
pages 1 -216

F 0

a
I A

Volume 11 5 Number 1



B 1995 Stockton Press All rights reserved 0007-1188/95 $12.00 x

SPECIAL REPORT

Effect of a 5-HT1 receptor agonist, CP-122,288, on oedema
formation induced by stimulation of the rat saphenous nerve

Radhika Kajekar, *Paul Gupta, *Nicholas B. Shepperson & 'Susan D. Brain

Pharmacology Group and Vascular Biology Research Centre, Division of Biomedical Sciences, King's College, Manresa Road,
London SW3 6LX and *Department of Cardiovascular Biology, Pfizer Central Research, Sandwich, Kent, CT13 9NJ

Neurogenic oedema formation in the rat hind paw skin induced by electrical stimulation of the
saphenous nerve and measured by extravasation of ['251]-albumin, was inhibited by the 5-HTlB receptor
agonist, CP-93,129, and the novel tryptamine analogue, CP-122,288. Significant inhibition of up to 66%
of control was observed with CP-122,288 (2 x 10-'4-2 x 10-7mol kg-') and CP-93,129
(5 x 10-7-5 x 10-6 mol kg-'), with the minimum effective dose for CP-122,288 being about 107 fold less
than that for CP-93,129. Qedema formation induced by the intradermal administration of exogenous
mediators (substance P and histamine) in rat dorsal skin was not inhibited by CP-122,288
(2 x 10-10 mol kg-'). These results suggest that CP-122,288 is a potent inhibitor of neurogenic
inflammation in rat skin and that the effect may be due to a prejunctional inhibition of neuropeptide
release.
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Introduction Electrical stimulation of the rat saphenous
nerve leads to increased blood flow and oedema formation in
skin of the hind paw (Lembeck & Holzer, 1979). Studies,
using receptor antagonists, suggest that substance P and
calcitonin gene-related peptide (CGRP) are major mediators
of plasma protein extravasation and vasodilatation in this
model (Garret et al., 1991; Escott & Brain, 1993). Thus,
attenuation of neurogenic inflammation may be achieved
with selective receptor antagonists; however, this approach is
limited to inhibiting postjunctional responses mediated via
specific receptor types. An alternative approach is to inhibit
neuropeptide release via a prejunctional mechanism. Sumat-
riptan, a 5-HTID receptor agonist and CP-93,129, a selective
5-HTIB receptor agonist inhibit neurogenic plasma extravasa-
tion in the dura mater of rat and/or guinea-pig by inhibiting
neuropeptide release (Buzzi & Moskowitz, 1990; Matsubara
et al., 1991). Furthermore, it has been suggested that the
therapeutic efficacy of sumatriptan in migraine is related to
this activity and that the inhibitory effects of sumatriptan-like
agents have, to date, only been reported in selected tissues
innervated by the trigeminal nerve. Recently, a C-3 confor-
mationally restricted tryptamine analogue, CP-122,288
(Macor et al., 1992), has been shown to be considerably more
potent than sumatriptan in the guinea-pig dura mater (Lee &
Moskowitz, 1993). In this study we provide evidence, for the
first time, that CP-122,288 and CP-93,129 can also act to
inhibit neurogenic inflammation induced after stimulation of
non-trigeminal sensory nerves.

Methods Male Wistar rats (200-250 g), anaesthetized with
sodium pentobarbitone (50 mg kg-', i.p.), were prepared to
enable electrical stimulation (10 V, 1 ms, 2 Hz for 5 min) of
the saphenous nerve of the test leg, while the contralateral leg
served as a sham control (Escott & Brain, 1993). [125I]_
albumin (50 kBq), mixed with Evans Blue dye (25 mg kg-')
and test ligand or saline (control) were given i.v. 5 min prior
to stimulation. After stimulation, blood was taken and the
rat killed. ['25I]-albumin was measured in a plasma sample
and in the skin from the paws. Results are calculated as
oedema (id 100 mg-' tissue) and expressed as a ratio of
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stimulated to unstimulated skin. The effect of test agents is
shown as percentage (%) inhibition of the control response
in saline-treated animals. Oedema responses (ILI plasma per
site) produced to intradermally-injected (i.d., 0.1 ml) agents
were measured in rat dorsal skin (Brain & Williams, 1985).
In separate experiments the haemodynamic effect of com-
pounds following i.v. administration was studied in anaes-
thetized rats by measuring blood pressure via a carotid artery
cannula.

Materials CP-122,288 ((R)-N-methyl-[3-(1-methyl-2-pyrro-
lidinylmethyl)-IH-indol-5-ylJ methanesulphonamide) (Pfizer
Central Research, Sandwich, U.K.), CP-93,129 (3-(1,2,5,6-
tetrahydropyrid-4-yl)pyrrolo[3,2-b]pyrid-5-one) (Central
Research Division, Pfizer Inc., Groton, U.S.A.), human a-
CGRP (a gift from Dr U. Ney, Celltech, U.K.), substance P,
histamine diphosphate salt and Evans Blue dye (Sigma
Chemical Co., Dorset, U.K.), ['25l]-human serum albumin
(Amersham International, U.K.) and sodium pentobarbitone
(Sagatal, May and Baker, Essex, U.K.) were used.

Statistical analysis ANOVA followed by multiple com-
parisons test (Dunnett, Figure la and Bonferroni, Figure lb).

Results In control studies (saline, 1 ml kg-', i.v.) plasma
extravasation in the rat hind paw was 14.07 ± 0.96 p1, in the
stimulated, and 1.68 ± 0.08 itl in the sham paw,
mean ± s.e.mean, n = 29. CP-93,129 and CP-122,288
inhibited oedema formation in the stimulated paw (Figure
la), and the minimum effective doses for CP-93,129 and
CP-122,288 were 5 x 10-7 mol kg-' and 2 x 10-14 mol kg-',
respectively. At the highest doses tested, both compounds
produced a similar inhibitory effect (upto 66%). Thus, CP-
122,288 was about 107 fold more potent than CP-93,129.
Neither CP-122,288 nor CP-93,129 affected oedema forma-
tion in the sham paw (plasma extravasation in control
1.9 ± 0.3 IAl, CP-122,288 (2 x 10-10 mol kg-') 2.07 ± 0.2 gAl;
CP-93,129 (5 x 10-6 mol kg-') 1.6 ± 0.1 pl; n = 6 for each
group). Furthermore, no change in mean arterial pressure
(MAP) was observed following i.v. administration of CP-
122,288 (MAP: before CP-122,288 (2 x 10-10 mol kg-', i.v.),
82 ± 3, and 10 min after, 84 ± 3 mmHg; before saline (i.v.)
93 ± 12, and 10 min after, 98 ± 14 mmHg; n = 5 for both
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Figure 1 (a) Effect of CP-122,288 (U) and CP-93,129 (0) on plasma extravasation in rat skin after electrical stimulation (10 V,
I ms, 2 Hz for 5 min) of the saphenous nerve. Results are expressed as % inhibition of oedema in test rats compared to control
rats, mean ± s.e.mean, n = 6 in each group. **P<0.01, Dunnett multiple comparisons test. (b) Effect of i.v. CP-122,288 on oedema
induced by substance P and histamine in rat skin. Mediators were injected i.d. 5 min after i.v. agent and oedema formation
measured over 30 min. Responses to substance P (SP) and histamine (HA) ± calcitonin gene-related peptide (CGRP) are shown.
Open columns represent control (saline) animals and solid columns represent CP-122,288 (2 x 10-10 mol kg- )-treated animals.
Results are expressed as the mean ± s.e.mean, n = 6. No significant difference of treatments was observed in CP-122,288 and
saline-treated animals.

groups, P> 0.05). CP-122,288 (2 x 10- '0mol kg-', i.v.), as
shown in Figure Ib, did not significantly inhibit oedema
induced by i.d. administered substance P or histamine in
either the presence or absence of a potentiating dose of the
vasodilator CGRP (see Brain & Williams, 1985).

Discussion These results demonstrate that neurogenically-
induced oedema formation in the rat paw is attenuated by
CP-122,288 and CP-93,129. The inability of CP-122,288 to
alter oedema formation induced by exogenously administered
mediators of inflammation indicates that it does not act
postjunctionally as a receptor antagonist. These findings lead
us to suggest that CP-122,288 may inhibit neuropeptide
release by acting via prejunctional receptors. It has been
proposed that sumatriptan and CP-93,129 act selectively to
inhibit neurogenic inflammation in the dura mater (Mos-

kowitz, 1992) and our results indicate that CP-93,129 and
sumatriptan (Escott & Brain, unpublished) possess only a
weak activity in the rat paw. However, the inhibitory
threshold level for CP-122,288 in the rat paw is comparable
to that observed in the guinea-pig dura mater (Lee & Mos-
kowitz, 1993). The receptor subtype at which CP-122,288
acts is not yet determined and the fact that a total inhibition
of oedema formation was not observed will be the subject of
further study. Nevertheless, the potent ability of CP-122,288
to inhibit neurogenic oedema in non-trigeminal sensory
nerve-innervated tissue is clearly demonstrated. These results
indicate that a drug such as CP-122,288 could be of use for
the treatment of inflammatory disease states, in which
neurogenic plasma extravasation occurs.

R.K. is funded by a Pfizer Ph.D studentship. We thank Dr P. Ellis
and Mr P. Butler for their helpful discussions.
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Discrimination by benextramine between the NPY-Y1 receptor
subtypes present in rabbit isolated vas deferens and saphenous
vein

IS. Palea, M. Corsi, J.M. Rimland & D.G. Trist

Glaxo Research Laboratories, Via Fleming 4, 37135, Verona, Italy

1 In order to characterize the neuropeptide Y (NPY) Y, receptors known to be present in rabbit
isolated vas deferens and saphenous vein, the pharmacological activity of the selective NPY Y, receptor
agonists, [Leu3",Pro3] NPY and various other peptide agonists, together with the putative NPY
antagonist, benextramine, were compared in the two tissues.
2 In rabbit isolated saphenous vein, cumulative dose-response curves to various NPY agonists were

obtained. All the peptides tested caused contractions which developed quite slowly. The rank order of
potency obtained was: PYY>NPY> [Leu31,Pro34] NPY = NPY2.36> hPP>> NPY,3 36 = NPY,8.36. Incu-
bation with benextramine (BXT) at 100 #tM for 30 min irreversibly abolished the contractile response to
[Leu3',Pro3] NPY but was ineffective against NPY18.36-induced contractions.
3 Cumulative dose-response curves to [Leu31,Pro34] NPY were performed in the same preparation
before and after incubation with 100 pM BXT for 20 min in order to inactivate NPY Y, receptors. The
pKA (- logKA) estimation for [Leu31,Pro3] NPY was 7.60 ± 0.30 using the operational model and
7.20 ± 0.33 using the null method; the difference between the two methods was not statistically
significant (P = 0.36).
4 Prostatic segments of rabbit vas deferens were electrically stimulated with single pulses. Immediately
after stabilization of the contractile response, a cumulative dose-response curve to various NPY agonists
was obtained in each tissue. The rank order of potency for twitch inhibition was: PYY> [Leu31,Pro3]
NPY > NPY > hPP> NPY2 36 >>NPY,3.36>> NPY,8_36 which indicates the presence of a prejunctional
NPY Y, receptor. BXT at 100 pM incubated for 10 or 60 min did not antagonize the response to
[Leu31,Pro34] NPY.
5 We conclude that rabbit isolated saphenous vein contains a population of post-junctional NPY Y,
receptors irreversibly blocked by BXT, as well as a population of post-junctional NPY Y2 receptors,
which are insensitive to BXT. In contrast, the rabbit isolated vas deferens express a pre-junctional NPY
Y, receptor subtype which is not blocked by BXT. Tetramine disulphides such as BXT could be useful
tools in classifying NPY receptors.

Keywords: Rabbit isolated vas deferens and saphenous vein; [Leu31,Pro34] NPY; NPY18.36; benextramine; receptor inactivation
methods; KA

Introduction

Neuropeptide Y (NPY) is a 36 amino acid peptide belonging
to the pancreatic polypeptide family, which also includes
peptide YY (PYY) and the pancreatic polypeptide (PP).
NPY is co-stored with noradrenaline (NA) and adenosine
triphosphate (ATP) in noradrenergic sympathetic terminals
of the mouse vas deferens (Stjmrne et al., 1986). In sym-
pathetic nerves innervating most blood vessels NPY is co-
released with NA and participates in the maintenance of
smooth muscle tone (Ekblad et al., 1984). It is generally
accepted that NPY exerts its pharmacological effects via at
least two distinct receptor subtypes, namely Y1 and Y2.
Originally, it was proposed that Y1 receptors are located
exclusively post-junctionally and mediate vasoconstriction
and potentiation of the NA response in many blood vessels,
whereas Y2 receptors are located exclusively pre-junctionally
and are involved in the suppression of the electrically
stimulated twitch contractile response of the isolated vas
deferens (Wahlestedt et al., 1986). However, this view has not
been supported by some recent findings. For example, in the
rat mesenteric arterial bed (McAuley & Westfall, 1992) and
rat isolated caval vein (Grundemar et al., 1992) the presence
of post-junctional Y2 and pre-junctional Y. receptors was
suggested. Furthermore, from the rank order of potency

IAuthor for correspondence.

exhibited by NPY and some truncated analogues, the
presence of pre-junctional Y. receptors in rabbit isolated vas
deferens was proposed (Doods & Krause, 1991).

Recently, the tetramine disulphide, benextramine,
originally developed as an irreversible a-adrenoceptor block-
ing agent (Melchiorre, 1981; Plotek & Atlas, 1983), was
claimed to be a selective Y1 ligand in a rat brain binding
assay (Doughty et al., 1992), to bind to a Y2 receptor in
bovine hippocampus (Li et al., 1991) and to be a non-
competitive antagonist of post-junctional Y. and Y2 receptors
in the rat isolated femoral artery (Tessel et al., 1993). The
aim of this study was, therefore, to characterize the putative
Y1 receptor present in the rabbit isolated vas deferens and to
compare it Nwith the post-junctional Y1 receptor present in
rabbit isolated saphenous vein, a tissue recently found to
express mainly or exclusively this receptor subtype (Cadieux
et al., 1993). The experiments were performed by using NPY,
peptide YY (PYY), human pancreatic polypeptide (hPP) and
some truncated analogues of NPY together with the selective
Y1 agonist, [Leu31,Pro34]NPY (Fuhlendorf et al., 1990).
Furthermore, the antagonist activity of benextramine and its
potential irreversible blocking properties on NPY receptors
expressed in these tissues have been evaluated. A preliminary
account of some of these results 'was presented to the British
Pharmacological Society Meeting, Victoria University of
Manchester, 13th- 15th April, 1994 (Palea et al., 1994).

BrRish Journal of Pharmacology (1995) 1159 3-10
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Methods

Rabbit isolated vas deferens

Male New Zealand white rabbits weighing 2.5-2.8 kg were

anaesthetized by intravenous administration of sodium pen-

tobarbitone (60 mg kg-') and killed by exsanguination.
Bilateral prostatic segments of vasa deferentia (cut as near as

possible to the prostate) were removed and placed in a Petri
dish containing cold, oxygenated Krebs solution. After
dissection of connective tissue and blood vessels, the entire
prostatic segment (2 cm long) was mounted vertically
between two platinum electrodes (separated by 3 cm) and
placed in a 2 ml sylanized organ bath filled with modified
oxygenated (95% 02 and 5% C02) Krebs solution of the
following composition (mM): NaCI 133, NaHCO3 16.3,
KCI 4.7, MgCl2 1.0, KH2PO4 1.4, CaCl2 2.0 and glucose 7.8.
Experiments were performed at 33°C. Only two preparations
were obtained from each animal and only one peptide was

tested in each preparation.
The mechanical activity was recorded isometrically with a

Grass FT 03 force displacement transducer connected to a

Linseis model 7025 polygraph. Isolated vasa deferentia were

allowed to equilibrate for 90 min with a tension of 1 g app-

lied four times during the equilibration period and washed
with fresh Krebs solution every 15 min. Electrical field
stimulation (EFS) with single pulses (25 V, ms, 0.15 Hz)
was applied through a pair of platinum electrodes connected
to a Grass S88 stimulator. As soon as a series of pulses gave

identical responses (basal contractile response) a single
cumulative concentration-response curve (CRC) to each pep-

tide was obtained for each tissue. The resulting inhibition of
the twitch response was expressed as the percentage of the
basal contractile response.

Evaluation ofbenextramine antagonism

Benextramine tetrahydrochloride (BXT) was incubated at
100 JiM for 10 or 60 min after the contractile response to EFS
was stabilized. After 10 min EFS was stopped, tissues were

washed out and allowed to recover for 15 min, then EFS was

reapplied and tissues were challenged, as soon as the contrac-
tile response was stabilized, with [Leu",Pro34]NPY.

Rabbit isolated saphenous vein

Male New Zealand white rabbits weighing 2.0-2.4 kg were

anaesthetized by intravenous administration of sodium pen-
tobarbitone (60 mg kg-') and killed by exsanguination. A
segment of 2 cm of the vena saphena lateralis was

immediately dissected and placed in cold, oxygenated (95%
02 and 5% C02) Krebs solution maintained at 37°C. The
vein was cleaned of fat and connective tissue, cut into ring
segments (3 mm of length) and mounted in 2 ml sylanized
organ baths containing a modified Krebs solution of the
following composition (mM): NaCl 118, NaHCO3 25.0,
KCl 4.6, MgCl2 1.2, NaH2PO4 1.2, CaCl2 2.5 and glucose
1 1.1. The mechanical activity was recorded isometrically by a

Grass FT 03 force displacement transducer connected to a
Linseis model 7025 polygraph. Ring segments were allowed
to equilibrate for 60 min with a tension of 1 g applied four
times during the first 20 min of the equilibration period and
washed with fresh Krebs solution every 10 min. Then, vein
rings were challenged with KCI 80 mM twice every 20 min in
order to establish tissue viability. The contractile response of
NPY agonists was then referred to as % of the response to
the second application of KCL. Thirty min after the second
dose of KCl 80 mM, a single cumulative CRC to one agonist
was performed on each tissue. For the experiments
evaluating the antagonistic properties of BXT, two cumu-

lative CRC to [Leu",Pro3]NPY or NPY,5.36 were performed
on each tissue with an interval of 60 min between them, during
which tissues were washed-out with fresh Krebs solution.

Benextramine (100 gM) was added before the second CRC
when the tissues had reached the basal tone and was left in
contact for 15, 20 or 30 min. Then, tissues were washed out
three times every 10 min and the CRC to [Leu3",Pro34]NPY
was repeated. In some experiments benextramine was washed
out for 2 h (washouts every 10 min) to ascertain the irrever-
sibility of the antagonism.

