethylene catheters (PE-50)
were inserted into the left external jugular vein for drug
administration and in the right carotid artery to monitor
mean arterial blood pressure (MAP) and heart rate. A can-

nula (PE-240) was then inserted in the trachea to facilitate
respiration. A blood pressure analyser (Micro-Med, Louis-
ville, KT, U.S.A.) was used to monitor MAP and heart rate.
The data were recorded (at fixed 5 s time intervals) by an

automated computer data acquisition system (Blood Pressure
Analyzer Communications Program; MicroMed) linked to a

Tandy 1000 RLX computer. Throughout the experiments, all
above-mentioned parameters were constantly monitored.

After surgery, the anaesthetized animals were allowed to
stabilize for 30 min. For the assessment of the bronchocon-
strictor responses, spontaneous breathing was suppressed
with succinylcholine (5 mg kg', s.c.) and the animals were

connected through the tracheal cannula to a respirator
(Model 683, Harvard apparatus, South Natick, MA, U.S.A.)
and ventilated (6 ml air kg-1, 60 strokes min-1). Pulmonary
insufflation pressure (PIP) was monitored with a pressure
transducer (Statham, model P23AC) connected to a side arm
of the tracheal cannula, according to the method of Konzett
& Rossler (1940), and recorded on a Grass physiograph
(model 79). The pharmacological responses to the various
agonists were assessed for at least 40 min following the
administration of a single bolus dose ranging from 0.01 to
25 nmol kg- ' for the peptides. For some experiments, phos-
phoramidon (5 mg kg-') was administered i.v. 5 min prior to
a single bolus injection of either endothelin-2 (1 nmol kg-')
or big-endothelin-2 (1-38) (5 nmol kg-').

Measurements of eicosanoids from guinea-pig isolated
perfused lungs

Dunkin-Hartley guinea-pigs (250-350 g, Charles River, St-
Constant, Canada) of either sex were killed by cervical dis-
location. Following thoracotomy, the pulmonary artery was

cannulated and the pulmonary circulation immediately per-
fused with heparinized Krebs solution (100 units ml-'). The
lungs were then removed and suspended in a heated chamber
(37'C) and perfused (5 ml min-') with oxygenated (95% 02,

5% C02) Krebs solution. The lungs were left to stabilize for
60 min before the 3 min infusion of the various peptides,
big-endothelin-l (100 nM), big-endothelin-2 (1-38) (100 nM),
endothelin-l (5 nM) or endothelin-2 (5 nM). The effluent from
the lungs was collected (1-min samples) before, during and
after infusion of the various peptides. The samples were then
stored (- 20'C) and the stable, hydrolytic metabolites of
prostacyclin (PGI2), 6-keto-prostaglandin Fl, (6-keto-PGF,,),
and thromboxane A2 (TxA2) (thromboxane B2, TxB2) were

later determined by radioimmunoassay.

Drugs and statistical analysis

Synthetic big-endothelin-1, big-endothelin-3, endothelin-1,
endothelin-2, endothelin-3 and phosphoramidon were pur-

chased from Peninsula Laboratory (Belmont, CA, U.S.A.).

Big-endothelin-2 (1-38) was obtained from Peptide Institute
(Osaka, Japan), ketamine from Rogar/STB (Montreal,
Canada), xylazine from Chemagro (Etobicoke, Canada) and
succinylcholine from Burroughs Wellcome (Kirkland,
Canada). Urethane (ethyl carbamate), heparin, TxB2, TxB2
antiserum, 6-keto-PGFIg and 6-keto-PGFI. antiserum were
purchased from Sigma Chemical (St-Louis, MO, U.S.A.).
The TxB2 antiserum has a 100% cross-reactivity with TxB2,
less than 2% cross-reactivity with PGD2 and PGF2. and less
than 0.1% cross-reactivity with 6-keto-PGFI,,, PGEI and
PGE2 (Sigma). The 6-keto-PGFI,, antiserum has 100% cross-
reactivity with 6-keto-PGFI,, 23% with PGEI, 4% with
PGE2, 7% with PGF2S and less than 1% with TxB2 (Sigma).
The eicosanoid antisera used in the present study did not
cross-react with endothelin-1, endothelin-2, big-endothelin-I
or big-endothelin-2 (1-38). The tracers, [3H]-6-keto-PGFj
and [3H]-TxB2, were purchased from Amersham (Oakville,
Canada). All agents were dissolved in phosphate-buffered
saline (PBS, pH 7.4, Sigma).
Data used in the text and figures are expressed as

mean ± s.e. mean of n observations. Change in MAP, in-
crease in PIP or increased release of eicosanoids from the
perfused lung, when compared to basal at time 0, were
analysed by ANOVA followed by Bonferroni's test for
multiple comparisons. P values of <0.05 were considered to
be statistically significant.

Ethics

The care of animals and all research protocols conform to
the guiding principles for animal experimentation as enun-
ciated by the Canadian Council on Animal Care and app-
roved by the Ethical Committee on Animal Research of the
Universite de Sherbrooke Medical School.

Results

Pressor effects of endothelins and their precursors in
guinea-pigs anaesthetized with urethane or
ketamine/xylazine
Basal MAP and heart rates were 45.8 ± 1.6 mmHg and
283.8 ± 9.6 beats min-' in the urethane-anaesthetized,
succinylcholine-treated and ventilated guinea-pig (n = 21) and
51.7± 1.2 mmHg and 189.6 ± 2.5 beats min-' in the
ketamine/xylazine-treated animals (n = 52). Endothelin-l
induced, both in the urethane and ketamine/xylazine anaes-
thetized guinea-pig, a biphasic pressor response characterized
by an early transient increase in MAP and a late sustained
phase. The transient increase was approximatively three fold
higher under ketamine/xylazine anaesthesia than in urethane-
treated animals, whereas the sustained phase remained
unchanged (Table 1). The response to big-endothelin-1,
which induces only a sustained increased in MAP, was two
to three fold higher under ketamine/xylazine anaesthesia than
with urethane anaesthesia (Table 1).

Comparison of the haemodynamic properties of the three
endothelins and their intermediate precursors in the
ketamine/xylazine anaesthetized guinea-pig
In ketamine/xylazine-treated animals, endothelin-1, -2 or -3
all induced biphasic pressor responses. Endothelin-1 and
endothelin-2 were approximately equipotent in inducing both
phases of the response (A MAP, endothelin-l (1 nmol kg-'),
transient: 34.0 ± 5.5 mmHg; sustained: 13.9 ± 1.7 mmHg,
n = 3; endothelin-2 (1 nmol kg-'), transient: 34.0 ± 4.6
mmHg; sustained: 14.7 ± 2.0 mmHg, n = 3) (Figures 1 and 2).
Endothelin-3 was less potent than either endothelin-1 or 2 at
inducing a sustained increase of MAP (Figure 2), although
the transient increase in MAP caused by endothelin-3 was
similar to that produced by endothelin-l and 2 (Figures 1
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and 2) (A MAP, endothelin-3 (1 nmol kg-'), acute:
36.0 ± 6.9 mmHg; sustained: 5.8 ± 2.0 mmHg, n = 4).

Big-endothelin-l and big-endothelin-2 induced monophasic
dose-dependent increases of the MAP in the ketamine/
xylazine anaesthetized guinea-pigs. Big-endothelin-I at 1 and
5 nmol kg-' induced maximal increases of 24.7 ± 0.7 and
80.1 ± 5.9 mmHg, respectively (n = 3-5). Similarly, big-

endothelin-2 at doses of 1 and 5 nmol kg-' induced maximal
increases of MAP of 11.5 ± 2.2 and 62.3 + 2.6, respectively
(n = 3-4) (Figure 2). In contrast, big-endothelin-3 did not
produce significant increases in MAP even at a dose of
25 nmol kg-' (Figure 2). Neither the endothelins nor their
precursors caused any changes in heart rate in the guinea-
pigs (results not shown).

Table 1 Effect of urethane (1.5 g kg-') or ketamine/xylazine (90/15 mg kg-') anaesthesia on the pressor and bronchoconstrictor
response to endothelin-l (ET-1) and big-endothelin-l in the guinea-pig

ET-1

Big-ET-1

Dose
(nmol kg-')

0.25
0.5
0.5
1.0
5.0

Urethane
AMAP (mmHg)

Acute Sustained

2.3 ± 1.2
8.0 ± 3.3

5.0 ± 1.0
9.6 ± 2.1
6.3± 1.9
9.7 ± 0.3

41.3 ± 5.8

Each value represents the mean ± s.e.mean of at least
urethane-anaesthetized guinea-pig.

APIP (mmHg)

0.7 ± 0.3
1.4 ± 0.2

0
0

2.8 ± 1.2

12.5± 1.5* 4.7±2.3
23.5 ± 5.8* 5.8 ± 1.9

- 20.7 ± 3.0*
- 24.7 ± 0.7*
- 80.1 ± 5.9*

3 experiments. *P<0.05 and **P<0.01 when compared to the
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Figure 1 Change in mean arterial blood pressure (A MAP) in the
ketamine/xylazine-anaesthetized guinea-pig induced by endothelin-l
(1 nmol kg-'; *) or big-endothelin-l (1 nmol kg-'; O and
5 nmol kg-'; 0) (a), endothelin-2 (1 nmol kg-' *) or big-
endothelin-2 (1 nmol kg-'; O and 5 nmol kg-'; 0) (b), endothelin-3
(1 nmol kg-'; *) or big-endothelin-3 (10 nmol kg-'; O and
25 nmol kg-'; 0) (c). Each point represents the mean ± s.e.mean of
at least 3 experiments. *P<0.05, tP<0.01. For the sake of clarity,
significance is shown only for the first significant time point when
compared to baseline at time 0.
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Figure 2 Dose-response curves showing transient (a) and sustained
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(0), endothelin-2 (*), endothelin-3 (0) and (c) response to big-
endothelin-l (0), big-endothelin-2 (*), and big-endothelin-3 (0) in
the ketamine/xylazine-anaesthetized guinea-pig, Each point
represents the mean ± s.e.mean of at least 3 experiments.

Ketamine/xylazine
AMAP (mmHg) APIP (mmHg)

Acute Sustained

6.3 ± 2.4*
15.5 ± 3.5**
0.7 ± 0.3
1.5 ± 0.3
7.8 ± 1.7*
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Effects of endothelins and their respective intermediate
precursors on pulmonary insufflation pressure in the
ketamine/xylazine-treated and ventilated guinea-pigs

Endothelins-l, 2 and 3 all induced similar dose-related in-
creases in PIP in the anaesthetized guinea-pig (Figure 4). The
three peptides induced a relatively short increase of PIP,
lasting not more than Omin (Figure 3). Big-endothelin-1
was approximately ten times less potent than endothelin-1
and a dose of 5 nmol kg-' was necessary to elicit a significant
and long-lasting (30 min) increase of PIP (A PIP, big-
endothelin-l (5 nmol kg-'): 7.8 ± 1.7 mmHg, n = 5) (Figure
3a). In contrast, big-endothelin-2 (10 nmol kg-') and big-
endothelin-3 (25 nmol kg-') did not alter the pulmonary
insufflation pressure index significantly (Figures 3 and 4).