Data analysis

Agonist potency was estimated by fitting the CRC data by
the logistic equation:

Effect =Emax X [A]n
[A]n + [A50]n

where, Em,, is the maximal effect, [A] is the agonist concen-
tration, and n is the slope parameter. For the experiments
with the rabbit vas deferens A50 represents the concentration
of the agonist that reduced by 50% the basal contractile
response induced by electrical stimulation (IC50), whereas in
the rabbit saphenous vein A50 is the concentration of the
agonist that induces 50% of the maximal effect (EC50). Data
are expressed as mean ± s.e.mean.
KA estimation for [Leu3",Pro'4]NPY was performed as des-

cribed in the operational method by Black et al. (1985) and
in the null method by Furchgott (1966) and McKay
(1966).

Operational method

Experimental data from control and BXT-treated CRC were
simultaneously fitted to the equation:

Effect =
Em x Tn x [A]n

(KA + [A])" + tn x [A]"
providing a common estimation of Em (maximum possible
effect), n (steepness of the occupancy-effect relation), and KA
(agonist dissociation constant) and a value of T (efficacy of
the agonist) for each curve in the pair. Mean values of the
parameters estimated are quoted with s.e.mean.

100-

0

50-

0

10 9 8 7 6 5
-log [Agonisti M

Figure 1 Effect of various agonists for neuropeptide Y (NPY)
receptors on the twitch response of the rabbit isolated vas deferens.
Data are expressed as % of the stabilized contractile response just
before addition of agonists to the organ bath. Each curve is the
mean of 6 experiments carried out in different tissues. The lines
drawn through the data are derived from the fitting procedure using
the logistic equation (see Methods). PYY (*), [Leu3'-Pro3]NPY
(X), NPY (U), hPP (V), NPY2,36 (A), NPY13-36 (V) and
NPY18-36 (X).
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Null methods (or double reciprocal method)

The agonist KA value was calculated from the equation:

[A] [A] q KA q

where [A] and [A'] are the equiactive concentrations of the
agonist before and after treatment with BXT respectively, q
is the fraction of functional receptor and KA is the agonist
dissociation constant. A straight line of slope I/q and
intercept (1-q)/(q KA), should be obtained on a plot 1/A]
against 1/[A']. The value of q can be calculated from 1/slope
and KA from (slope-1)/intercept.

Drugs

All peptides were obtained from Peninsula Laboratories
Europe Ltd (St. Helens, Merseyside, U.K.). Benextramine
tetrahydrochloride (approximately 90% pure) and tet-
rodotoxin were from Sigma. All peptides were dissolved, at a
concentration of 100 IM, in twice distilled water containing
bovine serum albumine (BSA) 0.5 mg ml1 and stored in
aliquotes frozen at -20'C. On the day of the experiment
each peptide was diluted in a Krebs solution containing BSA
0.5mg ml'.

5mm 10mi31 3 1lnm

Figure 2 Expermental recording of a dose-response curve to
[LeU31,Pro~']NPY in the rabbit isolated vas deferens electrically stim-
ulated with single pulses (25 V, I ms, 0.15 Hz).
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Figure 3 Lack of effect of benextramine incubation (100 1M for
30 min) on the dose-response curve to [Leu3tPro3]NPY in the rabbit
isolated vas deferens electrically stimulated with single pulses (25 V,

Results

Agonist activity in rabbit vas deferens

Basal contractile responses to EFS were 1.22 ± 0.06 g
(n = 45). These responses were completely abolished by 1 jAM
TTX, confirming their neurogenic origin (data not shown).
The rank order of potency for twitch inhibition in rabbit vas
deferens was: PYY> [Leu3", Pro3iNPY > NPY > hPP >
NPY2 36>> NPY13-36>> NPY18.36 (Figure 1).
PYY, the most potent agonist tested, was about 3 times

more potent than NPY and [Leu31,Pro3]NPY. hPP was equi-
potent to NPY and NPY236 was only 13.6 times less potent
than PYY. All these peptides had a rather slow time course
of inhibition of the twitches, with no sign of spontaneous
recovery during prolonged contact of the agonists with the
tissue (Figure 2). In Table 1, ICm values (± s.e.mean) and
equipotent molar ratios are given for all the peptides tested
except NPY1836, for which the response obtained at 10 LM
(the highest concentration that could be tested) was only
45% of the basal response.

Effect of benextramine in rabbit vas deferens

Preincubation with BXT at 100 tLM for 10 min had a consis-
tent inhibitory effect which partially recovered after 15min
of resting, during which tissues were washed twice. The basal
contractile response after BXT treatment was reduced by
25.2 ± 1.3% compared with the response before BXT treat-
ment (n = 3).
BXT treatment did not antagonize the [Leu3",Pro34]NPY

effect (Figure 3) but on the contrary, lowered the ICm value
(2.15 ± 0.07 nM versus 5.04 ± 0.63 nM for controls; P = 0.008
by the F-test). Increasing the concentration of BXT to
300 fiM and the incubation time to 120 min resulted in an
IC5o value for [Leu31,Pro34]NPY (3.72 ± 0.52 nM) that was
not significantly different from control value (P = 0.086 by
the F-test).
BXT at 100 jtM for 10 min was ineffective versus hPP

(n = 5; data not shown).

Rabbit isolated saphenous vein

Mean magnitude of the KCl 80 mM-induced contraction for
the rabbit isolated saphenous vein was 2.04 ± 0.08 g
(n = 57).

[Leu31,Pro34]NPY and all the NPY analogues tested
induced strong contractions (responses at the highest concen-
tration tested were normally greater than the KCl-induced
contraction) which developed much more slowly at the
lowest concentrations (Figure 4). TTX at 1 tM was without
effect on the contractile effect of [Leu31,Pro34J NPY, indicat-
ing that contraction was due to an interaction with an NPY
receptor located on smooth muscle cells (data not shown).
The rank order of potency for the agonists tested was the

Table 1 IC50 and EC50 (nM, n = 6) and equipotent molar
ratio (e.p.m.r.) (relative to peptide YY, PYY) exhibited by
neuropeptide Y (NPY) and some analogues in rabbit
isolated vas deferens and saphenous vein

Vas deferens
IC50 e.p.m.r.

PYY

[Leu3t,Pro3lINPY
NPY
hPP
NPY2_36
NPY13-36
NPY18-36

1.76 ± 0.11
5.04 ± 0.63
5.72 ± 0.21

6.41 ± 1.05
24.0 ± 2.1

1368 ± 20.4

>10 JM

2.9
3.2
3.6

13.6
777

Saphenous vein
EC50 e.p.m.r.

1.88 ± 0.05
9.04 ± 0.27
3.77 ± 0.30
26.3 ± 3.8
8.70 ± 0.75

188 ± 4.2

204 ± 13.1

4.8
2.0

14.0
4.6

100
108

1 ms, 0.15 Hz). Control curve (0), benextramine-treated curve (U).

5

Values are mean ± s.e.mean for IC50 and EC50.



S. Palea et al Benextramine discriminates two NPY Y1 receptors

following: PYY> NPY> [Leu3",Pro3]NPY = NPY2.36> hPP
>> NPY13-36 = NPY18 36 (Figure 5). EC50 values and equipo-
tent molar ratios (e.p.m.r.) are presented in Table 1. Two
consecutive CRC to [Leu31,Pro3]NPY on the same tissue
were reproducible after 60 min of wash-out (Figure 6a). The
mean logistic parameters (± s.e.; n = 6) of these curves were
as follows: first curve: E,,,,,= 116.9 ± 6.3; pA50 7.88 ± 0.14;
n = 2.88 ± 0.63. Second curve: E,,, = 117.7 ± 3.3; pA50=
7.69± 0.11; n=2.91 ± 0.62.
BXT (100 tiM) incubated either at 10, 20 or 30 min,

depressed the maximal response to the selective NPY-Y1
receptor agonist, [Leu31,Pro34]NPY, in a time-dependent man-
ner, 30 min of contact being sufficient to abolish completely
the agonist's response (Figure 6b-c-d). Washout for 2 h did
not modify the magnitude of BXT inhibition of the Y1
receptor (Figure 6e).
BXT at 100 jLM and 20 min of contact did not modify

significantly the response to NPY1836 (n = 3; Figure 7a-b).

/ 10

5 min 1

Figure 4 Experimental recording of a dose-resp(
[Leu3t,Pro34]NPY (1- I00nM) in a ring segment of
saphenous vein.
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Figure 5 Effect of various neuropeptide Y (NPY) re

on ring segments of rabbit isolated saphenous vein

pressed as % of the response induced by KCI 80 mm.
the mean of 6 experiments carried out in different tis
drawn through the data are derived from the fitting F
the logistic equation (see Methods). PYY (A:
[Leu3',Pro3]NPY (@), NPY2 36 (-), hPP (*),
NPY18 36 (X).

K, estimation for [Leu31,Pro34]NPY in rabbit saphenous
vein

Assuming BXT to be an irreversible antagonist of the post-
junctional Y1 receptor, the KA for [Leu3`,Pro34]NPY using
both the operational method and the null method has been
estimated (see Methods). Only pairs of CRC carried out in
the same tissue in the absence and presence of BXT 100 pM
(incubated for 20 min) were used in this analysis. BXT
depressed the maximal response to the agonist to 20 ± 5.6%
of the KCI 80 mM-induced contraction (n = 8). The estimated
parameters by using the two methods are shown in Table 2.
The estimated pKA (- log KA) for the selective Y, agonist was
7.60 ± 0.30 using the operational method and 7.20 ± 0.33 for
the null method, the difference not being statistically
significant with the Student's t test (P = 0.36).

Discussion

Rabbit vas deferens

The current classification of NPY receptors is based upon the
/100 rank order of potency of the agonists, because no selective

100 antagonists are available. A number of studies support the
proposal that there are at least three receptor subtypes recog-
nized by NPY (YI, Y2 and Y3) and a different receptor which
binds selectively the pancreatic polypeptide (PP) (see
Wahlestedt & Reis, 1993, for a review). In rabbit vas deferens
several lines of evidence suggest the presence of a pre-
junctional Y. receptor which seems to be somewhat different
from the Y1 post-junctional receptor characterized in vas-
cular preparations. The selective Y1 receptor agonist,
[Leu31,ProM]NPY, was found to be equipotent to NPY and
to abolish completely the twitch response at a concentration
of 30 nM. In contrast, in the rat isolated vas deferens, a tissue
known to functionally express the Y2 receptor (Wahlestedt et
al., 1986) [Leu31,ProI]NPY at this concentration was com-
pletely ineffective (unpublished results).
The Y3 receptor subtype has been recently postulated to be

present both in the central nervous system (Grundemar et al.,
1991a,b; Foucart et al., 1993) and in the periphery (Balasub-
ramaniam et al., 1990; Wahlestedt et al., 1992). The rank
order of agonist potency for this receptor in rat superior

nse curve to cervical ganglia neurones is rPP = NPY1336> NPY = [Leu31,
rabbit isolated Pro3]NPY whereas PYY is almost inactive, confirming

previous reports that this peptide is ineffective on the Y3
receptor type (Grundemar et al., 1991ab). So, our finding
that PYY was the most potent agonist is clearly inconsistent
with the involvement of a Y3 receptor in the inhibition of
electrically-induced contraction of the rabbit vas deferens.
The presence of the postulated PP receptor in rabbit

_ _ isolated vas deferens is a matter of further discussion. In our
* - paradigm we found an unusually high agonist activity of

hPP, which was nearly equipotent to NPY, whereas in bin-
ding studies rPP was reported to be a very poor ligand of the
Y1 receptor expressed in PC12 cells (Schwartz et al., 1987;
1990). To explain our results we advance the hypothesis that
the contractile response to single pulse stimulation in rabbit
vas deferens is controlled not only by the Y. receptor but
also by a PP receptor, which is probably present also in the
rat isolated vas deferens (Jorgensen et al., 1990).

It has been reported that the NPY Y1 receptor found in
6 5 vascular tissues is stringent in its requirement for the N-

terminal end of NPY since deletion of Tyr' results in a

ceptor agonists marked loss of potency (Wahlestedt & Reis, 1993). For
Data are ex- example, it was shown that NPY2.36 was about 30 times less
Each curve is potent than NPY in increasing arterial blood pressure in

sues. The lines anaesthetized rats (Grundemar & Hakanson, 1993) and was
srocedure using about 16 times less potent than NPY in eliciting increases in
), NPY (V), myocardial perfusion pressure in isolated heart of the guinea-
NPY13-36 (0), pig (Rioux.et al., 1986). In rabbit vas deferens we found that

NPY2.36 was only about 4 times less potent than NPY, itself

6
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suggesting the possibility of a heterogeneity between Y1
receptors expressed in vascular tissues (located postjunc-
tionally) and Y. receptors found in our preparation, which
are probably expressed at a pre-junctional level. To verify
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this hypothesis we decided to test the antagonistic activity of
BXT, which was reported to block non-competitively the
post-junctional Y, receptor mediating contraction of the rat
isolated femoral artery (Tessel et al., 1993). The tetramine
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Figure 6 (a) Cumulative dose-response curves to [Leu3t,Pro]NPY generated in the same tissue with an interval of 60 min. First
curve (-) and second curve (A). The response to the agonist appears to be quite reproducible. (b) Effect of incubation with a
single dose of benextramine (100 JM) for 15 min; (c) for 20 min; (d) for 30 min; (e) for 20 min followed by 2 h of washout. Control
curve (-), benextramine-treated curve (U). The lines through the data are the result of the operational model fitting using the
receptor inactivation method.
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Table 2 pKA estimation and related parameters obtained
for [Leu31,Pro&]NPY in the presence of benextramine
100 iM incubated for 20 min using both the operational
method and the null method

PKA

T2
Emax
n
q

6
-log [NPY1836J (M)

Figure 7 (a) Cumulative dose-response curves to NPY18-36
generated in the same tissue with an interval of 60 min. First curve
(0) and second curve (a). (b) Effect of incubation with a single
dose of benextramine (100 pM) for 20min. Control curve (0),
benextramine-treated curve (-).

disulphide BXT was originally described as an irreversible
a-adrenoceptor antagonist. We found that an incubation time
of 10 min at 100 tM partially inhibited the twitch response to
electrical stimulation of the isolated vas deferens. However,
after two washouts, to remove the excess of this compound
from the organ bath, we found a partial recovery of the
contractile response. So, the single pulse stimulation we used
probably elicited the release of a purinergic neurotransmitter
instead of an adrenergic one. In fact, we found that the P2
antagonist, suramin, at 300 ILM, completely abolished the
contractile response to electrical stimulation (unpublished
results). This seems to indicate that the inhibitory effect of
BXT is not due to its a-adrenergic blocking properties but to
other properties of this drug e.g. blockade of K+ activated
Ca2+ channels (Plotek & Atlas, 1983) which could be related
to purinergic neurotransmission (Illes & Norenberg, 1993).
BXT (up to 300 yM) was completely ineffective in

antagonizing [Leu3",Pro3]NPY-induced suppression of the
twitch response. This result is in contrast with both func-
tional studies in rat isolated femoral artery (Tessel et al.,
1993) and ligand binding studies with rat brain membranes
(Doughty et al., 1992), both of which demonstrated an

antagonism of BXT at 10pM versus the putative NPY Y,
receptor. The most plausible explanation is that rabbit vas
deferens expresses a NPY Y1 receptor subtype different from
that mediating contraction of the rat femoral artery. Further-
more, it could be speculated that mammalian tissues can
express two NPY Y, receptor subtypes, one pre-junctional
and insensitive to BXT, the other post-junctional and sen-
sitive to BXT. To confirm this hypothesis we decided to test

Operational method
7.60 ± 0.30
7.4 ± 4.2

0.81 ± 0.19
114± 13.9
4.78 ± 2.24

Values are reported as mean ± s.e.mean (n = 5).

BXT antagonism in another rabbit tissue, the isolated
saphenous vein, where NPY was reported to exert a direct
post-junctional effect (Cadieux et al., 1993).

Rabbit isolated saphenous vein

Isolated rings of the vena saphena lateralis were potently
constricted by all the agonists tested. The agonist rank order
of potency and the high efficacy exhibited by [Leu31,
Pro34]NPY clearly indicates the presence of the NPY Y1
receptor. However, comparing EC50 values with those
obtained in the vas deferens, some differences can be noted.
In the saphenous vein, NPY13.36 and NPY18-36 were nearly
equipotent and only 100 times less potent than PYY itself, in
contrast to the situation found in vas deferens where NPY13-36
was over 700 times less potent than PYY. These data seem to
indicate the presence, in the saphenous vein, of a hetero-
geneous population of receptors, probably Y. and Y2, both
mediating direct smooth muscle contraction.
BXT depressed the maximal response to [Leu31,Pro34]NPY

in a time- and concentration-dependent manner, so we
hypothesize that this compound irreversibly binds to the
post-junctional, Y. receptor subtype. Nevertheless, BXT was
without effect on the dose-response curve to NPY18-36 sug-
gesting that this tissue expresses not only the 'classical' Y1
receptor as described previously (Cadieux et al., 1993) but
also functional Y2 receptors which are insensitive to BXT
blockade.
The slow decline of the effect of BXT in this preparation

allowed us to consider this antagonist irreversible and per-
mitted a determination of the dissociation constant for
[Leu31,Pro34]NPY. The pKA value is considered to be a drug-
receptor-dependent parameter, therefore it may be used to
classify receptors. Two different methods have been applied:
the operational (Black & Leff, 1983) and the null method
(Furchgott, 1966; MacKay, 1966), the difference occurring in
the efficacy term that is introduced only in the former. The
results obtained were comparable and not statistically
different in terms of estimated pKA (-log KA) value. How-
ever, the derived dissociation constants for [Leu31,Pro34]NPY
(7.20-7.60) were at least 30 fold lower than that obtained by
binding experiments in a human cell line (SK-N-MC)
thought to express naturally the NPY Y. receptor (Michel et
al., 1990). A similar result was obtained in our laboratories
where a pKi of 8.52 for [Leu31,Pro3]NPY was found in
displacement experiments using [3H]-propionyl-NPY. Fur-
thermore, BXT at 200 LM extensively decreased the binding
of [3HJ-propionyl-NPY in these cells, thus confirming the
presence of the NPY Y. receptor (unpublished results). The
differences in [Leu31,Pro34]NPY affinity for the NPY Y.
receptor found between rabbit saphenous vein and SK-N-
MC cells could be due to a real heterogeneity of receptors or
to problems arising from the level of expression of the recep-
tor in this cell line. In fact, it is known that the level of
receptors expressed at different cell passages may vary con-
siderably (McKinney et al., 1984) generating different
receptor/G-protein ratios that, in turn, can influence the
measurements of agonist affinity (Kenakin, 1993).
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Moreover, the utilization of the operational method
allowed us to show that [Leu3",ProM]NPY behaves as a full
agonist. In fact the efficacy term (TI) was 7.4, quite a large
value. However, this result was expected from the fact that
the pKA estimated was 3-7 times lower than the potency for
the same agonist, therefore representing the classical
behaviour of a full agonist.