Effects ofphosphoramidon on the increase ofmean
arterial blood pressure and pulmonary insufflation
pressure induced by endothelin-2 or big-endothelin-2 in
the guinea-pig
Phosphoramidon (5 mg kg') markedly reduced the hyper-
tensive effects of big-endothelin-2 (5 nmol kg-') (big-endo-
thelin-2, control 62.3 ± 2.6 mmHg; in presence of phosphor-

amidon: 3.3 ± 0.9 mmHg, n = 3 each, P<0.01), but did not
affect the pressor or bronchoconstrictor responses to
endothelin-2 (A MAP, endothelin-2 (1 nmol kg-', control
(transient phase): 34.0 ± 4.6 mmHg (sustained phase):
14.7 ± 2.0; in presence of phosphoramidon (transient phase):
36.3 ± 2.6 mmHg (sustained phase): 11.2 ± 2.5 mmHg, n = 4)
(A PIP, endothelin-2 (1 nmol kg-', control: 28.7 ± 5.7
mmHg; in presence of phosphoramidon, 32.7 ± 4.8 mmHg,
n =4).

Different profiles of eicosanoid release stimulated by
big-endothelin-J and big-endothelin-2 in the isolated
perfused lung of the guinea-pig

Endothelin-2 (5 nM) infused for 3 min into the pulmonary
artery of the guinea-pig isolated perfused lung triggered a
marked release of prostacyclin and thromboxane A2 (Figures
5a and 6a). In contrast, big-endothelin-2 infused for 3 min at
a 20 fold higher concentration than endothelin-2 did not
stimulate the release of either eicosanoid (Figures 5a and 6a).
Big-endothelin-l (100 nM) or endothelin-l (5 nM) induced the
release of prostacyclin and thromboxane A2 (Figure Sb and
6b).

Discussion
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Figure 5 Profile of prostacyclin release (measured as 6-keto-PGFIa)
from the guinea-pig isolated perfused lung induced by (a) endothelin-
2 (5 nM, open columns) or big-endothelin-2 (100 nm, solid columns)
and (b) endothelin-l (5 nm, open columns) or big-endothelin-l
(100 nM, solid columns). Prostacylcin was monitored for 10 min after
the cessation of a 3-min infusion of the peptide through the lung
arterial vasculature (t.l.). B: Basal levels of prostacyclin measured
before the infusion of the peptides. Each column represents the
mean ± s.e. mean of at least 4 experiments. *P<0.05 and tP<0.0I
when compared with basal (B) levels of 6-keto-PGFI,.

Pang (1993) have shown that ketamine-anaesthetized rats did
not show a significantly different mean arterial blood pres-
sure when compared to conscious rats. However, it is worthy
of mention that ketamine activates the sympathetic nervous
system (Traber & Wilson, 1969) by inhibiting neuronal
noradrenaline uptake (Nedergaard, 1973). This mechanism
was suggested by Wang & Pang (1993) to explain the EaX,
increase in the pressor effects of diphenyleneiodonium in
ketamine-treated animals when compared to conscious rats.
In the present study, we have not studied the effect of
ketamine/xylazine on the sympathetic nervous system. None-
theless, because of the enhanced sensitivity to various pressor
agents of the ketamine/xylazine-treated animals, this type of
anaesthesia was used in the present study in the guinea-pig,
which has an intrinsically low mean arterial blood pres-
sure.
As previously suggested (D'Orleans-Juste et al., 1991b),

big-endothelin-l and endothelin-1 are approximately equipo-
tent as pressor agents in this particular animal model. Like
big-endothelin-l, big-endothelin-2 is also a potent pressor
agent in the guinea-pig. Furthermore, we have shown that
the pressor responses to big-endothelin-2 are phosphoramidon-
sensitive, suggesting that the conversion pathway for big-
endothelin-2 in the systemic circulation is similar to that
reported for big-endothelin-1 (Fukuroda et al., 1990;
D'Orleans-Juste et al., 1991b).

In contrast, although we found a marked enhancement of
the response to endothelins and their precursors in ketamine/

Figure 6 Profile of thromboxane A2 release (measured as TxB2)
from the guinea-pig isolated perfused lung induced by (a) endothelin-
2 (5 nm, open columns) or big-endothelin-2 (100 nm, solid columns)
and (b) endothelin-l (5 nM, open columns) or big-endothelin-l
(100nm, solid columns). Thromboxane was monitored for 10min
after the cessation of a 3-min infusion of the peptide through the
lung arterial vasculature (tl.). B: Basal levels of thromboxane
measured before the infusion of the peptides. Each column
represents the mean ± s.e. mean of at least 4 experiments. *P<O.O5
and tP<0.0l when compared with basal (B) levels of TxB2.

xylazine-anaesthetized guinea-pigs, big-endothelin-3 at very
high doses (25 nmol kg-') remained inactive, unlike its active
metabolite, endothelin-3. This observation confirms that big-
endothelin-3 is indeed poorly recognized by the phosphora-
midon-sensitive ECE localized in the systemic vasculature of
the guinea-pig, as we suggested previously (D'Orleans-Juste
et al., 1991b).