In conclusion, this work seems to support the hypothesis
that pre-junctional (rabbit vas deferens) and post-junctional
(rabbit saphenous vein) NPY Y. receptors are different and
that BXT may be considered a tool to discriminate between

them. Moreover, the rabbit saphenous vein probably also
expresses a post-junctional NPY Y2 receptor evoking smooth
muscle contraction, which is insensitive to BXT. This fact
and our observation that pre-junctional NPY Y2 receptors
located on rat vas deferens are also insensitive to BXT (Palea
et al., 1994) seem to indicate that this compound is a useful
tool to discriminate also between NPY Y, and Y2 recep-
tors.

We would like to thank Dr Francesca Graziani for providing the
binding data for NPY receptor in SK-N-MC cells.
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Calcium homeostasis in mouse fibroblast cells: affected by
U-73122, a putative phospholipase Cp blocker, via multiple
mechanisms

Jeremy P Grierson & 'Jacopo Meldolesi

Department of Pharmacology, DIBIT -S Raffaele Scientific Institute, via Olgettina 58, 20132 Milan, Italy

1 The inhibitory effects of the putative phospholipase Cp inhibitor, U-73122, on ligand-induced and
thapsigargin-induced [Ca2 ]i transients were investigated in mouse fibroblast cells (the L line).
2 Ca2" release from intracellular stores was stimulated either by ATP (and also by UTP or ADP)
working through the activation of a P2u receptor, or by lysophosphatidic acid, which elicited a more

pronounced response.

3 U-73122 inhibited the Ca2" mobilization produced by all the agonists in a dose-dependent manner,

consistent with a mode of action involving phospholipase C inhibition.
4 In addition, however, U-73122 slowed the kinetics of intracellular Ca2+ release induced by the
Ca2+-ATPase inhibitor, thapsigargin, and reduced the influx of Ca2+ across the plasma membrane,
following stimulation of store-dependent influx by the latter.
5 We conclude that U-73122 has multiple sites of action, all of which can lead to a change in Ca2+
homeostasis. Thus, particular caution is recommended when employing this agent and when interpreting
the results obtained.

Keywords: U-73122; fibroblast; calcium homeostasis; phospholipase C; store-dependent Ca2+ influx; thapsigargin-induced Ca2+
release

Introduction

The release of intracellular Ca2", induced by the activation of
many surface receptors, is a multistep process that includes,
in sequence: (1) ligand binding and the activation of the
receptor and its interaction with a G protein, (2) the dissocia-
tion of the G protein and guanine nucleotide exchange, (3)
the activation of phospholipase Cp (PLC) by the alpha sub-
unit, with hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2), (4) the release into the cytosol of the second
messenger, inositol 1,4,5-trisphosphate (1P3) and its binding
to the intracellular receptors located on the rapidly exchang-
ing Ca2+ stores, and (5) the release of stored Ca2+ (Berridge,
1993). Experimental investigation of the role of the various
molecular components in this process has been greatly
assisted by the existence of specific blockers and activators,
effective at different stages of the signal transduction path-
way. For example, aluminium fluoride can be used to stimu-
late IP3 generation via an activation of the G proteins and, if
there is access to the cell cytosol, heparin can be applied to
block the IP3 receptor. However, we are still limited by our
inability to prevent the generation of IP3 in intact cells. It
was therefore of interest when the aminosteroid, U-73122,
was reported to be an inhibitor of the PLC enzyme (Smith et
al., 1990; Bleasdale et al., 1990). This membrane permeable
compound was shown to inhibit the production of radio-
labelled inositol phosphates (lithium blocked metabolism) in
SK-N-SH neuroblastoma cells, when stimulated with oxotre-
morine, as well as to prevent the induced transients of
cytosolic free Ca2" ([Ca2+]I) (Thompson et al., 1994). Fur-
thermore, in rat pancreatic acinar cells, which exhibit
cholecystokinin-evoked [Ca2+], oscillations, U-73 122 was

found to block the oscillatory activity (Yule & Williams,
1992). Thus, U-73122 was concluded to be a valuable tool
with which to test the involvement of IP3 generation in
physiological processes.

In the course of our studies on Ca2" homeostasis in mouse
fibroblasts (L cells), we have found that U-73122 is indeed

' Author for correspondence.

very effective in inhibiting the agonist-induced [Ca2+]i tran-
sients sustained by release of the cation from intracellular
stores. However, we also found that the compound can affect
Ca2" homeostasis in ways which appear to be unrelated to an
interaction with PLC. In particular, the drug slowed the
kinetics of intracellular Ca2" release induced by the endo-
plasmic-sarcoplasmic reticulum Ca2" ATPase (SERCA) inhi-
bitor, thapsigargin (TG), and reduced the influx of Ca2" that
follows the emptying of intracellular stores (Clementi et al.,
1992). These additional effects of U-73122 can clearly com-
plicate the interpretation of experiments in which the com-
pound is used.

Methods

Cell culture

Mouse L fibroblasts (ATCC CCL 1, clone 929, a kind gift
from Dr A. Mantovani, Mario Negri Inst. of Pharmacology,
Milan) were plated in 10 cm plastic dishes and maintained in
Dulbecco's modified Eagle's medium, supplemented with
10% foetal bovine serum, 2 mM glutamine and antibiotics,
and at 37'C in a humidified, 5% CO2 atmosphere. After
culturing for 5-7 days, the cells were removed by light
trypsinization and a stream of Ca2'-free saline.

Determination of [Ca2+]i
Detached cells were loaded with fura-2 AM (2 gM from
Calbiochem, San Diego, CA, U.S.A.) for 45 min in a
HEPES-buffered saline (KRH): (mmol-') NaCI 125, KC1 5,
KH2PO4 1.2, MgSO4 1.2, CaCl2 2, glucose 6, HEPES, 25
(pH 7.4), then centrifuged and resuspended in KRH contain-
ing 250 jM sulfinpyrazone. They were stored at room
temperature, at a density of 2 x 106 ml-' until use. For each
experiment, the cells were diluted-in 1:2 in KRH and trans-
ferred to a quartz cuvette of either 1.5 or 3 ml volume
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(volume of cell suspension 0.75 or 1.5 ml, respectively).
Fluorescence measurements were made with both LS-5 and
LS-50 fluorimeters (Perkin-Elmer) and with both single- and
dual-wavelength modes, at 37C. The cells were constantly
stirred at a moderately slow rate. Each trace was calibrated
at the end with EGTA and Ca2" after Triton X-l00 perme-
abilization. Data from the LS-50 was transferred to a spread-
sheet programme for offline analysis and plotting. [Ca2]i was
estimated by the equation:

[Ca2]i = Kd x (F-Fmin)/(Fmax-F)

Mn2+ quenching offura-2fluorescence

As described previously (Clementi et al., 1992), cells loaded
with fura-2 were resuspended in Ca2'-free KRH with reduc-
ed phosphate (0.6 mM KH2PO4) and no sulphate ions. MnCl
(50 pM) was added to the cells at the start of the experiment.

Materials

U-73 122 and U-73343 (1-[6-[[17P-3-methoxyestra-1-3-5(10)-
trien-17-yl]amino]hexyl]-1H-pyrrole-2,5-dione and 1-[6-[[1 7p-
3-methoxyestra-1-3-5(10)-trien-17-yl] amino] hexyl]-2,5- pyr-
rolidine-dione, respectively) were purchased from Biomol
Research Labs (Playmouth Meeting, PA, U.S.A.) and dis-
solved in dimethylsulphoxide (DMSO) at 2 mM. TG (Calbio-
chem) was 100 jAM in DMSO. Unless stated otherwise, all
additional chemicals were purchased from Sigma, St. Louis,
MO, U.S.A.

Results

0)

0)

0U)
U)
LU
a)
0
C)

300

200

100

[Agonist] M

Figure 1 Concentration-dependence of the [Ca2+]i responses by ATP
and lysophosphatidic acid (LPA) in mouse L fibroblasts. Data shown
are averages of results obtained in a total of 12 (ATP, 0) and 5
(LPA, U) experiments. [Ca2+], of resting cells was 108 ± 25 nm. The
concentration values in the abscissa scale run from 10-' to 10' M
for ATP and from 10-8 to 10-5M for LPA.
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Suspensions of L fibroblast cells respond to ATP via a
putative P2U (or P2M2) type receptor (Cockcroft & Gomperts,
1979; Watson & Girdleston, 1993; Abbracchio & Burnstock,
1994; Grierson & Meldolesi, 1995) with a release of stored
intracellular Ca2+ to produce a rapid elevation of [Ca2+]i. At
maximal ATP concentration, 0.1 mM, the peak amplitude
was 320 ± 23 nM (n = 12; see Figure 1). Results similar to
those obtained with ATP were observed when UTP was
employed at the same concentrations whereas ADP induced
only minor responses even when used at 0.5 mm concentra-
tion (not shown). There appeared to be no major contribu-
tion from external Ca2+ to the ATP-induced rise, since the
response was apparently unchanged in Ca2+-free (1 mM
Ca2+/2 mM EGTA) saline. Furthermore, prior depletion of
the internal Ca2" stores by the SERCA-type Ca2+-ATPase
inhibitor, TG, prevented the ATP-induced Ca2+ transient
(not shown). The cells also responded, with a release of
intracellular Ca2 , to low concentrations of lysophosphatidic
acid (LPA) (Jalink et al., 1990; Durieux & Lynch, 1993). This
phospholipid was effective over the range 0.01- 10 M pro-
ducing, at maximal concentrations, a Ca2+ transient of
greater amplitude and duration than that produced by ATP
(peak amplitude 435 ± 33 nM, n = 5; Figure 1).

Inhibition of Ca2l transients by U-73122

When the aminosteroid, U-73122, was added to the cells
prior to stimulation, a dose-dependent inhibition of agonist-
induced [Ca2 ], transients was produced, irrespective of which
agonist was used. Figure 2a illustrates the inhibition by
U-73122 of the Ca2 transients induced by 100 JIM ATP, and
similar families of curves were produced for other agonists,
i.e. 100 JM UTP and 10 JAM LPA. For LPA, an attenuation
was observed over the range 1 to 8 JM, with an apparent
EC50 around 3.5 JM (Figure 2b) and complete inhibition at
the highest concentration. For ATP the inhibition curves
were shifted further to the left and an apparent EC50, for
U-73122, of around 1.5IJM was obtained (Figure 2b). This
difference could have been expected because of the stronger
response induced by LPA with respect to ATP. In agreement
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Figure 2 Inhibition by U-73122 of ATP and lysophosphatidic acid
(LPA)-induced Ca2l mobilization. (a) Inhibition by various concent-
rations of U-73122 of ATP-induced Ca2l mobilization. The series of
[Ca2+]i transients were stimulated by the maximal concentration
(100 gM) of ATP added at the arrow in the presence of 0, 2, 4 and
6 gM U-73122. The traces shown are representative of the results
obtained in at least three experiments. (b) Inhibition curves for
U-73122 and U-73343 on Ca2+ mobilization by 100gM ATP (0 and
*, respectively) and for U-73122 on 10gM LPA (U). Data are

expressed as a percentage of the control response (vehicle alone)
amounting to 310 and 415 nm for ATP and LPA, respectively.
Values shown in (b) are means ± s.e. of three separate
experiments.
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with earlier reports (Thompson et al., 1994), we found that
U-73122 was very sensitive to the protein concentration and,
therefore, the EC50 increased with cell density (a five fold
increase of density induced an approximate doubling of the
apparent EC50, not shown). It has been suggested that the
closely related compound U-73343, which has a succinimide
side chain instead of the maleimide chain of U-73122, may
provide a control for U-73122 (Yule & Williams, 1992). We
found that this compound still attenuated the ATP-induced
peak [Ca2"]i, however, to a maximum of only about 18%
(Figure 2b). With LPA the attenuation was similar (max-
imum 15% not shown), while DMSO, the vehicle for both
these compounds, had no inhibitory effect up to a maximal
concentration of 0.4% (not shown).

Effect of U-73122 on TG-induced Ca2+ release

The release of stored intracellular Ca2" by ionomycin was
unaffected by treatment with U-73122 (not shown). In con-
trast, close examination of the kinetics of Ca2" release after
0.1 M TG addition revealed that, when compared with con-
trols, release of Ca2+ in the presence of U-73122 was slowed.
In control experiments, in a Ca2"-free medium, TG induced
an increase in [Ca2+], which peaked after 16 ± 4 (n = 5) s and
then began to decline slowly (Figure 3). In the presence of
5 1M U-73122 on the other hand, the time required to attain
the peak response was retarded by 10-20 s (mean 30+ 8;
n = 5) and the overall shape of the transient was also more
rounded, although there was no significant change in peak
height (Figure 3). In some preparations, the recovery of Ca2
to resting levels, after TG treatment, was retarded in the
presence of U-73122. In contrast, U-73343 had no effect on
the release kinetics of TG. Previous experiments have sug-
gested that mouse L cells exhibit a constitutive activation of
ATP P2u receptors, from low levels of endogenous ATP
released into the KRH, with a moderate stimulation of PIP2
breakdown (Grierson & Meldolesi, 1995). We considered the
possibility that the slowing effect of U-73122 on TG-induced
release was caused by a decrease in the cytosolic concentra-
tion of IP3, via the known effect of U-73122 on PLC. Indeed,
when the activation of ATP receptors was prevented by
adding the ATPase, apyrase, to the KRH, it was found that
the rate of Ca2+ release was similarly retarded when com-
pared with untreated control (not shown).

that result from the generation of IP3, i.e. the release of Ca2"
from intracellular stores, but also to affect the release that
follows SERCA blockade, which is widely believed to be
IP3-independent and to involve a store-dependent Ca2" influx
across the plasma membrane.
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Figure 3 The effect of U-73122 on the thapsigargin (TG)-induced
[Ca2+]J transients. U-73122 or vehicle was administered at the arrow
and this was followed by 100 nm TG (arrowhead). With vehicle
alone (upper trace) TG induced a fairly rapid release of intracellular
Ca2+ whereas in the presence of 5 1AM U-73122 (lower trace), release
was markedly slower. In this example, the rates of [Ca2+], rise are
21.6 and 9.2 nm s' , respectively, with the peak delayed in the
U-73122-treated cells by approximately 14 s. Traces shown are
representative of 5 separate experiments.

._;C
s
(U

Effect of U-73122 on Ca2- influx

When the intracellular Ca2" pools were depleted by TG in
the presence of EGTA, the re-introduction of Ca2" to the
medium resulted in an overshoot in the [Ca2+]i rise which
then declined to an elevated plateau (Figure 4a). These events
are known to be due to the activation of a Ca2+ influx that is
carefully related to the depletion of the stores (Clementi et
al., 1992). It was found that if U-73122 was administered
prior to Ca2" re-introduction, the Ca2"-overshoot above the
step rise in fluorescence, due to extracellular fura-2, became
hardly appreciable (Figure 4a). This inhibition by U-73122 of
Ca2+ influx across the plasma membrane was further investi-
gated by using the manganese-quench technique. In these
experiments, increased cationic influx was indicated by an
increase in the rate of fluorescence quenching at the Ca2+-
insensitive wavelength of fura-2, 365 nm. Figure 4b shows
that under control conditions, the Mn2+-induced reduction in
cellular fluorescence was 50% over 3 min. This value was
halved in the presence of 5 jiM U-73122, thus confirming that
cationic influx was inhibited.

Discussion and Conclusions

In this investigation, we have shown that the putative PLC
inhibitor, the aminosteroid, U-73122, has multiple effects on
Ca2+ homeostasis. It appears not only to inhibit the effects
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Figure 4 The effect of U-73122 on the thapsigargin (TG)-induced
Ca2l influx. (a) Following the depletion of internal Ca2l pools by
TG (0.1 gM, arrows) in the presence of 1 mM EGTA, the addition of
vehicle (V) and the restitution of [Ca2+]0 (2 mM) induces an over-
shoot in the [Ca2+]i transient (upper trace). In the lower trace U-
73122 (5 1M) was added to the cuvette at 'U'. The cellular response
when [Ca2"]. was re-added shows that the Ca2l overshoot was
largely blocked inasmuch as the visible step rise in fluorescence is
primarily due to extracellular fura-2. (b) Shows the effect of U-73122
on Mn2+ quenching of 365 nm fluorescence. The upper trace shows
the addition of 501AM Mn2+ at the arrowheads, followed by 5 1M
U-73122 (U). The lower trace shows the effect of vehicle alone (V).
Traces shown are representative of 5 (a) and 3 (b) separate
experiments.
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U-73122 was found to produce inhibition of [Ca2+], tran-
sients induced by ATP and LPA, and the active range of
concentrations was similar to that reported for SK-N-SH
neuroblastoma cells and rat pancreatic acinar cells (Thomp-
son et al., 1994; Yule & Williams, 1992). These effects appear
to be consistent with the proposed mechanism of action of
the aminosteroid, i.e., the disruption of the G-protein/
phospholipase Cp coupling and inhibition of IP3 synthesis
(Thompson et al., 1994). An additional effect of U-73122,
namely disruption of the processing of phosphoinositides
upstream of PIP2 hydrolysis, could decrease PIP2 availability
(Vickers, 1993) and thus also contribute to the effect.
An explanation for the U-73122-induced slowing of Ca2+

release observed after SERCA blockade by TG is via a
reduction in the intracellular concentration of IP3. Indeed,
our results with apyrase have revealed an at least partial
disappearance of the aminosteroid effect when the autocrine
stimulation by ATP was prevented. Moreover, other inves-
tigators (for example, Short et al., 1993) have noted that the
emptying of the Ca2+ store by TG is faster when combined
with IP3. However, it remains possible that U-73122 has a
direct effect on the SERCA of these cells. Preliminary results
(J. Grierson, unpublished observations) have shown that U-
73122 can cause the emptying of the rapidly exchanging Ca2+
stores in a PC12 cell subclone (Clementi et al., 1993).
TG-induced depletion of the rapidly exchanging Ca2+ pool

has widely been employed to evoke the inward Ca2+ current
which is used to replenish the store, known as 'capacitative
entry' or 'store-dependent calcium influx' (SDCI) (Clementi
et al., 1992; Meldolesi, 1993). Many investigators believe that
this current is initiated by a retrograde signal released from
the pool, but the identity of such a message remains elusive
(Meldolesi, 1993). The store dependent calcium influx of L
cells appears to be relatively weak, in that there is no pro-
longed plateau of elevated [Ca2+],, only a transient response

when Ca2" is re-introduced into the medium. This over-shoot
was selectively eliminated by U-73122. An inhibition of IP3 is
not likely to be involved in this instance, since previous
studies have shown that TG does not alter IP3 synthesis or its
metabolism (Thastrup et al., 1990; Ely et al., 1991). Possible
sites of action could therefore be at the plasma membrane
Ca2+ channel or at some stage of the retrograde signalling. It
may be pertinent that recent evidence suggests that the ret-
rograde messenger could be a small G protein (Fasolato et
al., 1993), i.e. a protein partially homologous to the a subunit
of the trimeric G protein with which U-73122 is believe to
react.