It is also of interest to point out that urethane anaesthesia
depresses the bronchoconstrictor response to endothelins in
the guinea-pig. In ketamine/xylazine-anaesthetized animals,
we confirmed the observation made by Pons et al. (199la)
that the three endothelins are equipotent bronchoconstrictor
agents. Moreover, big-endothelin-1, but not big-endothelin-2,
induced a marked increase in airway resistance yet being 10
fold less potent than that induced by endothelin-1 in the
guinea-pig. The lack of responsiveness to big-endothelin-2, as
opposed to endothelin-2, suggests that the former peptide
may not be converted in the pulmonary vasculature, at least
at the sites where the ECE is able to convert big-endothelin-l
to endothelin-1 to subsequently release thromboxane A2. This
however does not exclude the possibility that big-endothelin-
2 may be more easily converted at other sites in the lungs.
Indeed, Pons et al. (1992) have shown that, unlike the intra-
vascularly administered peptide, aerosol administration of
big-endothelin-l induced a. phosphoramidon-sensitive in-
crease of airway resistance in the guinea-pig which was how-
ever unaffected by indomethacin. To that effect, it would be
of interest to assess whether big-endothelin-2 enhances pul-
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monary insufflation pressure when administered directly into
the airways.

Nonetheless, we suggest that guinea-pig pulmonary
vascular-ECE poorly recognizes big-endothelin-2 as opposed
to big-endothelin-1. It is of interest that Shimada et al. (1994)
have shown through the cloning and functional expression of
an endothelin-converting enzyme from rat pulmonary
endothelial cells that big-endothelin-l but not big-endothelin-
2 or 3 was efficiently converted by this particular enzyme. In
addition, we have reported the phosphoramidon-sensitive
release of prostacyclin by big-endothelin-l in the rat perfused
lung (D'Orleans-Juste et al., 1991a). In contrast, big-
endothelin-2 is unable, unlike endothelin-2, to enhance the
release of prostacyclin from the rat pulmonary vasculature
(Gratton et al., unpublished observations).
We have previously suggested that the bronchoconstrictor

properties of big-endothelin-l in the guinea-pig may be the
result of a phosphoramidon-sensitive release of TxA2 in the
pulmonary vasculature (D'Orleans-Juste et al., 1991b). In
agreement with the lack of bronchoconstrictor properties of
big-endothelin-2 in vivo, we found that this particular pep-
tide, in contrast to the active metabolite, endothelin-2, was
unable to trigger the release of prostacyclin or TxA2 in the
guinea-pig perfused lung. As we have shown in the present
study that the pressor responses induced by big-endothelin-2
were markedly reduced by phosphoramidon, we suggest that
this particular peptide, prior to inducing marked pressor
effects in the guinea-pig, may be converted by an ECE
present in sites other than those near which endothelins
trigger the release of eicosanoids in the pulmonary vas-
culature. It is of interest that endothelin-2 mRNA has been
localized solely in the medullar part of the human kidney and
not in the lung (Arinami et al., 1991). Furthermore,
endothelin-2 mRNA and big-endothelin-2 have been recently
reported in the cytoplasm of endothelial cells derived from
human blood vessels (Howard et al., 1992). In the present
study, we extend the observation of Arinami et al. (1991) in
our experimental models, by suggesting that big-endothelin-2
is converted by a phosphoramidon-sensitive ECE (Yorimitsu
et al., 1992) present in the systemic but not the pulmonary
vasculature of the guinea-pig.

In keeping with its lack of pressor activity, big-endothelin-
3 also failed to cause bronchoconstriction in the ketamine/
xylazine-anaesthetized guinea-pig. This latter finding rein-
forces the view that big-endothelin-3 is not susceptible to
conversion by the ECE when given intravenously to this

species. It, is worthy of notice that the increase in airway
resistance induced by endothelins in the guinea-pig appears
to be mediated via the activation of ETB receptors (Noguchi
et al., 1993; Ishikawa et al., 1994). As endothelin-3 has been
shown by this group to be as potent as endothelin-I as a
bronchoconstrictor in vivo in the guinea-pig, one may assume
that even a slight conversion of big-endothelin-3 to its active
metabolite should have been detected under the form of an
increase of pulmonary insufflation pressure in this particular
animal species.

In summary, we have shown in the present study that
ketamine/xylazine is preferable to urethane as an anaesthetic
for cardiovascular and bronchoconstrictor studies in guinea-
pigs when testing the effects of endothelins and other
vasopressor agents. Indeed, in rats, urethane has been
showed to reduce baseline mean arterial blood pressure as
well as it affected the pharmacological parameters (ED" and
E,.,) of the dose pressor-response curve to diphenylene-
iodonium when compared to conscious animals. The enhance-
ment of the pressor response to endothelins in ketamine/
xylazine-treated guinea-pigs may be due to activation of the
sympathetic nervous system as suggested by Wang & Pang
(1993) in the rat, although xylazine is also an M2-adrenoceptor
agonist.

Finally, as big-endothelin-2 does not share the ability of
big-endothelin-I to cause bronchoconstriction in vivo in the
guinea-pig, nor the release of eicosanoids from perfused
lungs, its pressor effects may depend on the conversion by a
distinct ECE, which is phosphoramidon-sensitive and which
may only be poorly encountered in the pulmonary vascula-
ture of this species. It is worthy of notice that Sawamura et
al. (1993) have shown that big-endothelin-l was converted to
endothelin-1 to a far greater extent than big-endothelin-2 and
3 in porcine lung homogenates. These observations would
reinforce our suggestion that big-endothelin-2 is unable to
induce bronchoconstriction or release eicosanoids because of
its poor conversion by the ECE located in the pulmonary
circulation of the guinea-pig.
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Differentiation by pyridoxal 5-phosphate, PPADS and
IsoPPADS between responses mediated by UTP and those
evoked by acj-methylene-ATP on rat sympathetic ganglia

'Gerald P. Connolly

Department of Physiology, University College London, Gower Street, London, WCl E 6BT

1 The effect of pyridoxal 5-phosphate, and the 2',4' and 2',5'-disulphonic acid isomers of 6-azophenyl-
pyridoxal 5-phosphate (PPADS and IsoPPADS respectively) on depolarization of the rat superior
cervical ganglion evoked by a,-methylene-adenosine 5'-triphosphate (a,-Me-ATP) and uridine 5'-
triphosphate (UTP) were determined by a grease-gap recording technique.
2 Pyridoxal 5-phosphate (10-100 tM) and PPADS (10-100 M) enhanced UTP- and depressed a,-
Me-ATP-evoked depolarizations but did not significantly alter depolarizations evoked by potassium or

hyperpolarizations evoked by adenosine. IsoPPADS (10 pM) depressed a,-Me-ATP-evoked depolariza-
tions but did not alter depolarizations evoked by UTP. Depolarizations evoked by muscarine were

depressed by IsoPPADS but not by pyridoxal 5-phosphate.
3 It is concluded that pyridoxal 5-phosphate, PPADS and IsoPPADS are antagonists at P2X-
purinoceptors but not at the receptors that mediate UTP-evoked depolarization of the rat superior
cervical ganglion. These observations substantiate the recent proposal that the rat superior cervical
ganglia possess distinct receptors for purine and pyrimidine 5'-nucleotides, i.e. P2X-purinoceptors and
pyrimidinoceptors respectively.

Keywords: Rat superior cervical ganglion; UTP; pyridoxal-5-phosphate; PPADS; IsoPPADS; pyrimidinoceptor; P2X-
purinoceptor

Introduction

It has been suggested that some tissues contain extracellular
receptors that recognise the purine nucleotide, adenosine 5'-
triphosphate (ATP) and the pyrimidine nucleotide, uridine
5'-triphosphate (UTP), having equal affinity for ATP and
UTP (Davidson et al., 1990; reviewed by O'Connor et al.,
1991), i.e. a P2u-purinoceptor. In addition it has also been
proposed that ATP and UTP can -activate distinct receptors,
i.e. P2-purinoceptors and pyrimidinoceptors respectively
(reviewed by Seifert & Schultz, 1989). Pyrimidinoceptors
have been suggested to exist on some vascular tissues, e.g.
rabbit basilar and ear arteries (von Kugelgen et al., 1987; von
Kugelgen & Starke, 1990), the perfused isolated rat liver
(Haussinger et al., 1987), and on these tissues UTP rather
than ATP activates pyrimidinoceptors. In contrast to these
studies there have been few studies to examine the effects of
pyrimidines on the nervous system or to determine if their
effects are due to activation of pyrimidinoceptors.

Recently it has been proposed that neurones of the rat
superior cervical ganglion (SCG) possess pyrimidinoceptors
and that this preparation is a model tissue for the study of
pyrimidinoceptors within the nervous system (Connolly &
Harrison, 1993; Connolly et al., 1993b; Connolly & Harrison,
1994; Connolly, 1994a). This hypothesis was based upon the
observation that there are distinct receptors that are activated
by UTP but not by ATP or x, methylene adenosine 5'-
triphosphate (m,-Me-ATP) (a selective P2X-purinoceptor
agonist (Burnstock & Kennedy, 1985)). In addition SCG
neurones possess PI-purinoceptors of the Al-subtype, which
upon activation by adenosine or ATP (which presumably
activates these receptors due to its rapid metabolism to
adenosine) hyperpolarize ganglia. In contrast both a,-Me-
ATP and UTP depolarized rat SCG neurones and
depolarizations elicited by UTP were not antagonized, rather
they were enhanced in the presence of either suramin (a

Present address: Biomedical Sciences Division, Physiology Group,
King's College, Strand, London WC2R 2LS.

P2X-purinoceptor antagonist) or reactive blue 2 (a P2Y-
purinoceptor antagonist) (see Connolly et al., 1993b; Con-
nolly & Harrison, 1994 respectively). Recently it has been
proposed that pyridoxal 5-phosphate-6-azophenyl-2',4'-
disulphonic acid (PPADS) is a novel and selective antagonist
of P2x-purinoceptors (Lambrecht et al., 1992; Ziganshin et
al., 1993; McLaren et al., 1994) however, the effect of
PPADS on UTP-mediated responses has yet to be reported.
Here the effects of pyridoxal 5-phosphate (a precursor of
PPADS), PPADS and an isomer of PPADS, namely the
2',5'-disulphonic acid derivative of 6-azophenyl-pyridoxal 5-
phosphate (IsoPPADS) on the responses of the rat SCG
evoked by a,-Me-ATP, adenosine and UTP are described.
Preliminary reports of this study have been presented
elsewhere (Connolly et al., 1994; Connolly, 1994b).