In conclusion, U-73122 seems not to act at just one site, as
suggested previously, to provoke a change in Ca2" homeo-
stasis. Although the coupling of activated G protein to PLCp
appears to be the most important process disrupted by this
compound, changes occur in Ca2+ flux across the membrane
and probably also in the function of the SERCA Ca2+-
ATPase. These last two effects could contribute significantly
to the overall effects of the aminosteroid. For example,
[Ca2+], oscillations are known to involve the rhythmic uptake
and release of Ca2+ from the IP3-sensitive stores and to be
sustained by the continuous supply of Ca2+ via trans-plasma-
lemmal influx (Harootunian, 1988; Berridge, 1993; Meldolesi,
1993). Thus, the blockade of Ca2+ oscillations by U-73122
could result not only from the disruption of IP3 synthesis,
but also from the two other coordinate effects revealed in the
present study. Thus, the use of U-73122 as an experimental
tool requires special caution and careful characterization of
all of the effects of the drug in the cell type investigated.
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Ginsenosides-induced nitric oxide-mediated relaxation of the
rabbit corpus cavernosum

'Xiu Chen & 2Tony J.-F. Lee

Department of Pharmacology, SIU School of Medicine, Springfield, IL 62794-9230, U.S.A.

1 Ginsenosides, the active ingredients extracted from Panax ginseng, have been shown to promote
nitric oxide (NO) release in bovine aortic endothelial cells. Since the endothelial cells and the perivas-
cular nerves in penile corpus cavernosum contain NO synthase and an NO-like substance has been
shown to be released from these cells which relaxes corpus cavernosum, the possibility that ginsenosides
may relax corpus cavernosum by releasing endogenous NO was examined.
2 With an in vitro tissue superfusion technique, ginsenosides (250, 500 and 750 fig ml-') relaxed corpus

cavernosum, concentration-dependently.
3 Using an in vitro tissue bath technique, acetylcholine (ACh)-induced relaxations were increased in the
presence of ginsenosides (250 igml-').
4 Ginsenosides at 100 Lgml1' significantly enhanced the tetrodotoxin (TTX)-sensitive relaxation of
corpus cavernosum elicited by transmural nerve stimulation.
5 The ginsenosides-induced, ACh-induced and ginsenosides-enhanced transmural nerve stimulation-
elicited relaxations were significantly attenuated by N0-nitro-L-arginine (100IJM) and oxyhaemoglobin
(oxyHb; 5-10JM), and were enhanced by superoxide dismutase (SOD; 50uml-').
6 The relaxations and their attenuation by NG-nitro-L-arginine and TTX were associated with increase
and decrease in tissue cyclic GMP levels, respectively.
7 It is concluded that ginsenosides may release NO from endothelial cells, and enhance NO release
from endothelial cells elicited by other vasoactive substances and from perivascular nitrergic nerves in
the corpus cavernosum. These endothelial and neurogenic effects of ginsenosides in inducing relaxation
of the corpus cavernosum may account for the aphrodisiac effect of Panax ginseng.

Keywords: Ginsenosides; nitric oxide; rabbit corpus cavernosum; neurogenic vasodilatation; endothelium-dependent vasodilata-
tion; aphrodisiac.

Introduction

It has been reported that ginsenosides, saponins extracted
from Panax ginseng, relax pulmonary blood vessels (Chen et
al., 1984; Kim et al., 1992) and that this relaxation is
inhibited by N0-nitro-L-arginine, a nitric oxide synthase
(NOS) inhibitor (Chen et al., 1993). Ginsenosides and one of
its purified ingredients, Rgl, have also been shown to in-
crease the conversion of L-arginine, a substrate for nitric
oxide synthase (NOS), to citrulline, suggesting that
ginsenosides enhance nitric oxide (NO) synthesis (Kim et al.,
1992). Since Panax ginseng is an essential constituent in
traditional Chinese aphrodisiacs, and the relaxation of penile
corpus cavernosum can be elicited by NO released from the
endothelial cells and non-adrenergic, non-cholinergic
(NANC) nerves innervating the corpus cavernosum (Ignarro,
1992; Bush et al., 1992; Rajfer et al., 1992), we examined the
possibility that ginsenosides may relax the penile corpus
cavernosum by modifying release of NO or a related sub-
stance from the endothelial cells and NANC nerves.

Methods

In vitro techniques for recording tension changes

Corpus cavernosum strips were prepared from penes of New
Zealand white rabbits (3.5-4.4kg) and mounted in tissue
baths containing 10ml Krebs bicarbonate solution at 37'C
equilibrated with 95% 02 and 5% CO2 (Lee, 1982; Chen &

Gillis, 1992). After 90 min equilibration, strips of corpus
cavernosum were loaded with resting tensions of 2 g. Either a
tissue superfusion technique or a tissue bath technique was
used, with changes in isometric tension being measured by
Grass FT03 transducers and recorded on a Grass Poly-
graph.
To detect the relaxation effect of ginsenosides and to avoid

the potential foaming artifact generated by high concentra-
tions of ginsenosides, a tissue superfusion technique (Chen &
Gillis, 1992) was used. Krebs solution was superfused over
strips of corpus cavernosum at 5 ml min'- with a peristaltic
pump. Experimental drugs were delivered with a second
pump at 0.25mlmin-' (1:10 dilution) for 2min by direct
application to the superfusate over the tissue. In the presence
of active muscle tone induced by phenylephrine (3 JAM), ACh
(1 JM) was superfused for 2 min to verify the competency of
the endothelial cells. At the end of each experiment, 1 JM
3-morpholino-sydnonimine (Sin-I), a NO-releaser, was super-
fused to induce a relaxation. The ginsenosides-induced relax-
ation was calculated as percentage of that induced by Sin-I.
To examine the effect of ginsenosides on ACh-induced

relaxation, an in vitro tissue bath technique was used (Lee,
1982). After active muscle tone had been induced by
phenylephrine (3 JM), ACh (O.3 JM-IO gAM) was cumulatively
applied to the bath. Thirty minutes after replacing the Krebs
solution and in the presence of active muscle tone induced by
phenylephrine (3 JM), ginsenosides (100, 250 or 500 g ml-')
were added 10 min before repeating the ACh concentration-
response relationships. In some experiments, oxyhaemoglobin
(oxyHb; 5-10IAM), prepared as described by Linnik & Lee
(1989), was added to the tissue bath after the corpus caver-
nosum relaxation induced by ACh levelled off to detect the
possibility of NO-mediated ACh-induced relaxation. The
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University, Changsha 410078, People's Republic of China.
2Author for correspondence.

BrRish Journal of Pharmacology (1995) 115, 15-18



X. Chen & T.J.-F. Lee Ginsenosides relax corpus cavernosum

relaxations were calculated as percentage of active vessel tone
induced by phenylephrine (3 gAM).
To examine the effect of ginsenosides on the corpus caver-

nosum relaxation induced by transmural nerve stimulation,
two parallel platinum electrodes, one on either side of the
corpus cavernosum strips in the tissue bath were connected
to a Grass 88 square wave pulse stimulator. This was coupled
to a stimulus splitter (Med-Lab Stimu Splitter II) and two
stimulus isolation units (Grass SIU5) to generate constant
current biphasic square waves pulses (Lee, 1982). In the
presence of active muscle tone induced by phenylephrine
(3 Mm) and with the current constantly monitored by an
oscilloscope (BK Precision Model 1476), transmural nerve
stimulation was delivered with a current of 200 mA and a
pulse duration of 0.3 ms for 10 s at 2, 4, 8 and 16 Hz.
Guanethidine (5 IM) and atropine (1 Mm) were present
(atropine was omitted when ACh was tested) throughout the
entire experiment to eliminate the potential involvement of
adrenergic and cholinergic components. Ginsenosides at
different concentrations (100,Mgmlh' to 250 Mgml-') were
added to the bath 10 min before repeating transmural nerve
stimulation at the various frequencies. At the end of each
experiment, TTX (0.3 MM), a sodium channel blocker, or
N0-nitro-L-arginine (50 M), a NOS inhibitor, was added to
the bath to verify the neurogenic origin or NO-mediated
relaxation, respectively. Relaxation was calculated as a
percentage of phenylephrine-induced active muscle tone.

Cyclic GMP assay

After maximum relaxation induced by various stimulants,
corpus cavernosum strips were rapidly frozen in liquid nit-
rogen and stored at - 700C until assayed. Samples were
pulverized by Wig-L-Bugamalgamator (Crescent Dental
Manufacture Co. Lyons, IL, U.S.A.), homogenized, extracted
in H20-saturated ether, and lyophilized to determine
guanosine 3':5'-cyclic monophosphate (cyclic GMP) levels by
radioimmunoassay kits from Biochemical Technologies, Inc.
(Stoughton, MA, U.S.A.) (Chen & Gillis, 1992).

Chemicals

Acetylcholine (ACh), atropine sulphate, guanethidine sul-
phate, phenylephrine, N0-nitro-L-arginine, superoxide dis-
mutase (SOD) and tetrodotoxin (TTX) were purchased from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). 3-Morpholino-
sydnonimine (Sin-1) was a gift from Hoechst AG (Frankfurt,
Germany). Ginsenosides were extracted from Panax ginseng
by C.A. Meyer as described by Shibata et al. (1965). Krebs
bicarbonate solution consisted of (mM): NaCl 118.2,
KCl 4.74, CaCl22.54, KH2PO4 1.19, MgSO4 1.19,
NaHCO3 26.2, dextrose 11. 1, indomethacin 0.006 and
Na2EDTA 0.023.

Statistics

Data were expressed as mean ± s.e.mean. Differences between
the two groups were determined by Student's paired or
unpaired t test and were considered significant if P <0.05.

Results

Ginsenosides-induced relaxation

Ginsenosides at 250, 500 and 750 ig mlM induced con-
centration-dependent relaxations. The induction of relaxation
was immediate upon application of ginsenosides. These relax-
ations were significantly enhanced by SOD (50 u ml-') and
were attenuated by NG-nitro-L-arginine (50 jM) (Figure 1)
and oxyHb (5 Mm; n = 3) (data not shown). N0-nitro-L-
arginine and oxyHb, but not SOD, significantly increased the
resting muscle tone (data not shown). Ginsenosides at

- 100
(A

0

-. 50 *

GS 250 500 750 750 750pjg ml-'
+ SOD + L-NOARG

Figure 1 Ginsenosides (GS) induce relaxation of corpus caver-
nosum: GS (250, 500, 750jgmlm') were superfused in Krebs solu-
tion over strips of corpus cavernosum for a period of 2 min each (for
details, see methods). Superoxide dismutase (SOD) and N0-nitro-L-
arginine (L-NOARG) were superfused 3-5 min before superfusing
GS. The relaxation induced by GS was concentration-dependent.
The relaxation induced by GS at 750 jig ml-' was equivalent to that
induced by 1 pIM Sin-I. This relaxation was significantly (P<0.05)
enhanced by concomitant superfusion of SOD (50 u ml-'), and was
significantly attenuated by L-NOARG (50 JiM). *P< 0.05 and
**P<0.021 indicate significant differences from GS 750 jig ml,
n = 6 in each group.

750 Mg ml' induced maximum relaxation which was equiva-
lent to that induced by 1 jM Sin-i. Relaxation induced by
Sin-i (0.01-1 MM) was not affected by ginsenoside
(250-500IMgml-') (data not shown).

Ginsenosides-enhanced ACh-induced relaxation

In the presence of active muscle tone induced by phenyle-
phrine (3 Mm), the corpus cavernosum relaxed immediately
upon application of ACh in a concentration-dependent man-
ner (Figure 2). ACh-induced relaxation was blocked by
atropine (1 Mm), NG-nitro-L-arginine (50 Mm), and oxyHb
(5 MM) (data not shown), and was enhanced in the presence
of ginsenosides in a concentration-dependent manner.

Ginsenosides-enhanced transmural nerve
stimulation-induced relaxation

Transmural nerve stimulation elicited relaxation of strips of
corpus cavernosum in a frequency-dependent manner (Figure
3). The relaxation was significantly enhanced in the presence
of 100 jg ml-' ginsenosides. Higher concentrations of
ginsenosides (250 jig ml-') did not further increase the relax-
ation elicited by transmural nerve stimulation at any fre-
quency except 16 Hz. The enhanced-relaxation returned to
normal after removing ginsenosides by washing with fresh
Krebs solution. In the presence of TTX (0.3 Mm), the relaxa-
tions elicited by transmural nerve stimulation at various fre-
quencies were almost abolished while relaxations induced by
ginsenosides and ACh persisted. The relaxations induced by
transmural nerve stimulation at various frequencies were
abolished by NG-nitro-L-arginine (50 jiM) (data not
shown).

Effects ofginsenosides on cyclic GMP content

Relaxations of corpus cavernosum induced by ginsenosides
(250 Mg ml) and transmural nerve stimulation at 16 Hz were
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Table 1 Effects of ginsenosides and transmural nerve
stimulation (TNS) on cyclic GMP content in corpus
cavernosum

Cyclic GMP content
(pmol g' wt)

Control
Ginsenosides
TNS
Ginsenosides + TNS
Ginsenosides + TNS + TTX
Ginsenosides + N0-nitro-L-arginine
Ginsenosides + TNS
+ N0-nitro-L-arginine

601-

10.8 ± 1.2
18.4 ± 1.8*
18.6 ± 1.8*
29.3 ± 2.1**
16.0 ± 1.1*
4.7 ± 1.2*,t
4.8 ± 0.4*,t

Transmural nerve stimulation (16 Hz); ginsenosides
(250 Lg ml-'); NG-nitro-L-arginine (50 gM); tetrodotoxin
(TTX, 0.3 jug ml-'); n =number of experiments.
*P <0.01 vs control, **P< 0.01 vs ginsenosides or TNS,
and tP<0.01 vs ginsenosides plus TNS indicate statistical
significance (Student's unpaired t test).

8 7 6 5
-log [AChl M

Figure 2 Ginsenosides (GS) concentration-dependently enhanced
acetylcholine (ACh)-induced relaxation of corpus cavernosum.

Ginsenosides at 250 jig ml-' (-) but not at 100 fLg ml (@)
significantly enhanced the relaxation; (0) control. *P< 0.05
indicates significant difference from the respective control, n = 6 in
each group.

TTX (0.03 JM) to the level equivalent to that induced by
ginsenosides alone, while it was inhibited by N0-nitro-L-
arginine (50.M) to a level significantly below the control
values.

Discussion

0

**

25

0

x

50

75

**

2 4 8

Transmural nerve stimulation (Hz)
16

Figure 3 Ginsenosides (GS) enhanced transmural nerve stimulation-
induced relaxation of the corpus cavernosum. Ginsenosides at
100 jig ml1-I (*) enhanced transmural nerve stimulation-induced
relaxation. At 250 pg mlh ', (@) ginsenosides did not further enhance
relaxation elicited by transmural nerve stimulation at various fre-
quencies except 16 Hz. The relaxation was almost abolished by
tetrodotoxin (TTX, 0.3 gM) (A). Control (0). *P<0.05 indicate
significant differences from the respective control, n= 7 in each
group.

accompanied by significant increases in tissue cyclic GMP
levels (Table 1). The increases were inhibited by N0-nitro-L-
arginine (50pM) to a level significantly below the control
values. In the presence of ginsenosides (250;Lgml-'), trans-
mural nerve stimulation at 16Hz resulted in a greater in-
crease in cyclic GMP content than that induced by
ginsenosides or transmural nerve stimulation alone. This
additive increase in cyclic GMP content was reversed by

In the present study, we have demonstrated that ginsenosides
induce an endothelium-dependent relaxation, and enhance
ACh-induced and transmural nerve stimulation-elicited relax-
ations in corpus cavernosum of the rabbits. These effects of
ginsenosides appear to be mediated by release and/or the
modification of release of NO from endothelial cells and
perivascular nerves. This is based on the findings that both
neurogenic and endothelium-mediated relaxations were
enhanced by SOD, a scavenger of superoxide anion which is
known to inactivate NO (Gryglewski et al., 1986), and were
blocked by N0-nitro-L-arginine, a specific inhibitor of NOS
(Rees et al., 1990) and oxyHb which is known to trap NO
(Martin et al., 1985). Furthermore, relaxations of corpus
cavernosum induced by transmural nerve stimulation,
ginsenosides, or transmural nerve stimulation plus
ginsenosides, and inhibition of these relaxations by NG-nitro-
L-arginine were associated respectively with increases and
decreases in tissue cyclic GMP content.

It should be noted that the enhanced corpus cavernosum
cyclic GMP content induced by ginsenosides and transmural
nerve stimulation plus ginsenosides were decreased by N0-
nitro-L-argihine to a level significantly lower than that of the
control, suggesting that there is a tonic release of endogenous
NO in isolated corpus cavernosum. Furthermore, TTX,
which almost abolished transmural nerve stimulation-elicited
relaxation in the presence or absence of ginsenosides,
decreased the tissue cyclic GMP content elicited by trans-
mural nerve stimulation plus ginsenosides to a level equiva-
lent to that induced by ginsenosides alone. These results
provide further evidence that ginsenosides can modify the
synthesis and release of NO in perivascular nerves and
endothelial cells of the corpus cavernosum.