Methods

Ganglia were prepared for recording of d.c. potentials via the
internal carotid nerve and the body of the ganglion as des-
cribed before (Connolly et al., 1993a,b). SCG were removed
from male Sprague-Dawley rats (200-330 g) killed with a
lethal dose of urethane, desheathed and submerged between
the greased barriers of a three compartment recording bath.
The central chamber containing the ganglion body was
superfused (about 2 ml min-') with a physiological salt solu-
tion (PSS) at pH 7.4 and 25 ± 1°C, containing (mM): NaCl
125, NaHCO3 25, KCl 1, KH2PO4 1, MgSO4 1, glucose 10,
CaCl2 0.1 and pre-oxygenated (5% C02/95% 02)- Potential
differences between the earthed central chamber and the
internal carotid nerve were recorded with Ag/AgCl elect-
rodes, the signals being filtered through a low pass filter,
amplified via d.c. pre-amplifiers and recorded on a pen
recorder.

Ganglia were eequilibrated for at least 2 h before use. The
effect of potassium and muscarine or the effects of purines
and UTP on the d.c. potentials were determined by applying

BrRish Journal of Pharmacology (1995) 114, 727-731_
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these substances for 1 or 2 min respectively. To avoid desen-
sitization a minimum of 15 min was allowed between each
application and responses to all agonists were reproducible
with time (e.g. see results Figure 1).
With the exception of pyridoxal solutions all drugs were

prepared in PSS as 10 mM stock solutions and frozen as
aliquots (- 200C). Pyridoxal solutions were prepared
immediately before use (as 10 mM stock solutions in PSS)
and protected from light. Experiments with pyridoxal 5-
phosphate were done in near darkness. In some experiments
the effect of pyridoxal 5-phosphate (at 30 or 100 pM) on
agonist-induced responses was determined and because after
washing out (>25 min) pyridoxal 5-phosphate there was no
significant difference in the control and subsequent responses
(e.g. see results Figure 1), these ganglia were also used to
determine the effect of PPADS. There was no significant
difference between the effects of PPADS when determined on
either ganglia previously exposed to pyridoxal 5-phosphate
or when only PPADS was examined. In all other experiments
the effect of only pyridoxal 5-phosphate or one of its
derivatives at one concentration was examined on each gang-
lion. Responses in the presence of pyridoxal 5-phosphate,
PPADS or IsoPPADS (30 to 150 min incubation) were com-
pared (Student's paired t test) to control responses without

each drug. P values were considered statistically significant if
less than 0.05. Differences between responses are denoted by:
*P 0.05, **P< 0.01 and **P <0.001.
Adenosine hemisulphate, cL,4-Me-ATP and UTP were

obtained from Sigma Chemical Co. U.K. Pyridoxal 5-
phosphate, PPADS and IsoPPADS were a gift from Tocris-
Cookson, Langford, Bristol, U.K. (± )-Muscarine was
bought from Research Biochemicals Inc. (Semat, U.K.) and
salts for PSS were of Analar grade.

Results

Pyridoxal 5-phosphate, PPADS or IsoPPADS did not
significantly alter the basal d.c. potential of ganglia (data not
presented, but see Figure 1), depolarizations evoked by
potassium, or hyperpolarizations evoked by adenosine
(Figure 1 and Table 1). Depolarizations evoked by muscarine
were significantly depressed by IsoPPADS but not PPADS
(Table 1). In the presence of IsoPPADS (10 JM) of three out
of fifteen ganglia that were depolarized by muscarine (con-
trol), two produced a hyperpolarization (-55 JV and
- 140 JAV) preceding a depolarization and on a third ganglion
muscarine evoked only a hyperpolarization (control = 14OJV

a

Control

b

PP
100 AM

I

C

Washout f

d

PPADS
100 JAM

I

K+
5 mm

Adenosine
100 gM

U U

0.5 mV

10min

UTP
100 gM

a,3-MeATP
100 gM

Figure 1 Effect of pyridoxal 5-phosphate (PP) and pyridoxal 5-phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS) on the d.c.
potential and responses of a single rat superior cervical ganglion evoked by potassium, adenosine, uridine 5'-triphosphate (UTP)
and a,P-methylene adenosine 5'-triphosphate (a,-Me-ATP). Responses evoked by 5 mm potassium (K+), 100 JM adenosine, 100 JAM
UTP and 100 gmM a,-MeATP in (a) the absence (control), (b) presence of 100 JAM PP, (c) after washing out PP (washout) and (d) in
the presence of 100 JM PPADS. The scale in the bottom right hand corner of the trace applies to all the traces, which are a
continuous record from a single ganglion. The bars refer to the time of application of drugs and depolarization is shown as an
upward deflection of the trace. The open, solid and double open arrows show the times at which PSS was changed to PSS
containing PP, from PP to PSS and then to PSS containing PPADS. N.B. The d.c. potential did not alter upon changing from one
superfusate to another and the depolarizations evoked by a,,-Me-ATP were reduced in the presence of PP and reversed to a
hyperpolarization in the presence of PPADS.
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Table 1 Effect of pyridoxal 5-phosphate, PPADS and IsoPPADS on the response of the rat superior cervical ganglion evoked by
adenosine, potassium and muscarine

Concentration
('M)

100
100
100
100

5000
5000
5000
5000

0.1
0.1

Control Pyridoxal 5-phosphate
n (O AM) (100 AM)