In the rabbit pulmonary and intrapulmonary arteries,
ginsenosides have been shown to induce an endothelium-
dependent, NO-mediated dilatation (Chen et al., 1984; Kim
et al., 1992). It has also been shown that both ginsenosides
(1 0 jg ml-') and Rgl (10 ftM) significantly enhance the con-
version of L-arginine to L-citrulline in bovine cultured aortic
endothelial cells. This result suggests that ginsenosides can
increase endothelial NOS activity and therefore NO produc-
tion (Kim et al., 1992). In the present study, although the
ginsenosides-induced response in endothelium-denuded cor-
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pus cavernosum was not examined due to difficulties in
removing the endothelial cells, the corpus cavernosum
vasodilator effect of ginsenosides qualitatively resembled that
of ACh which is endothelium-dependent (Ignarro, 1992).
Furthermore, ginsenosides enhance ACh-induced relaxation.
These results suggest that the mechanism of ginsenosides-
induced endothelium-dependent vasodilatation of corpus
cavernosum is similar to that found in other vascular beds:
both are mediated by activation of NOS and release of NO
in the endothelium. Since the induction of relaxations by
ginsenosides in corpus cavernosum and other vascular beds
are immediate upon ginsenosides application (present study;
Chen et al., 1984; Kim et al., 1992), it is most likely that
ginsenosides activate an endothelial constitutive isoform of
NOS.

In addition to the release of endothelial NO by
ginsenosides, the present study, for the first time, demon-
strated that ginsenosides enhanced neurogenic vasodilatation
of the corpus cavernosum. It has been shown that electrical
field stimulation of perivascular nerves of isolated corpus
cavernosum of man and rabbits results in relaxation
mediated by NO via activation of a constitutive isoform of
NOS (Ignarro et al., 1990; Moncada et al., 1991; Bush et al.,
1992; Ignarro 1992). This NO-mediated neurogenic
vasodilatation in the corpus cavernosum is supported by
results of the present study. It is possible that ginsenosides
may activate neuronal NOS activity similar to that observed
in endothelial cells (Kim et al., 1992). Thus, a given stimula-
tion may increase synthesis and/or release of NO in the
NANC nerves in ginsenosides-treated corpus cavernosum.
This is supported by the finding of a greater increase in
corpus cavernosum cyclic GMP content elicited by trans-
mural nerve stimulation plus ginsenosides than the increase
in cyclic GMP content induced by ginsenosides or transmural
nerve stimulation alone. Ginsenosides enhancement of
neurogenic vasodilatation is not due to modulation by
ginsenosides of guanylate cyclase activity, since ginsenosides

did not affect relaxation of the corpus cavernosum induced
by Sin-i.

It is very likely that the enhanced neurogenic and
endothelium-mediated vasodilatation in the corpus caver-
nosum induced by ginsenosides may contribute to the aph-
rodisiac effect of Panax ginseng, which is an essential cons-
tituent in the aphrodisiac prescription of traditional chinese
medicine. It is interesting to note that the sensitivity of the
corpus cavernosum to ginsenosides in inducing endothelium-
dependent relaxation and enhancing transmural nerve
stimulation-elicited relaxation appears to be different. The
effective concentrations of ginsenosides (250 jsg ml-') in
inducing relaxation and enhancing ACh-induced relaxation
of corpus cavernosum is higher than that of ginsenosides
(100 jig ml-') in enhancing transmural nerve stimulation-
elicited relaxation. These results suggest that ginsenosides
have a preferential effect on neurogenic nitrergic vasodilata-
tion in the corpus cavernosum. Although detailed phar-
macokinetic data of ginsenosides in man remain to be deter-
mined, ginsenosides may exert a regional neurogenic
vasodilatation in corpus cavernosum before inducing poten-
tial systemic hypotension through widespread endothelial
mechanisms.

In summary, the results of the present study indicate that
ginsenosides induce endothelium-dependent vasodilatation,
enhance endothelium-dependent relaxation induced by ACh
and increase neurogenic vasodilatation in the corpus caver-
nosum. The endothelial and neurogenic mechanism of
ginsenosides in relaxing corpus cavernosum are
predominantly mediated by NO and may, in part, account
for the aphrodisiac effect of Panax ginseng.

This work was supported by Grants from NIH HL27763 and
HL47574, American Heart Association (91010850), and SIU School
of Medicine. We thank Ms Charlene Meents for preparing the
manuscript and Mr Feng-Yuan Chen for valuable discussion.
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Characterization of U-97775 as a GABAA receptor ligand of
dual functionality in cloned rat GABAA receptor subtypes
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Beverly J. Hamilton

The Upjohn Company, CNS Diseases Research, 301 Henrietta St, Kalamazoo, Michigan 49001, U.S.A.

1 U-97775 (tert-butyl 7-chloro-4,5-dihydro-5-[(1-(3,4,5-trimethyl)piperazino)carbonyl]-imidazo[1,5-
a])quinoxaline-3-carboxylate) is a novel GABAA receptor ligand of dual functionality and was charac-
terized for its interactions with cloned rat GABAA receptors expressed in human embryonic kidney
cells.
2 The drug produced a bell-shaped dose-response profile in the alP272 receptor subtype as monitored
with GABA-induced Cl- currents in the whole cell patch-clamp technique. At low concentrations
(<0.5 JM), U-97775 enhanced the currents with a maximal increase of 120% as normalized to 5 JM
GABA response (control). An agonist interaction of U-97775 with the benzodiazepine site is suggested,
because Ro 15-1788 (an antagonist at the benzodiazepine site) abolished the current increase and
[3H]-flunitrazepam binding was inhibited by U-97775 with a Ki of 1.2 nM.
3 The enhancement of GABA currents progressively disappeared as the U-97775 concentration was
raised above I JAM, and the current amplitude was reduced to 40% below the control at 10 JIM U-97775.
The current inhibition by U-97775 (10 JM) was not affected by Ro 15-1788. It appears that U-97775
interacts with a second site on GABA receptors, distinct from the benzodiazepine site, to reverse its
agonistic activity on the benzodiazepine site and also to inhibit GABA currents.
4 U-97775 at low concentrations reduced and at high concentrations enhanced [35S]-TBPS binding. Ro
15-1788 selectively blocked the effect of U-97775 at low concentrations. Analysis of the binding data in
the presence of Ro 15-1788 yielded a single low affinity site with an estimated Kd of 407 nM.

5 In other ape receptor subtypes, U-97775 at low concentrations enhanced Cl- currents in the m3p272,
but not in the m6p2122 subtype. On the other hand, U-97775 at high concentrations reduced Cl- currents
in all the receptor subtypes we examined, including those of two subunits, aX1P2, P2y2 and a1y2
subtypes.
6 Therapeutically, U-97775 could be unique among benzodiazepine ligands because of its ability to
limit its own agonistic activity such that, at high doses the appearance of agonistic activity would be
delayed until occupancy of its second site wanes. This property should make the total agonistic activity
of U-97775 relatively constant over a wide range of drug doses, and may minimize its liability to
abuse.

Keywords: U-97775; GABAA receptor subtypes; GABA-induced Cl- current; biphasic effect

Introduction

GABAA receptors are supramolecular receptor-Cl- channel
complexes which are responsible for inhibitory neurotrans-
mission in the brain, and appear to exist in combinations of
various subunits (a, P, y and 6), each of which consists of
several isoforms in mammalian brains (Costa & Guidotti,
1979; Barnard et al., 1987; Bormann, 1988; Schofield, 1989;
Olsen & Tobin, 1990; Barnard et al., 1993). Allosteric
GABAA receptor ligands of diverse chemical structures have
been widely used as therapeutic agents, i.e., numerous hyp-
notic and anxiolytic agents for the benzodiazepine site,
barbiturates and progesterone metabolites (neurosteroids)
(Sieghart, 1992). The benzodiazepine site modulators are
functionally classified as agonists (positive modulators),
inverse agonists (negative modulators), and neutral antago-
nists (binding, but without functional consequences). Recent
studies with cloned rat GABAA receptors indicate that the
allosteric modulation arises from interaction of drugs with
distinct modulatory sites on the receptors including a few
novel ones (Im et al., 1993). Considering the presence of
multiple binding sites for chemicals of diverse structure on
GABAA receptors, it is not surprising to find drugs of dual
functionality that interact with more than one modulatory
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site. In this study, we will describe such a drug, U-97775
(tert-butyl 7-chloro-4,5-dihydro-5-[(1-(3,4,5-trimethyl) piper-
azino) carbonyllimidazo [1,5-a]) quinoxaline-3-carboxylate)
(Figure 1).
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Figure 1 Chemical structure of U-97775.
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Methods

Cloned cells

The stable human embryonic kidney cell lines (HEK-293)
expressing the indicated combinations of a1, 03, a6, P2, and
y2 subunits of GABAA receptors were derived by transfection
of plasmids containing cDNA and a plasmid encoding G418
resistance into the A293 cell as described elsewhere (Hamil-
ton et al., 1993). Preparation of baculovirus constructs
(AcNPV) carrying rat cDNAs for GABAA receptor subunits
and the growth of SF-9 cells in the presence of the recom-
binant baculovirus were carried out as described previously
(Carter et al., 1992).

Electrophysiology

The whole cell patch clamp technique (Hamill et al., 1981)
was used to record the GABA-mediated Cl- currents in
human embryonic kidney cells (A293) expressing various
combinations of GABAA receptor subunits. Briefly, the
pipette solution contained (mM): CsCl 140, EGTA 11, MgCI2
4, ATP 2 and HEPES 10, pH 7.3. Cells were bathed in an
external solution containing (mM): NaCl 135, KCl 5, MgCl2 1,
CaCl2 1.8 and HEPES 5, pH 7.2. GABA and drugs were
dissolved in the external solution and were applied through a
U-tube placed within 100 lm of the target cell. The concen-
tration of GABA was varied according to the respective
subtype, typically being near EC25 values or submaximal
levels at which pentobarbitone and 5x-THDOC (3a,21-
dihydroxy-5a-pregnan-20-one) produced robust enhancement
of Cl- currents. The current was recorded with an Axopatch
ID amplifier, a CV-4 headstage (Axon Instrument Co.), a
Gould Recorder 220, and the holding potential of -60 mV
at room temperature (21-240C).

Binding studies

Binding of radioactive ligands was measured in membranes
obtained from Sf-9 cells expressing recombinant receptors,
using filtration techniques as described elsewhere (Pregenzer
et al., 1993). Briefly, displacement of [3H]-flunitrazepam
(axl2y2 and O3P2y2) or [3H]-Ro 15-4513 (ethyl 8-azido-6-
dihydro-5-methyl-6-oxo-4H-imidazo [1,5-a]-[1,4] benzodiaze-
pine-3-carboxylate) (x6P2y2) by test compounds was mea-
sured in the medium containing (mM): NaCl 118, KCl 5,
CaCl2 2, MgCI2 2, HEPES 20 (pH 7.3), the radioactive ligand
(3 nM for flunitrazepam) and 30 Mg membrane proteins in a
total volume of 500 pI at 40C for 60 min. The effects of test
compounds on [35S]-TBPS ([j5S]-t-butylbicyclophosphorothio-
nate) binding were measured in the medium containing 1 M

NaCI, and 10 mM Tris/HCl (pH 7.4), [35S]-TBPS (3 nM), and
50Lg membrane proteins in a total volume of 500 M1 at 240C
for 120 min. Non-specific binding was estimated and was
subtracted to compute specific binding as described earlier
(Pregenzer et al., 1993).

Results

Dual effects of U-97775 on GABA-induced Cl- currents
in subtypes

We tested the effects of U-97775 at various concentrations on
GABA-induced Cl- currents in several subtypes of cloned rat
GABAA receptors expressed in HEK 293 cells, using the
whole cell patch clamp technique. Figure 2a shows Cl- cur-

rent traces induced by 5 MM GABA alone, with diazepam or
U-97775 from 0.2 to 1O MM in the zlP2y2, 03P2y2 and x6p2y2
subtypes of GABAA receptors. Figure 2b shows composite
dose-response profiles obtained after normalization to stan-
dard GABA responses. In the xlp2y2 subtype, U-97775 pro-
duced a bell-shaped response. The drug at low concentrations

(<0.5 gM) increased GABA(5 giM)-induced Cl- currents,
maximally by 120 ± 22% as normalized to 5 IM GABA res-
ponse (control), but as the drug concentration was raised, the
amplitude of Cl- currents was gradually decreased, by 39 ±
5% at 10 gM U-97775 from the control. A similar bell-
shaped response was observed in the a3i2y2 subtype. U-
97775 enhanced Cl- currents, maximally by 117 ± 33% at
0.2 Mm, but reduced it to the control level at 10 M. In the
a6P2y2 subtype, where classical benzodiazepines (i.e., diaze-
pam) had no effect, U-97775 at low concentrations (<0.5
pM) produced no appreciable change, but at higher concen-
trations reduced the current amplitude by 45 ± 7% at 10 gM.
Selective block of the agonistic action of U-97775 by Ro
15-1788

We examined whether Ro 15-1788, a classical antagonist for
the benzodiazepine site, influences U-97775 actions in the
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Figure 2 Effects of U-97775 at various concentrations on GABA-
induced Cl- currents in cloned rat GABAA receptor subtypes. Cl-
currents were measured by the whole-cell patch clamp technique in
HEK293 cells expressing the alp2y2, c3P2,y2 or ax6p2y2 subtype. The
holding potential was -60 mV under a symmetrical Cl- gradient.
GABA at 5 gM in the a1P2y2 and a3p2y2 subtypes or at I gM in the
a6p2y2 subtype was applied for 10 s with or without U-97775 at the
indicated concentration. The GABA concentrations were about
equivalent to the EC25 value in the respective subtype. Diazepam
(2 gM) was used to monitor the ability of benzodiazepine site ligands
to enhance Cl- currents. In the a6p2y2 subtype, diazepam had no
effect on GABA-induced C1 currents. (a) Typical traces for GABA-
induced Cl- currents. (b) Plots showing changes in C1 current
amplitude as a function of U-97775 concentrations: (0) alP2y2; (0)
a302y2 and (A) m6p2y2. The currents were normalized to that
observed with GABA alone. The data represent the mean ± s.e. from
three experiments at least. The vertical calibration bar represents
500 pA and the horizontal bar represents 30 s.
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axP2y2 subtype. Ro 15-1788 at 1OpM (alone, no effect on
GABA-induced C1- currents) abolished the current increase
by U-97775 at 0.25 jaM (Figure 3a), but produced no apprec-
iable effect on inhibition of the Cl-' current by U-97775 at
10 IAM (Figure 3b). The extent of inhibition by U-97775
(10 JAM) was 35 ± 10% and 39 ± 5% in the presence or
absence of Ro 15-1788 (10 .M), respectively. These results
indicate that U-97775 interacts with at least two sites on
GABAA receptors, the benzodiazepine site (high affinity,
agonistic site) and a second site (low affinity, inverse agonis-
tic site) distinct from the benzodiazepine site.
As shown in Figure 3b, the Cl1 current in the cell treated

with U-97775 at 10 JAM, upon washing with a drug-free solu-
tion, recovered well beyond the level of inhibition. Its am-
plitude became about double of the control (Figure 3b,
washout). The increased current level was observed only with
the receptors treated with U-97775 (10 M) without prein-
cubation with Ro 15-1788 (data not shown), and hardly
changed during a 30 min washing period (only about 10%
reduction). This could be interpreted to mean that the dis-
sociation rate of U-97775 from the benzodiazepine site was
much slower than from its second site, so that the benzo-
diazepine site remains occupied during washing and is res-
ponsible for the current enhancement. The prolonged occu-
pancy of the benzodiazepine site by U-97775 was further
supported by the observation that diazepam did not enhance
GABA-induced Cl- currents in the U-97775-treated cells
during the washing out period (data not shown). Similar
washout effects were observed with the x3P272 subtype upon
treatment with U-97775 at high concentrations (1OIJAM), but
not with the a6P272 subtype. This subtype selectivity for
U-97775 resembles that for classical benzodiazepines (Lud-
dens et al., 1990).
Another interesting point was noted from the experiments

with Ro 15-1788. The level of current inhibition by U-97775
(10 JM) was not appreciably altered in the presence or
absence of Ro 15-1788 (see Figure 3b). If the two opposing

effects of U-97775 were simply additive, one might expect ak
much greater degree of inhibition by U-97775 in the presence
of Ro 15-1788, which eliminates its agonistic action. The
failure to observe such a change here indicates independence
of the two opposing effects of U-97775, and further suggests
that certain allosteric interactions occur between the first and
second sites, which lead to the abolition of its agonistic
activity at the benzodiazepine site, in addition to the inhibi-
tion of Cl- currents via the second site. Alternatively, the
current inhibition by U-97775 at high concentrations could
arise from a direct block of the chloride channel. If so, one
would expect not only a voltage-dependence of the inhibition
of Cl- currents by U-97775, but also an ability to abolish the
GABA potentiating actions of other allosteric ligands. Con-
trary to such expectations, the Cl- current inhibition by
U-97775 was not voltage-dependent and its ability to reverse
GABA potentiation was restricted to benzodiazepine ligands
(Figure 4). For instance, the current reduction by U-97775 at
101M was 33±7% at -25mV and 35±8% at +25mV
(Figure 4a), which were not different from the level of inhibi-
tion at -60 mV, 39 ± 5%. Also U-97775 failed to antagonize
the potentiating actions of pentobarbitone and 5a-THDOC
(a neurosteroid) (Figure 4b and c). In the lp2y2 subtype,
pentobarbitone at 20 gM and Sx-THDOC at 0.2 JM produced
robust enhancements of GABA-induced Cl- currents, a net
increase of 230 and 290%, respectively, as normalized to the
control (5 JM GABA response). In the presence of U-97775
at 10 gM, the amplitudes of GABA currents enhanced by
pentobarbitone or Sa-THDOC were only partially reduced
by the same amount as would be expected if their actions
were additive with U-97775. It appears that U-97775 un-
couples only the agonistic activity of benzodiazepine site
ligands. These results favour the allosteric coupling between
the low and the high affinity (benzodiazepine) sites for U-
97775 over its direct blocking of Cl- channels.

Monophasic inhibition of GABA-induced Cl- currents by
U-97775 in the cIPf2, aly2 and P2y2 subtypes

b
U-97775 10JM

R015-1788 10MM
GABA 5Mm

Figure 3 Differential sensitivity of U-97775 action on the Cl cur-
rents at low and high concentrations to Ro 15-1788. GABA-induced
C1 currents in the whole cell configuration were measured with the
mlP2-y2 subtype. Ro 15-1788 alone had no effect on C1- currents, but
abolished the enhancement of Cl- currents by U-97775 at 0.25 tM
(a). In order to ensure occupancy of the benzodiazepine site with Ro
15-1788, the receptors were exposed to Ro 15-1788 for 5 min before
the coapplication with U-97775. Ro 15-1788, on the other hand, had
no effect on the current inhibition by U-97775 at IO M (35 ± 10%,
the mean ± s.e. from three experiments) (b). Between drug applica-
tions, the patch was washed until the original GABA response was

restored. It should be noted that the GABA response was restored to
the initial value following application of the mixture of Ro 15-1788
and U-97775, but increased more than two fold following application
of U-97775 at 10 JM due to the slow dissociation rate of the drug
from the benzodiazepine site. The vertical calibration bar represents
500 pA and the horizonatal bar represents 30 s.

Receptor subtypes made of only two types of receptor sub-
units have often been useful to study the modes of inter-
actions for novel ligands (Im et al., 1993). Here we examined
the effects of U-97775 on GABA-induced Cl- currents on the
alP2, P2y2 and aly2 subtypes (Figure 5). In all these sub-
types, U-97775 at low concentrations (<0.5 JM) did not
appreciably enhance GABA-mediated Cl- currents, but at
high concentrations (>0.5 JAM) reversibly inhibited the cur-
rents in a concentration-dependent manner (Figure Sa). The
U-97775 potency in blocking Cl- currents was the highest in
the I32'2 subtype, followed by the aly2, alBl and alp2y2

Washout subtypes (in the presence of Ro 15-1788); the ICm values
were 1.5+0.3, 3.7+0.2, 3.9±0.3 and 5±lIAM for the
respective subtypes in the same order as above (Figure Sb).

n f The variation in the ICo values, albeit marginal, suggests the
influence of quaternary interactions among subunits on the
second site for U-97775.

Effect of U-97775 on benzodiazepine and TBPS binding

Interaction of U-97775 with the benzodiazepine site was

further supported by equilibrium binding studies with the
cloned ml,2y2 receptor expressed in SF-9 insect cells which
were infected with recombinant baculovirus carrying the
GABAA receptor cDNAs. U-97775 displaced [3H]-flunitraze-
pam with a Ki value of 1.2 ± 0.1 and 0.3 ± 0.04 nM for the
mli2y2 and O3,272 subtypes, respectively, but had no effect
on [3H]-Ro 15-4513 binding in the x6,272 subtype (Ki>
10,000 nM), where classical benzodiazepines (i.e., diazepam)
also failed to interact (Luddens et al., 1990).
TBPS is another high affinity ligand specific for GABAA

receptors and sensitive to allosteric modulators (Squires et
al., 1983; Gee et al., 1986). Agonists and inverse agonists for
GABAA receptors, for instance, have been shown to decrease

a
U-97775 0.25pM
R015-1788 10 M

GABA 5Mm
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and increase TBPS binding, respectively, in the presence of
2 tiM GABA (Im & Blakeman, 1991). In this study we tested
the effect of U-97775 on TBPS binding in the membranes of
SF-9 cells expressing the mIP27y2 subtype of GABAA receptors
(Figure 6). In the presence of GABA, U-97775 at low con-
centrations (<0.2 LM) reduced TBPS binding by 25± 7%,
but at higher concentrations (>0.5 pM) reversed the early
inhibition and increased TBPS binding by about 39% above
the control. Ro 15-1788 (5 IM) abolished the inhibition of
TBPS binding by U-97775 at low concentrations, but had no
effect on the TBPS binding enhancement by the drug at high
concentrations. Again, the maximal enhancement of TBPS
binding by U-97775 at high concentrations (10 pM) was not

-25 mV +25 mV

appreciably changed by Ro 15-1788 (10 LM). In the absence
of Ro 15-1788, U-97775 (10 EM) increased TBPS binding by
39 ± 6% above the control, a net shift of about 64%, includ-
ing the 25% inhibition observed at low concentrations
(0.02 I1M). However, the maximal enhancement by U-97775
was still 35 ± 10% in the presence of Ro 15-1788, which
abolished the inhibition of TBPS binding by U-97775 at low

a

GABA 1 IM -

acly2

a'

[U-97775] gM
1 5 10

v~T ./

GABA 1 AM -

l52 Ko vt V

U-97775 10 JM

5a-THDOC 0.2 gM --

GABA5JM - -

ares L~~~~~~~~~~~~~~~~

C

U-97775 10 gM

Pentobarbitone 20 gM

GABA 5 gM

Figure 4 Voltage-independence of the Cl- current inhibition by
U-97775 at high concentrations and the absence of an interaction of
U-97775 with binding sites for 5a-THDOC and barbiturates. GABA
(5 tiM)-induced Cl- currents in the whole cell patch were measured
with the alP2-y2 subtype. U-97775 (10 jiM) decreased Cl- currents by
33 ± 7 and 35 ± 8% (the mean ± s.e. from six experiments) at the
holding potential of -25 and + 25 mV, respectively (a). The inhibi-
tion level was not different from that observed at -60 mV (39 +
5%). Also we examined the effect of 0.2 jLM 5a-THDOC or the
mixture of 5m-THDOC and U-97775 on GABA(5 JAM)-induced Cl-
currents (b); similarly the effect of 20 FM pentobarbitone alone or in
combination with U-97775 was examined (c). Enhancement of
GABA-induced Cl currents by 5m-THDOC or pentobarbitone was

reduced in the presence of U-97775 (10 JAM) by the same amount as

the inhibition of GABA currents by U-97775 alone (about 30% as
normalized to the 5 JAM GABA response). This additiveness of the
drug effects, which was consistently observed in three experiments,
indicates no coupling between the binding sites for U-97775 and
those for Sx-THDOC or pentobarbitone. The vertical calibration bar
represents 500 pA and the horizontal bar represents 30 s.
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Figure 5 Concentration-dependent inhibition of GABA-induced
Cl- currents by U-97775 in the mIP2, P2y2 and aly2 subtypes. C1-
currents were induced with 1 tiM GABA in the alP2 subtype and
with 5 juM in the P2y2 and a1y2 subtypes in the presence or absence
of U-97775 at the indicated concentrations (a). The GABA concent-
rations represent submaximal levels at which pentobarbitone and
5o-THDOC produced robust enhancement of Cl- currents. In these
subtypes, the GABA response was immediately restored to the initial
level following washout of U-97775 (O gAM), suggesting the absence
of high affinity sites for the drug such as occur in the cx1P272
subtype. Changes in Cl- current amplitude by U-97775 at various
concentrations were normalized to the GABA response and plotted
as a function of the drug concentration (b): (0) alP2; (@) P2y2; (A)
aly2. The solid lines represent the data fitted with a logistic equation
(see text). The currents were normalized to that observed with
GABA alone. The data represent the mean from two or more

experiments (with s.e.). The vertical calibration bar represents
500 pA and the horizontal bar represents 30 s.
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Figure 6 Effect of U-97775 on [35S]-TBPS binding to the alP212
subtype of GABAA receptors. [35S]-TBPS binding (3 nM) at equili-
brium was measured in the membranes from Sf-9 cells expressing the
alp2y2 subtype in the presence of 2 ILM GABA, U-97775 at the
indicated concentrations with (M) or without (0) 5 pM Ro 15-1788.
U-97775-induced changes in TBPS binding were normalized to the
level without the drug. The data representing changes in TBPS
binding as a function of the U-97775 concentration in the presence
of Ro 15-1788 were fitted with a logistic equation (see text). The data
represent the mean ± s.e. from three experiments.

concentrations. This further supports the independence of the
two opposing effects of U-97775, as noted above with elect-
rophysiological data. The data in the presence of Ro 15-1788
was analyzed with a logistic equation, E = Emax *[U-97775]/
(Ko.5 + [U-97775]), which provided the half maximal concent-
ration of U-97775 (K,0.5) of 407 + 37 nM, and Emax of
39 ± 6%. Overall, the effects of U-97775 on TBPS binding
are consistent with the functional characteristics observed in
the electrophysiological studies described above, including its
concentration-dependent dual action, sensitivity to Ro 15-
1788, and independence of the two opposing effects.

Discussion

In this study we have shown that U-97775 is unique among
GABAA receptor ligands in having two interaction sites of
opposing functionality on the receptors. The drug produced a
bell shaped dose-response profile as measured with GABA-
induced whole cell currents in olP2y2 and a3P2y2 GABAA
receptors. The enhancement of the currents by U-97775 was
attributed to the drug interaction with the benzodiazepine
site as an agonist, because of its disappearance in the
presence of Ro 15-1788 and its absence in the a6p2y2 subtype
where diazepam also failed to interact (Luddens et al., 1990).
Furthermore, U-97775 inhibited [3H]-flunitrazepam binding

with nanomolar affinity only in xIP2y2 and m3p2y2 subtypes,
but not [3H]-Ro 15-4513 binding in the m6p272 subtype.
The second site (low affinity site) which was responsible for

the descending limb of the bell shaped dose-response profile
for U-97775, on the other hand, appeared to be distinct from
the benzodiazepine site, judging from its insensitivity to Ro
15-1788 and its presence in all the subtypes tested, including
o6P2'y2, olP2, aly2 and P2-y2 subtypes. The interesting point,
however, was that Ro 15-1788 neither abolished, nor enhanc-
ed the current inhibition by U-97775 (10 M), although it
eliminated the agonistic activity of U-97775 in the oIP27y2
subtype. Thus, the disappearance of agonistic activity for
U-97775 could not be explained by an algebraic sum of its
positive and negative effects resulting from occupancy of its
high and low affinity sites, respectively. Furthermore, the
inhibition of Cl- currents by U-97775 at high concentrations
seems not to arise from a direct block of Cl- channels,
judging from the voltage-independence and the failure of
U-97775 to antagonize the GABA potentiating action of
pentobarbitone and 5a-THDOC (Figure 4). Also U-97775
blocked TBPS binding, which has been shown to be sensitive
to modulation of Cl- channels by allosteric ligands (Squires
et al., 1983; Gee et al., 1986). Apparently, occupancy of the
second site by U-97775 allosterically influences not only the
GABA site (resulting in inhibition of GABA-induced Cl-
currents), but also the benzodiazepine site (leading to the
abolition of its own agonistic action at this site). These two
types of negative allosteric actions of U-97775 could con-
ceivably arise from two distinct low affinity sites on the
receptor, but that is highly unlikely since only one low
affinity site with a Kd of 407 nM was detected from analysis
of TBPS binding data at equilibrium in the presence of Ro
15-1788. At present, we cannot identify the location of the
low affinity site, but it may not be localized at a selective
subunit or subunit interface, because the drug effectively
blocked GABA-induced Cl- currents with an IC50 value
ranging from 1 to 3 liM in alP2, x1y2 and P2-y2 subtypes. The
low affinity site is likely to consist of common regions among
the three subunits. This subunit nonselectivity has been
observed with several GABAA receptor ligands, such as
picrotoxin (also TBPS), barbiturates and neurosteroids (Im et
al., 1993), and may stem from 30 to 40% indentity in the
amino acid sequence among GABAA receptor subunits
(Olsen & Tobin, 1990).
The therapeutic potential of U-97775 deserves some con-

sideration. At doses leading to occupancy of only the high
affinity site, U-97775 would be expected to behave as a
benzodiazepine site agonist (anxiolytic or hypnotic agent).
However, at higher doses the drug should behave like a
benzodiazepine site antagonist (or a weak inverse agonist at
extremely high concentrations) because of its occupancy of
the low affinity site. A delayed agonistic activity would then
appear as drug occupancy of the second site wanes. These
characteristics of U-97775 should result in an agonistic
activity that is relatively constant over a wide range of the
drug concentrations, unlike typical benzodiazepines. On the
basis of the Kd for the low affinity site (407 nM as estimated
from TBPS binding in the cxlp2^y2 subtype), one would expect
considerable occupancy of the low affinity site at the plasma
concentration of 0.5 mg 1' which is reachable under various
clinical situations. Thus, the dual action of U-97775 on
GABAA receptors may minimize its liability to abuse of the
type associated with most of the benzodiazepines currently
available on the market.
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Subtypes of tachykinin receptors on tonic and phasic neurones

in coeliac ganglion of the guinea-pig

F.-Y. Zhao, 'K. Saito, 2K. Yoshioka, J.-Z. Guo, T. Murakoshi, *S. Konishi & M. Otsuka

Department of Pharmacology, Faculty of Medicine, Tokyo Medical and Dental University, Bunkyo-ku, Tokyo 113 and
*Mitsubishi Kasei Institute of Life Science, Machida, Tokyo 194, Japan

1 Intracellular recording techniques were used to investigate the characteristics of tachykinin receptors
and their subtypes in tonic and phasic neurones, which constituted two major neuronal populations in
the coeliac ganglion of the guinea-pig.
2 In 95% of phasic neurones a long-lasting after-hyperpolarization (LAH), 5-8 s in duration and
10-20 mV in amplitude, was observed following action potentials evoked by passing a train of
depolarizing current pulses into the neurones. In contrast, LAH was observed in only 4% of tonic
neurones.

3 In most tonic neurones, substance P (SP), neurokinin A (NKA) and senktide induced depolariza-
tions, whereas in phasic neurones they usually inhibited LAH but rarely induced depolarization.
4 Tonic and phasic neurones were further classified into three groups based on their responses

(depolarization for tonic neurones and LAH inhibition for phasic neurones) to these tachykinin receptor
agonists: (1) neurones responsive to SP, NKA and senktide (71-78%); (2) those responsive to senktide
but not to SP and NKA (12-23%) and (3) those not responsive to any of the three agonists
(7-11%).
5 GR71251 (51M), an NK,-selective tachykinin receptor antagonist, depressed the depolarization in
tonic neurones and the LAH inhibition in phasic neurones induced by SP and NKA, but not those
induced by senktide.
6 Selective NK2 receptor agonists, [Nle'0]NKA4-,0, [P-Ala8]NKA4- 0 and GR64349, were without effect
in both tonic and phasic neurones. Furthermore, an NK2 receptor antagonist, L659,877, did not inhibit
the depolarization induced by NKA, SP or senktide in tonic neurones.

7 It is suggested that NK, and NK3 receptors are present on a large proportion of coeliac ganglion
neurones. In tonic neurones both subtypes of tachykinin receptors are coupled to membrane depolariza-
tion, whereas in phasic neurones activation of these receptors leads to inhibition of LAH. The present
study also suggests that NKA evokes the depolarization in tonic neurones and the LAH inhibition in
phasic neurones via NK,, but not NK2 receptors.

Keywords: Tachykinin receptor; substance P; neurokinin A; senktide; GR71251; after-hyperpolarization; sympathetic ganglion

Introduction

Although information about subtypes of tachykinin receptors
and responses mediated by these receptors in smooth muscle
tissues is abundant, our knowledge about tachykinin recep-
tors expressed in neurones is relatively limited. In mam-
malian prevertebral sympathetic ganglia of the guinea-pig,
neurones are depolarized by tachykinins (Konishi & Otsuka,
1985; Saria et al., 1985; Vanner et al., 1993). There is
evidence for the neurotransmitter role in generation of slow
excitatory postsynaptic potentials (e.p.s.ps) of substance P
(SP) and neurokinin A (NKA), which are released from axon
collaterals of primary afferent fibres, in the prevertebral
ganglia (Tsunoo et al., 1982; Konishi & Otsuka, 1985; for
review see Otsuka & Yoshioka, 1993). However, subtypes of
tachykinin receptors present on these neurones were not fully
clarified.
Neurones in sympathetic ganglia of the guinea-pig are

inhomogeneous and have been classified into several types
based on their discharge patterns to a depolarizing current
pulse and the presence or absence of a long after-hyper-
polarization (LAH) (e.g. Cassell & McLachlan, 1987;
McLachlan & Meckler, 1989; Janig & McLachlan, 1992).
Recently, we examined the responses of neurones in the
guinea-pig coeliac ganglion to stimulation of postganglionic

nerves, in which tachykininergic primary afferent fibres are
presumably contained, and found that two different non-
cholinergic responses, i.e. slow e.p.s.p. and the inhibition of
LAH, were observed depending upon the types of neurones
(Saito & Konishi, 1993). We also provided evidence that
tachykinins, SP and NKA, contribute to both types of res-
ponses.

In the present experiments, we examined tachykinin recep-
tor subtypes involved in responses of neurones of the guinea-
pig coeliac ganglion by using selective agonists and antagon-
ists for NKI, NK2 and NK3 receptors. Some of the results
have been published in a preliminary form (Saito & Konishi,
1993; Zhao et al., 1993a, b).

Methods

Guinea-pigs of either sex weighing 200-250 g were stunned
and bled, and the coeliac ganglion with the attached
mesenteric nerves (Macrae et al., 1986; or coeliac nerves
according to McLachlan & Meckler, 1989) was isolated
under a stereomicroscope. The isolated preparation was
placed in a recording chamber of 0.5 ml volume, which was
perfused at 2 ml min-' with a nutrient solution saturated by
a mixed gas of 95% 02 and 5% CO2 and kept at 300C. The
composition of the solution was (mM): NaCl 138.6, KCl 3.35,
NaH2PO4 0.58, NaHCO3 21.0, MgCI2 1.16, CaCl2 2.5,
glucose 10.

'Present address: Biological Research Laboratory, Sankyo Co., Ltd.,
Shinagawa-ku, Tokyo 140, Japan.
2Author for correspondence.
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Membrane potential changes were monitored through a
glass microelectrode of 80-160 MO filled with 2 M potassium
acetate on a storage oscilloscope, and recorded on a pen
recorder and an X-Y plotter. Single depolarizing current
pulses of 0.1-0.5 nA with 1.5 s duration were injected into
neurones through the recording electrode to determine the
cell types, and 10 successive depolarizing current pulses of
1 nA with 20 ms duration at 20 Hz were applied to examine
whether the neurones produce an LAH. The magnitude of
the LAH was expressed as the area under the resting poten-
tial level on the record.
To construct concentration-response curves to SP, NKA

and senktide in tonic and phasic neurones (Figures 2 and 6),
each agonist were applied for 1 min at intervals of 10-30 min
to avoid tachyphylaxis. Responses to 2-7 concentrations of
each agonist were examined on each neurone. Only the data
from the neurones that were sensitive to all three agonists
were used for the concentration-response curves.