4 -116± 15
4 -134±27
4 - 156 ± 31
15 - 124 ± 14

4 169±15
4 146± 18
4 165 ± 41
15 181 ± 22

4 243±23
15 207±26

- 138 ± 22

199 ± 22

(10 AM)

-131 ±8

134 ± 24

PPADS
(100 JiM)

-181 ± 37

175 ± 29

223 ± 43

IsoPPADS
(10JM)

-126± 18

165 ± 25

115 ± 28***

Responses are 1WV ± s.e.mean and n = number of ganglia. Statistical differences between responses (paired t test) in the absence
(control) and presence of pyridoxal 5-phosphate. PPADs or IsoPPADS are indicated by: *P<0.05, **P<0.01 and ***P<0.001.
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Figure 3 Effect of pyridoxal 5-phosphate and pyridoxal 5-
phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS) on the
depolarizations of the rat superior cervical ganglion evoked by
100 tLM a,-Me-ATP (a$-Me-ATP) and 100 1M uridine 5-
triphosphate (UTP). Summary of the response of four to eight
ganglia evoked by UTP (circles) or a,frMe-ATP (triangles) in the
presence of pyridoxal 5-phosphate (PP) (0,4) or PPADS (@,)
respectively. Responses are expressed as a percentage of the response
evoked by UTP or a,P-Me-ATP in the absence of pyridoxal 5-
phosphate or PPADS. Statistical differences between responses in the
absence and presence of pyridoxal 5-phosphate or PPADS are
indicated by *P<0.05 and **P<0.01.

-5
log [Agonist] (M)

Figure 2 Effect of pyridoxal 5-phosphate-6-azophenyl-2',5'-
disulphonic acid (IsoPPADS) on concentration-response curve of the
depolarization of rat superior cervical ganglion evoked by uridine
5-triphosphate (UTP) or a,g-methylene-adenosine 5'-triphosphate
(,1$-Me-ATP). Summary of the response of a minimum of eight
ganglia evoked by UTP (circles) or xP-Me-ATP (triangles) in the
absence (0,4) and presence (@,A) of 10 LM IsoPPADS respectively.
Statistical differences between depolarizing responses in the absence
and presence of IsoPPADS are indicated by: *P <0.05 and
***P<0.001 .

cf in IsoPPADS =-140 isV). Depolarizations evoked by
100 pmM x,4-Me-ATP were significantly depressed by Iso-
PPADS (10 tIM) by 43 ± 6% (n = 15) whereas depolarizations
evoked by 100 LM UTP were not significantly altered
(-2 ±11%, n = 15). IsoPPADS (10 M) significantly
depressed concentration-dependent depolarizations evoked by
ax-Me-ATP but not depolarizations evoked by UTP (Figure
2).
Both pyridoxal 5-phosphate and PPADS produced a

concentration-dependent enhancement of depolarizations
evoked by UTP and a concentration-dependent depression of
depolarizations evoked by x,4-Me-ATP (Figure 3). On some

ganglia, pyridoxal 5-phosphate containing compounds as well
as potentiating the peak response evoked by UTP, sharpened
the time-course of the depolarization.

Discussion

The inability of pyridoxal 5-phosphate, PPADS or Iso-
PPADS to alter responses evoked by sub-maximal concentra-
tions of either adenosine (which activates P1-purinoceptors;
Connolly et al., 1993a) or potassium (a nonspecific depolariz-
ing agonist) suggests that these drugs do not antagonize
Al-adenosine receptors or produce nonspecific effects on rat
SCG neuronal membranes respectively. The inactivity of
PPADS on adenosine-induced hyperpolarizations of the rat
SCG is consistent with its reported lack of antagonism of
Al-adenosine receptors on the rabbit vas deferens (Lamb-
recht et al., 1992).
The ability of PPADS, a putatively selective P2x-

purinoceptor antagonist (Lambrecht et al., 1992; McLaren et
al., 1994) to depress depolarizations of the rat SCG evoked
by m,-Me-ATP (a selective P2x-purinoceptor agonist, Burn-
stock & Kennedy, 1985) indicates these depolarizations were

mediated by P2x-purinoceptors. Similarly the ability of
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pyridoxal 5-phosphate and IsoPPADS to depress depolariza-
tions of the rat SCG evoked by a,-Me-ATP indicates that
these compounds are also antagonists of P2x-purinoceptors.
The receptor responsible for the hyperpolarization evoked by
$,-Me-ATP in the presence of PPADS is unknown. This

hyperpolarization is unlikely to involve P2x- or P2y-
purinoceptors because of its resistance to a high concentra-
tion of PPADS and the virtual inactivity of 2-methylthio-
ATP (a P2Y-purinoceptor selective agonist) on the rat SCG
(Connolly et al., 1993b).
The similar degree of antagonism of depolarizations

evoked by a,-Me-ATP by both PPADS and IsoPPADS
suggests that the position of the sulphonic acid group at the
4'- or 5'- position on 6-azophenylpyridoxal 5-phosphate is
not particularly critical for the antagonistic activity of these
compounds. Pyridoxal 5-phosphate had some, albeit weak
antagonistic activity at P2-purinoceptors, indicating that the
pyridoxal 5-phosphate moiety of both PPADS and Iso-
PPADS is partly responsible for their antagonism at P2-
purinoceptors. However, the addition of the 6-azophenyl-
disulphonic acid moiety clearly enhances the antagonistic
potency of pyridoxal 5-phosphate at P2x-purinoceptors.
IsoPPADS but not pyridoxal 5-phosphate altered