Drugs

Drugs used were SP, [Sar9, Met(02)"]SP, SP methyl ester
(SPOMe), NKA, [Nle'0]NKA4 0, [P-Ala8]NKA 1o, [Trp7, P-
Ala8]NKA4- 0 and [MePhe7]neurokinin B ([MePhe7]NKB)
(purchased from Peninsular Laboratories, Inc.); L659,877
(cyclo[Gln-Trp-Phe-Gly-Leu-Met]) (purchased from Cam-
bridge Research Biochemicals, Ltd.); senktide (succinyl-[Asp6,
MePhe8]SP6-11) (kindly supplied by Dr Z. Selinger of Hebrew
University); GR71251 ([D-Prolspiro-y-lactam[Leu'",Trp"l]SP)
and GR64349 ([Lys3,Gly -(R)-y-lactam-Leu9] [NKA3-10)
(kindly supplied by Dr R.M. Hagan of Glaxo Group
Research Ltd.). All the drugs were dissolved in the perfusing
solution and applied by perfusion. The tachykinin receptor
antagonists were applied to the preparation for at least
20 min before examining their effects.

Statistical analysis

Results are expressed as mean ± s.e.mean. Statistical com-
parison was made by Student's t test. Probability of 0.05 or
less was considered significant.

Results

Neurones in the guinea-pig coeliac ganglion were classified
according to their discharge patterns in response to
depolarizing current pulses and the presence or absence of
LAH following repetitive action potentials (Cassell &
McLachlan, 1987; McLachlan & Meckler, 1989; Janig &
McLachlan, 1992). Two major groups of neurones were
identified (Zhao et al., 1993b). The first group, tonic
neurones, comprised 38% of the randomly sampled neu-
rones, and exhibited maintained firing during the depolariz-
ing pulse. Only a small portion (-4%) of tonic neurones
showed obvious LAH following action potentials. The
second group, phasic neurones, comprised 39% and exhibited
an initial transient burst of discharges during the depolariz-
ing pulse. Most of the phasic neurones (-95%) showed a
typical LAH (5-8 s in duration and 10-20 mV in amplitude)
following action potentials. A small percentage of neurones

(23%) did not belong to either of the groups. In this study
the responses to tachykinin receptor agonists and antagonists
of 146 tonic neurones and 101 phasic neurones were
analyzed.

Effects of SP, NKA, senktide and GR71251 on tonic
neurones

The responses of tonic neurones to SP, NKA and senktide
were examined. SP and NKA are endogenous tachykinins
with preferential affinities for NK1 and NK2 receptors,
respectively, and senktide is a water-soluble synthetic agonist
with a high selectivity for the NK3 receptor (Papir-Kricheli et

a

NKA

b

SP NKA

Senk

Senk

5 mV
1 min

Figure 1 Responses of tonic neurones to substance P, neurokinin A
and senktide. Substance P (SP), neurokinin A (NKA) and senktide
(Senk) were applied for I min by perfusion during the periods
indicated by the horizontal bars. The neurone shown in (a) was
depolarized by SP (30 nM), NKA (30 nM) and senktide (30 nM),
whereas the other neurone shown in (b) was depolarized by senktide
(10 nM), but not by SP (300 nM) and NKA (300 nM). Resting poten-
tials were -49 mV and - 76 mV in neurones in (a) and (b), respec-
tively.
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0
6

0 4
0.

2

0
0.0001 0.001 0.01 0.1 1

Concentration (gM)
Figure 2 Concentration-response curves to tachykinin receptor
agonists in tonic neurones. Ordinate scale: amplitude of depolariza-
tion in mV. Abscissa scale: concentration of tachykinin receptor
agonists: (0) senktide; (0) substance P; and (E) neurokinin A. The
data were obtained from tonic neurones that were sensitive to all the
three agonists. Each point represents mean ± s.e.mean (n =4-10).

Table 1 Responsiveness of tonic and phasic neurones to tachykinin receptor agonists
Neurone type:
Response to tachykinins:

Tonic
Depolarization

Phasic
LAH inhibition

SP(+), NKA(+), Senk(+)
SP(-), NKA(-), Senk(+)
SP(-), NKA(-), Senk(-)

77.6%, (n = 59)
11.8%, (n=9)
10.5%, (n = 8)

71.0%, (n=22)
22.6%, (n = 7)
6.5%, (n = 2)

SP(+), SP(-), NKA(+), NKA(-), Senk(+) and Senk(-): presence (+) and absence (-) of responses to SP, NKA and senktide,
respectively.
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al., 1987). These tachykinin receptor agonists depolarized
most of the tonic neurones. Neurones examined were regar-
ded as responsive to an agonist, when a distinct depolariza-
tion of more than 3 mV amplitude was observed. The
agonists were applied at concentrations of up to 1 gM for SP

a Control b GR71251 c Wash

SP SP SP

NKA NKA NKA

Senk Senk Senk

10 mV

2 min
Figure 3 Depolarization induced by tachykinin receptor agonists in
a tonic neurone and effects of GR71251. (a) Control responses to
substance P (SP, 1 gM), neurokinin A (NKA, I aM) and senktide
(Senk, 10 nM); (b) responses in the presence of GR71251 (5 gM); and
(c) responses after washing out the antagonist. The agonists were
applied for I min during the periods indicated by the horizontal bars.
All records were obtained from a single tonic neurone.

or NKA, and 100 nM for senktide. According to this
criterion, tonic neurones were categorized into three groups
(Table 1): neurones that were responsive to all three agonists
(Figure la); neurones that were responsive only to senktide
(Figure lb), and neurones that were unresponsive to either of
the three agonists. The neurones that were sensitive to SP
invariably responded to NKA, and vice versa. These
neurones were also responsive to senktide. Thus, there were
no such neurones that responded to SP and NKA but not to
senktide.

T

0

-

c0C

0

0.

0
0

100[
801

601

401

201

0!

I I

NKA Senk

Figure 4 Effects of GR71251 on depolarization induced by tachy-
kinin receptor agonists in tonic neurones. Ordinate scale: amplitude
of depolarization expressed as percentage of the amplitude of the
control response. Open columns, control; solid columns, depolariza-
tion in the presence of GR71251 (5 gM); and hatched columns, after
washing out GR71251. Tachykinin receptor agonists were applied
for I min at concentrations of 0.01-1 LM for substance P (SP),
0.1 -1 I M for neurokinin A (NKA) and 10.-l100 nm for senktide (see
Figure 2). n = 8 for SP; n = 6 for NKA; n = 6 for senktide. ***Signi-
ficantly different from control (P<0.001).

SP

NKA

Senktide 10mV

30s

Figure 5 Responses of a phasic neurone to tachykinin receptor agonists. Long-lasting after-hyperpolarizations (LAHs) were
evoked every 1 min following action potentials induced by 20 depolarizing current pulses of 20 ms duration and 0.5 nA intensity at
20 Hz. Substance P (SP, 30 nM), neurokinin (NKA, 30 nM) and senktide (3 nM) were applied during the periods indicated by the
horizontal bars. LAH was inhibited by all the three agonists in this neurone. Resting potential was -53 mV.
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The concentration-response curves for the three tachykinin
receptor agonists in tonic neurones are shown in Figure 2.
Senktide was the most potent among the three agonists and
induced a depolarization of a few mV at the concentration as
low as 0.1 nM. SP was effective at concentrations higher than
3 nM, and NKA was less potent than SP (Figure 2).
The NKI receptor antagonist GR71251 (Ward et al., 1990),

at 5 AM, inhibited both the SP-induced and NKA-induced
depolarizations with similar effectiveness (Figures 3 and 4).
In contrast, the depolarization induced by senktide was not
affected by the antagonist.

Effects of SP, NKA, senktide and GR71251 on phasic
neurones

SP, NKA and senktide did not obviously depolarize most of
phasic neurones at concentrations up to 1 AM. A few cells
were slightly depolarized (1-3 mV) by SP at a high concen-
tration (1OJM). In many of the phasic neurones examined,
LAH was inhibited by these agonists (Figure 5). Like tonic
neurones, phasic neurones were classified into three groups
based on the sensitivity to SP, NKA and senktide. In 22
neurones out of 31 (71%) LAH was inhibited by SP, NKA
and senktide, whereas 2 neurones (7%) were insensitive to
any of the three (Table 1). In the remaining 7 neurones
(23%) LAH was inhibited by senktide but not by SP or
NKA. The concentration-response curves for the three tachy-
kinin receptor agonists in inhibiting LAH in phasic neurones
are shown in Figure 6. Rank order of the potency was
senktide >SP>NKA. The rank order was the same as in
tonic neurones.
The SP- and NKA-induced inhibition of LAH was reduced

by GR71251, whereas the senktide-induced LAH inhibition
was not affected by the antagonist (Figures 7 and 8).

Effects of other tachykinin receptor agonists and
antagonists on tonic and phasic neurones

The selective NK1 receptor agonists, [Sar9, Met(02)ISP
(n = 7) and SPOMe (n = 4), evoked depolarizations at 1 JAM
in tonic neurones (not shown), whereas selective NK2 recep-
tor agonists, [Nle'1NKA41 0, [fi-Ala']NKA410 and GR64349,
did not depolarize tonic neurones at concentrations up to
1 JIM (n = 7, Figure 9b). The latter finding suggests that NK2

receptors do not exist on tonic neurones. In support of this,
an NK2 receptor antagonist, L659,877 (10 JM), did not
inhibit the depolarizations induced by NKA (n= 6), SP
(n = 4), and senktide (n = 3) in tonic neurones.
The NK3-selective tachykinin receptor agonist, [MePhe7]

NKB, evoked a depolarization at 30-100 nM (n = 3) in tonic
neurones. However, [Trp7, fi-Ala8JNKA S1 (1-3 JAM), which
was reported to be an NK3 receptor antagonist in some
preparations (Drapeau et al., 1990), did not antagonize the
depolarizing action of senktide (n = 3, data not shown).

a Control b GR71251 5gM

(i) Control (ii) SP 0.03 gm (iii) Control (iv) SP 0.03 gM

Control NKA 0.1 gM Control NKA 0.1 gM

Control Senk 0.01 gM Control Senk 0.01 FM

j 10 mV

los

Figure 7 Long-lasting after-hyperpolarization (LAH) inhibition
induced by tachykinin receptor agonists in a phasic neurone and
effects of GR71251. (a) Responses to substance P (SP, 30 nM),
neurokinin A (NKA, 0.1IAM) and senktide (Senk, 10 nM) before
application of GR71251; and (b) responses in the presence of
GR71251 (5JAM). (i) and (iii), LAHs before application of each
tachykinin receptor agonist, and (ii) and (iv), LAHs at 90 s after the
start of application of each agonist. Other details of experimental
procedures are the same as in Figure 5.
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Figure 6 Concentration-response curves for long-lasting after-hyper-
polarization (LAH) inhibition induced by tachykinin receptor
agonists in phasic neurones. Ordinate scale: magnitude of LAH was
measured as area under the resting potential level on the record, and
the reduction of the magnitude of LAH induced by each tachykinin
receptor agonist was determined 30-90 s after the start of the appli-
cation and expressed as a percentage of the magnitude of control
LAH. Abscissa scale: concentration of tachykinin receptor agonists,
(0) senktide; (0) substance P; (0) neurokinin A. The data were

obtained from phasic neurones that were sensitive to all the three
agonists. Each point represents mean ± s.e.mean (n =4-18).
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NKA
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Senk

Figure 8 Effect of GR71251 on long-lasting after-hyperpolarization
(LAH) inhibition induced by tachykinin receptor agonists in phasic
neurones. Ordinate scale: the LAH inhibition induced by each agon-
ist expressed as percentage of the control LAH inhibition. Open
columns, control; solid columns, in the presence of GR71251 (5 AM);
hatched columns, after washing out GR71251. The concentrations of
the tachykinin receptor agonists were 10 nm- AM for substance P
(SP, n = 6), 0.-11 JM for neurokinin A (NKA, n = 4) and 10" I00
nm for senktide (Senk, n = 7). **Significantly different from control
(P<0.0l).
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a

Control [Nle°1J Control [P-Ala8J Control GR64349 Control NKA

lOs

b

-~r~~* ki

[Nle10l [1-Ala8l GR64349 NKA

J10 mV

2 min

Figure 9 Effects of NK2 receptor agonists on tonic and phasic neurones. (a) Effects of [Nle'0NKA4-10 ([Nle'0), [P-Ala8]NKA4.10
([P-Ala8J), GR64349, and neurokinin A (NKA) on long lasting after-hyperpolarization (LAH) in a phasic neurone. Three synthetic
agonists were applied at I gLM whereas NKA was applied at 0.1 M. (b) Effects of the NK2 receptor agonists on a tonic neurone. All
the agonists were applied at I LM. Other details are as in Figure I and Figure 5. Resting potentials were -72 mV and -82 mV for
the neurones in (a) and (b), respectively.

In phasic neurones [Nle'0jNKA4 10, [P-Ala8JNKA4- 0 and
GR64349 did not inhibit LAH (n = 4, Figure 9a), whereas
[Sar9, Met(02)]SP (n = 4) and SPOMe (n = 3) evoked inhibi-
tion of LAH (data not shown).

Discussion

This study showed that SP induced a depolarization in a
large proportion of tonic neurones and inhibition of LAH in
most phasic neurones and that these actions were antagon-
ized by the NK, receptor antagonist, GR71251. These find-
ings suggest that both the depolarization in tonic neurones
and LAH inhibition in phasic neurones induced by SP are
mediated by NKI receptors. The effectiveness of the selective
NK1 receptor agonists, [Sar9, Met(02)]SP and SPOMe in
inducing a depolarization or LAH inhibition, also supports
the presence of NK1 receptors on these neurones. Although
the types of response to SP were different between tonic and
phasic neurones, the effective concentrations of SP needed to
induce both types of responses were similar and both the
actions of SP were antagonized by GR71251 with similar
effectiveness. These results suggest that the subtype of
tachykinin receptor activated by SP on tonic and phasic
neurones is the same but that the receptor is coupled to
different effector mechanisms in the two types of neurones.
Although NKA is known to have a preferential affinity for

NK2 receptors expressed in Xenopus oocytes or various
smooth muscles, the peptide has also a weak affinity for NK1
receptors (for review see Otsuka & Yoshioka, 1993). In the
present study GR71251 antagonized the actions of NKA in
inducing both depolarization and LAH inhibition at concen-
trations similar to those needed for antagonizing the action
of SP, whereas the NK2-selective antagonist, L659,877, was
ineffective in antagonizing the actions of NKA. These results
suggest that both the depolarization and the inhibition of

LAH induced by NKA are mediated by NKI receptors but
not NK2 receptors. The results of studies in our laboratory
on rat isolated neonatal spinal cord preparations also sug-
gested that the depolarizing action of NKA on motoneurones
is mediated by NKI receptors (Guo et al., 1993; Hosoki et
al., 1994; Otsuka et al., 1994). In the present study, whenever
NKA showed either depolarizing or LAH inhibitory action
on a neurone, SP had a greater effect on the same cell. This
is consistent with the notion that SP and NKA act on a
single subtype of NK, receptor in guinea-pig coeliac gang-
lion.

Senktide had potent actions on a large proportion of
coeliac neurones. The NK3-selective tachykinin receptor
agonist, [MePhe]NKB, also showed depolarizing action on
tonic neurones and LAH inhibition on phasic neurones.
These results suggest the presence of NK3 receptors on these
neurones. Although the neurones responsive to SP and NKA
were invariably responsive to senktide, there were some
neurones that responded to senktide but not to SP and
NKA. This suggests an extensive overlap of expression of
NKI and NK3 receptors in both the tonic and phasic
neurones, with a slightly wider distribution of NK3 receptor.

Recently we showed that in the coeliac ganglion of the
guinea-pig, repetitive electrical stimulation of the mesenteric
nerves evoked a slow e.p.s.p. in many tonic neurones (Zhao
et al., 1993a) and a prolonged inhibition of LAH in many
phasic neurones (Zhao et al., 1993b). Both effects of nerve
stimulation were partly antagonized by GR71251, which sug-
gests the involvement of NKI receptors in the generation of
the nerve-evoked slow e.p.s.p. and the inhibition of LAH.
Whether NK3 receptors also play a role in synaptic transmis-
sion remains to be clarified.

This work was supported by grants-in aid for scientific research from
Ministry of Education, Science and Culture, Japan (Nos. 04255101,
05557117 and 05454147).
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Multiple pathways underlying endothelium-dependent
relaxation in the rabbit isolated femoral artery

'Frances Plane, Timothy Pearson & Christopher J. Garland

Department of Pharmacology, University of Bristol, University Walk, Bristol, BS8 lTD

1 In isolated segments of the rabbit femoral artery stimulated with noradrenaline, both acetylcholine
(lnM-10 LM) and the calcium ionophore A23187 (1 nM- 100M) evoked endothelium-dependent
smooth muscle relaxation and hyperpolarization while bradykinin (0.01-100 nM) had no effect.
2 The nitric oxide synthase inhibitors, NG-nitro-L-arginine (L-NOARG; 100 tM; 20 min) or N0-nitro-L-
arginine methyl ester (L-NAME; 100 gM; 20 min) each abolished the hyperpolarization and the majority
of the relaxation to acetylcholine (maximal response reduced from 96.8 ± 2.3% to 2.0 ± 1.4%).
3 The potassium channel blocker, glibenclamide (1O gM; O min) also abolished the change in mem-

brane potential to acetylcholine but did not modify the smooth muscle relaxation.
4 In contrast, neither L-NAME nor glibenclamide modified the comparable responses of the femoral
artery to A23 187, which were also unaffected by the cyclo-oxygenase inhibitor, indomethacin
(I0 M).
5 In artery segments stimulated with potassium chloride (25 mM), the maximal change in tension and
membrane potential evoked by A23187 (100 gM) was significantly reduced from 95.0 ± 4.5% and
23.0 ± 2.0 mV to 69.0 ± 10.1% and 12.0 ± 1.5 mV, respectively. Under these conditions L-NAME
further reduced the relaxation but not the accompanying hyperpolarization to A23187.
6 Endothelium-denuded arterial segments sandwiched with endothelium-intact 'donor' segments gave

qualitatively similar relaxant responses to those described above for acetylcholine and A23187.
7 Exogenous nitric oxide (0.5-10 1M) stimulated a transient relaxation in pre-contracted artery
segments, which at concentrations above 5 LM was accompanied by smooth muscle hyperpolarization
(maximum 8.5 ± 3.2 mV; n = 4). The hyperpolarization but not the relaxation to nitric oxide was

abolished by either glibenclamide or 25 mM potassium.
8 These data indicate that in the femoral artery, acetylcholine-induced relaxation can be attributed
solely to the release of nitric oxide from the endothelium, which then stimulates relaxation independently
of a change in smooth muscle membrane potential. In contrast, both the relaxation and hyperpolariza-
tion evoked by A23187 appear to be mediated predominantly by nitric oxide-independent pathways
which appear to involve a diffusible factor released from the endothelium. The results suggest that this
diffusible hyperpolarizing factor can be released from endothelial cells in the femoral artery by A23187
but not by acetylcholine.