depolarizations evoked by muscarine suggesting that Iso-
PPADS is an antagonist of muscarinic receptors of the rat
SCG. The ability of IsoPPADS to depress depolarizations
evoked by muscarine and reveal a muscarine-induced hyper-
polarization on some ganglia is consistent with a selective
depression of MI-muscarinic receptor-mediated depolariza-
tion but not M2-muscarinic receptor-mediated hyperpolariza-
tion. The observation that IsoPPADS depressed depolariza-
tions of the rat SCG evoked by muscarine but not those
produced by UTP also confirms the proposal that muscarine
and UTP activate distinct receptors on the rat SCG (Con-
nolly et al., 1993b).
Over the range of concentrations examined, pyridoxal 5-

phosphate, PPADS and IsoPPADS were never observed to
depress responses evoked by UTP, only depressing
depolarizations mediated by ax,P-Me-ATP on the same gang-
lion. These results show the selectivity of these pyridoxal
5'-phosphate containing compounds for purine- rather than
pyrimidine-nucleotide evoked depolarizations of the rat SCG,
supporting the proposal that a,4-Me-ATP and UTP activate
distinct receptors for nucleotides.
The mechanism by which pyridoxal 5-phosphate contain-

ing compounds potentiate UTP-evoked depolarizations of
the rat SCG remains obscure, but it is unlikely to be due to
an antagonism of an opposing P2y-purinoceptor mediated
hyperpolarization, because of the virtual absence of P2y-
purinoceptors on the rat SCG (Connolly et al., 1993a). Inter-
estingly, an enhancement of depolarizations of the rat SCG
evoked by UTP was observed in the presence of the P2-
purinoceptors antagonists, suramin (Connolly et al., 1993b)
and reactive blue 2 (Connolly & Harrison, 1994). Thus one
explanation of the potentiating effect of P2-purinoceptor
antagonists on UTP-evoked depolarizations is that this
phenomenon is coupled to their ability to depress depolariza-
tions evoked by a,,-Me-ATP. However the link between this
potentiating effect and P2-purinoceptor antagonism may be
coincidental.

Evidence for these effects being independent of each other
is suggested by the ability of IsoPPADS to depress
depolarizations evoked by m,P-Me-ATP without any
significant effect on UTP-evoked depolarizations. Here it
should be noted that the effect of IsoPPADS was examined
at only one concentration (10 fM) and thus it is possible that
at higher concentrations IsoPPADS, like PPADS, would also
have enhanced UTP-evoked depolarizations. Conversely the
ability of reactive blue 2 (Connolly & Harrison, 1994, see
Figure Id) and uniblue A (unpublished observations) to
enhance UTP-evoked depolarizations without altering
depolarization evoked by a,P-Me-ATP suggests these two
effects may be independent of each other. Alternative ex-
planations for the potentiation of UTP-evoked depolariza-
tions include antagonism of an underlying UTP-evoked
hyperpolarization, a change in the metabolism of UTP or its
metabolites or an allosteric interaction. These effects remain
to be investigated, but some evidence in favour of the latter
hypotheses is suggested by the observation that on some
ganglia pyridoxal 5-phosphate containing compounds as well
as potentiating the peak response evoked by UTP, sharpened
the time-course of the response. Because unlike UTP, ri,p-
Me-ATP is relatively resistant to degradation by
ectonucleotidases (Welford et al., 1986; 1987), the ability of
pyridoxal phosphate and PPADS to enhance depolarizations
evoked by UTP (but depress x,-Me-ATP-evoked depolariza-
tions) could have arisen from the net effect of inhibition of
ectonucleotidase activity and an antagonism of P2x-
purinoceptors, thus raising the possibility that UTP and a,-
Me-ATP activate the same receptor. An inhibition of
ectonucleotidase activity by suramin (Hourani & Chown,
1989) could also account for the ability of suramin (but not
reactive blue 2, which does not inhibit ectonucleotidases,
Hourani & Chown, 1989) to enhance UTP-evoked depolariza-
tions. Apart from studies using P2-purinoceptor antagonists
there is additional evidence that ATP and UTP activate
distinct receptors, which is based upon desensitization studies
(Connolly, 1994a). Further experiments to examine the effect
of specific inhibitors of ectonucleotidases on purine and
pyrimidine evoked responses of the rat SCG should help
resolve these issues.

Because there are no suitable antagonists of the effects of
UTP at pyrimidinoceptors (Seifert & Schultz, 1989) further
studies to examine the modulatory effects of pyridoxal 5-
phosphate and its derivatives on responses evoked by
pyrimidines may lead to further discoveries on how
pyrimidines (and purines) work on the nervous system.

It is concluded that pyridoxal 5-phosphate, PPADS and
IsoPPADS are antagonists at P2x-purinoceptors and like
other P2-purinoceptor antagonists they distinguish between
purine and pyrimidine 5'-triphosphate-evoked depolarizations
of the rat superior cervical ganglion. These results provide
further justification for the proposal that SCG neurones pos-
sess both P2x-purinoceptors and pyrimidinoceptors.

I thank Dr P.J. Harrison (U.C.L.) for his encouragement and
facilities to perform this study and Laurence Ede (Tocris-Cookson)
for the gifts of PP, PPADS and IsoPPADS.
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