Keywords: Endothelium-dependent hyperpolarization, relaxation; rabbit isolated femoral artery; A23187; acetylcholine; nitric
oxide

Introduction

Endothelium-derived relaxing factor (EDRF) has now been
identified as nitric oxide, or a closely related molecule, which
is synthesized from L-arginine by nitric oxide synthase
(Palmer et al., 1987). However, in many vessels endothelium-
dependent relaxations, particularly to agents such as brady-
kinin and the calcium ionophore, A23187, are resistant to
inhibitors of the nitric oxide transduction pathway. This
indicates that other endothelium-derived factors may contri-
bute to the local regulation of vascular smooth muscle tone
(Chen & Suzuki, 1989; Cowan & Cohen, 1991; Nagao &
Vanhoutte, 1992). Furthermore, direct measurements of
smooth muscle guanosine 3':5'-cyclic monophosphate (cyclic
GMP) have shown in isolated preparations such as the rat
kidney, canine femoral vein and porcine coronary artery, that
endothelium-dependent relaxations are unaffected when cyclic
GMP formation is inhibited (Cacofeiro & Nasjletti, 1991;
Cowan & Cohen, 1991; Vidal et al., 1991).

Endothelium-dependent relaxation is usually accompanied
by hyperpolarization of the vascular smooth muscle cell
membrane and, although application of exogenous nitric

' Author for correspondence.

oxide can elicit membrane hyperpolarization under certain
conditions in some vessels, it has been suggested that the
hyperpolarization may be mediated by a factor (EDHF)
which is distinct from nitric oxide (Taylor et al., 1988; Tare
et al., 1990). The release of EDHF may explain the resistance
of some endothelium-dependent responses to inhibitors of
nitric oxide synthase (Garland & McPherson, 1992; Nagao &
Vanhoutte, 1992).

Preliminary experiments in the rabbit isolated femoral
artery indicated that acetylcholine-evoked relaxations could
be inhibited by L-NAME, but that relaxations elicited by the
calcium ionophore A23187 were unaffected (Plane et al.,
1992). This suggested that acetylcholine and A23187 might
have a differential influence on the release of nitric oxide and
EDHF in this large artery. We have now investigated the
contribution of smooth muscle hyperpolarization to endo-
thelium-dependent relaxation in the femoral artery by mak-
ing simultaneous measurements of changes in smooth muscle
membrane potential and tension. In addition, we have also
investigated the action of bradykinin, which may stimulate
relaxation in arterial smooth muscle predominantly via the
release of EDHF (Nagao & Vanhoutte, 1992; Nakashima et
al., 1993).
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Methods

New Zealand white rabbits (2-3 kg) of either sex were anaes-

thetized with an intravenous injection of sodium pentobar-
bitone (60mgkg-', i.v.) and killed by rapid exsanguination.
The femoral arteries were carefully removed, cleaned of
adhering fat and connective tissue and cut into cylindrical
segments 2-3 mm in length. Segments were then mounted in
a two-channel Mulvany-Halpern myograph (model 400A;
J.P. Trading, Denmark) for simultaneous recording of
changes in smooth muscle membrane potential and tension,
as previously described (Garland, 1987). Briefly, two tungsten
wires (each 40 tm diameter) were passed through the lumen
of the segment and each wire attached to a metal foot in the
myograph. The tissue segments were stretched between the
two wires to a previously determined optimal preload of ig,
and superfused at 7-8 ml min-' with Krebs buffer which had
been bubbled with 95% 02/5% C02. In some experiments,
the endothelial cell layer was removed by gently rubbing the
intimal surface with a human hair.
Drugs were equilibrated with the perfusate before it enter-

ed the tissue chamber. Nitric oxide solutions were injected
from a gas-tight syringe close to the arterial segment, in
volumes of not greater than 200 fil.

Electrophysiology

Measurement of smooth muscle membrane potential was

made with a glass microelectrode advanced through the
adventitial surface of the arterial segment. The electrodes
were filled with 2 M KC1 and had resistances of 60-120 MQ.
Membrane electrical events were recorded through a high
impedance d.c. preamplifier (Neurolog 102G) and, together
with data from the isometric force transducer, stored on disc
(CVMS, McPherson Scientific).

Sandwich preparations

Endothelium-denuded segments of the femoral artery were
mounted between stainless steel hooks in 10 ml organ baths
under a resting tension of 1 g for isometric recording of
tension changes. The tissues were maintained at 37°C in
Krebs buffer bubbled with 95%O2/5%CO2. Removal of the
endothelium was confirmed by the absence of any relaxation
to acetylcholine or A23187 following pre-constriction with
phenylephrine. To examine the transferable nature of the
nitric oxide-independent relaxations, donor segments with an
intact endothelium were wrapped round and attached with a
small pin to a detector tissue denuded of endothelium. The
tissues were then rechallenged with acetylcholine or A23187
in the absence and presence of L-NAME (100 tM).

Solutions and drugs

All experiments were carried out in Krebs buffer with the
following composition (mM): NaCI 122, NaHCO3 25.5, KC1
5.2, MgSO4 1.2, CaCl2 1.6, disodium EDTA 0.027, ascorbate
0.114, and glucose 9.4. K+ 25 mM Krebs solution was

prepared by direct replacement of NaCI with KCl.
Drugs used were acetylcholine chloride (BDH), noradren-

aline bitartrate (arterenol, Sigma), calcium ionophore A23187
(Sigma), phenylephrine (Sigma), N0-nitro-L-arginine methyl
ester (Sigma), N0-nitro-L-arginine (Sigma) and glibenclamide
(gift from Hoechst).

Preparation of nitric oxide solutions

Nitric oxide gas (research grade, BDH) was injected into
Krebs solution which had been bubbled with helium (BOC)
for 45-60min. Nitric oxide solutions were injected from a

gas-tight syringe close to the artery segments, in volumes of
not greater than 200 pl. Control injections of helium-gassed

Krebs solution were made to assess the extent of any poten-
tial injection artifacts.

Analysis of data

Relaxations are expressed as the percentage decrease in the
tone induced by either noradrenaline (0.1-1.0 gM) or potas-
sium chloride (25 mM). Data are expressed as mean ± s.e.
mean. The significance of differences between mean values
was calculated with the Wilcoxon test for paired samples.

Results

Membrane and tension responses to acetykholine

Smooth muscle cells in the femoral artery were electrically
quiescent and had a mean resting membrane potential of
- 64.3 ± 4.8 mV (51 cells from 29 preparations). The applica-
tion of acetylcholine (1 nM-10 JM ) to cells pre-contracted
and depolarized with noradrenaline (0.1-1 m; mean back-
ground contraction and depolarization of 14.9 ± 4.6 mN and
19.0 ± 2.3 mV, n = 12) evoked concentration-dependent smooth
muscle repolarization and relaxation, both of which were
endothelium-dependent. The maximal relaxation evoked by
acetylcholine (10 EM) was 96.8 ± 2.3% (n = 4), and was
accompanied by a maximal increase in membrane potential
of 9.0 ± 2.7 mV (n = 4). The EC50 values for the relaxation
and repolarization to acetylcholine were not significantly
different (0.25 ± 0.05 tM and 0.29 ± 0.06 tM; n = 4; P>
0.05), although the concentration required to initiate memb-
rane hyperpolarization was ten fold higher than for relaxa-
tion. A representative trace showing simultaneous measure-
ments of changes in membrane potential and tension to
acetylcholine is shown in Figure la.

Pre-incubation of femoral artery segments with either L-
NOARG or L-NAME (100 gM; 20 min) caused an endothe-
lium-dependent increase in basal tone of 4.41 ± 0.87 mN
(n = 12) but had no significant effect on the resting mem-
brane potential of the smooth muscle cells (mean resting
membrane potential in the presence of L-NOARG or L-
NAME was -63.0 ± 5.0 mV; n = 5; P> 0.05). After expo-
sure to either of these inhibitors, acetylcholine-evoked
repolarization was abolished and relaxation was dramatically
reduced to only 2.0 ± 1.4% (n =4; P <0.05) in cells pre-
stimulated with noradrenaline. Concentration-response
curves for acetylcholine-evoked relaxation and hyperpolariza-
tion in the presence and absence of L-NAME are shown in
Figure 2.
The application of the potassium channel blocker gliben-

clamide (1Og1M; 10min) did not affect either the basal tone
or the resting membrane potential in smooth muscle of the
femoral artery (mean resting membrane potential in the
presence of glibenclamide was -64.5 ± 5.0 mV (n = 3)).
However, after exposure to glibenclamide acetylcholine-
evoked hyperpolarization was abolished although relaxation
was not significantly altered (maximal response in the
presence of glibenclamide; 94.6 ± 6.0%; n = 4; P>0.05).
Potassium chloride (25 mM) induced a similar contraction to
noradrenaline (11.7 ± 4.7mN; n = 8; P> 0.05), although the
extent of smooth muscle depolarization was greater
(29.5 ± 2.3 mV; n = 4; P<0.05). In the presence of 25 mM
potassium chloride, acetylcholine-evoked hyperpolarization
was abolished, but as with glibenclamide, relaxation was not
significantly altered (maximal response 89.9 ± 9.6%; n = 4;
P> 0.05). Following exposure to L-NAME (100 aLM), the
relaxation to acetylcholine in segments contracted by potas-
sium chloride was inhibited to a similar extent as in the
segments contracted with noradrenaline. The maximal relaxa-
tion was reduced to only 10.3 ± 1.3% (n = 4; P< 0.05).

Indomethacin (10jM) did not alter the relaxation to ace-
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tyicholine in either noradrenaline- or potassium chloride-
contracted tissues. In the presence of indomethacin, the max-
imal relaxation evoked by acetylcholine in noradrenaline-
and potassium chloride-contracted arterial segments was
95.3 ± 4.0% (n = 3) and 90.5 ± 7.9% (n = 3), respectively.

a

-43

mV

-63

10

mN

o
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Figure 1 Representative traces showing simultaneous records of changes in membrane potential and tension elicited by acetyl-
choline (0.01-10 JiM) and A23187 (0.01-1100 jM) in noradrenaline (1.0 tiM)-stimulated segments of the rabbit femoral artery: (a)
acetylcholine (b) A23187.
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Figure 2 Mean concentration-response curves for acetylcholine in
the rabbit femoral artery pre-contracted with noradrenaline (0.1-
1.01iM), in the presence and absence of NO-nitro-L-arginine methyl
ester (L-NAME, 100 ItM; n = 4). Points show relaxation (0) and
repolarization (L) and are the mean ± s.e. mean from 4 separate
experiments. (a) Control responses; (b) in the presence of L-NAME.
*P<0.05.

noradrenaline (0.1-1 M; mean background contraction and
depolarization of 13.5 ± 3.0 mN and 17.5 ± 2.5 mV; n = 12).
The maximal change in membrane potential and tension to
A23187 (100 fM) was 23.0±2.0mV and 95.7±2.5% (n=
8), respectively. As with acetylcholine, the concentration
required to initiate repolarization was higher than for relaxa-
tion (0.01 pM and 0.03 pM, respectively). A representative
trace of changes in membrane and tension to A23187 is
shown in Figure lb. Both the changes in membrane potential
and tension were abolished by removal of the endothelium.

Unlike acetylcholine, both the relaxation and repolariza-
tion evoked by A23187 was unchanged by prior exposure to
either L-NOARG or L-NAME (100 gM; 20 min) or to the
potassium channel inhibitor glibenclamide (10 jiM; 10 min).
The maximal relaxation and change in membrane potential
to A23187 in the presence of L-NAME was 95.5 ± 2.4% and
22.1 ± 3.5 mV, and in the presence of glibenclamide, 98.0 ±
1.5% and 21.5 ± 3.0 mV (n = 4; P>0.05). Figure 3 shows
the concentration-response curves for A23187-evoked relaxa-
tion and repolarization in noradrenaline-contracted tissues in
the presence and absence of L-NAME.

In arterial segments pre-contracted with potassium chloride
(mean background contraction and depolarization of 15.6 +
3.5 mN and 26.8 ± 5.1 mV; n = 6), both the relaxation and
repolarization to A23187 were significantly reduced com-
pared to responses in noradrenaline-stimulated tissues. The
maximal change in tension and membrane potential to
A23187 was reduced to 69.0± 10.1% and 12.0±1.5mV
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Figure 3 Mean concentration-response curves for A23187 in the
rabbit femoral artery pre-contracted with noradrenaline (0.1-
1.OJM), in the presence and absence of NG-nitro-L-arginine methyl
ester (L-NAME, 100 JiM; n = 4). Points show relaxation (0) and
repolarization (0) and are the mean ± s.e. mean from 4 separate
experiments. (a) Control responses; (b) in the presence of L-NAME.
*P< 0.05.

(n = 4; P< 0.05), respectively. Subsequent exposure to L-
NAME (100 gM) further attenuated the A23187-evoked
relaxation in potassium chloride-contracted tissues, reducing
the maximal relaxation to 42.0 ± 5.6% (n =4) while the
accompanying hyperpolarization was unaltered. Glibencla-
mide (10 JIM) reduced the maximum relaxation in the
presence of potassium to 57.7 ± 5.3% (n = 4; P <0.05), and
the repolarization to 6.1 ± 1.5 mV (n =4; P<0.05). Addi-
tion of L-NAME and glibenclamide together did not further
depress relaxation. Figure 4 shows the concentration-
response curves for A23187-evoked relaxation in potassium-
contracted tissues in the presence and absence of L-NAME.
The cyclo-oxygenase inhibitor, indomethacin, did not affect

relaxation to A23187 in either noradrenaline or potassium
chloride-constricted artery segments. The maximal relaxation
to A23187 in noradrenaline and potassium chloride con-
tracted tissues in the presence of indomethacin was 97.3 ±
2.5% (n = 3) and 68 ± 8.3% (n = 3), respectively.

Transfer of tension changes in sandwich preparations

The use of sandwich preparations of femoral artery showed
that the tension changes to acetylcholine and to A23187
could be transferred from one strip to another (n = 8). As
shown in Figure 5 the application of either acetylcholine or
A23187 to segments of femoral artery without an endothe-
lium induced relaxation only if a donor tissue with a func-
tional endothelium was wrapped round the denuded segment.
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Figure 4 Mean concentration-response curves for A23187 in the
rabbit femoral artery pre-contracted with potassium chloride
(25 mM), in the presence and absence of N0-nitro-L-arginine methyl
ester (L-NAME, 100 gM; n = 4). Points show relaxation (0) and
repolarization (@) and are the mean ± s.e. mean from 4 separate
experiments. (a) Control responses; (b) in the presence of L-NAME.
*P<0.05.

The concentration-dependent relaxation to acetylcholine was
almost totally abolished in the presence of L-NAME (100 gM;
Figure Sc), whereas similar responses to A23187 were largely
unaffected (Figure Se). However, the relaxation to A23187
was reduced in the presence of L-NAME if the strips were
initially contracted with 25 mM potassium, rather than
phenylephrine (1 gm; Figure Sf).

Membrane and tension responses to bradykinin

The application of bradykinin (0.01-100AM) to either resting
or noradrenaline-stimulated tissues failed to evoke any
change in smooth muscle tone or membrane potential
(n = 4).

Membrane and tension responses to nitric oxide

Bolus doses of exogenous nitric oxide (0.5-1OIM), applied
close to the arterial segment, initiated transient, concen-
tration-dependent relaxation in tissues pre-contracted with
noradrenaline (0.1-1 M). At concentrations above SlM,
smooth muscle relaxation was accompanied by a small, tran-
sient increase in membrane potential. The maximal change in
membrane potential and tension evoked by 10 LM nitic oxide
was 8.5 ± 3.2 mV and 86.5 + 6.6% (n = 4), respectively. In
the presence of glibenclamide (10 gAM) or in tissues pre-
contracted with 25 mM potassium chloride, the change in
membrane potential to nitric oxide was abolished (n = 4), but

the relaxation was unaffected. The maximal relaxation evok-
ed by nitric oxide in the presence of either 25 mm potassium
chloride or glibenclamide was 80.6 ± 7.9% (n = 4; P> 0.05)
and 85.9 + 7.4% (n = 4; P> 0.05), respectively.

Discussion

These data indicate that in the rabbit femoral artery, in
common with other vessels, mechanisms which are both
nitric oxide-dependent and -independent can contribute to
endothelium-dependent smooth muscle relaxation. However,
the relative importance of these mechanisms appears to vary,
with nitric oxide-independent mechanisms apparently making
a larger contribution to the responses evoked by A23187
than other agonists. Of particular interest is the finding that
the endothelium-dependent hyperpolarization and relaxation
to acetylcholine can be explained solely in terms of nitric
oxide release, in spite of the fact that mechanisms indepen-
dent of nitric oxide, but also capable of providing an impor-
tant drive to relaxation, are functional in the same vessel.
Simple contractile measurements in a variety of isolated
arteries from the rat, have led to the suggestion that the
relaxation to acetylcholine is mediated by nitric oxide in
large, conducting vessels, while in smaller arteries voltage-
sensitive mechanisms may predominate viz. EDHF (Nagao et
al., 1992). This suggestion was based mainly on the marked
relaxation to acetylcholine which persisted in the presence of
nitro-arginine in the smaller arteries, while a similar mano-
euvre abolished the equivalent responses in larger vessels.
Some studies are consistent with this suggestion, showing
hyperpolarization in smooth muscle cells of large arteries
which appears not to be of primary importance for relaxa-
tion and which, in some cases, is sensitive to glibenclamide
(Chen et al., 1988; Huang et al., 1988; Brayden, 1990; Rand
& Garland, 1992). However there are exceptions, as in large
coronary arteries from the guinea-pig the smooth muscle cells
developed an endothelium-dependent hyperpolarization to
acetylcholine which was resistant to both L-NOARG and
glibenclamide (Chen et al., 1991).
The occurrence of more than one endothelium-dependent

mechanism which can mediate relaxation in the same vessel
has been demonstrated previously in a number of arteries. In
the rabbit and bovine pulmonary arteries, bradykinin-evoked
relaxation was partially antagonized by either methylene blue
or indomethacin, and abolished by these two agents in com-
bination (Chand et al., 1987; Ignarro et al., 1987). Further-
more, in rabbit coronary arteries prostacyclin appears also to
contribute to bradykinin-evoked dilatation recorded in the
presence of L-NOARG (Jackson et al., 1993). However, in
this as in other studies, a role for prostanoids in the nitric
oxide-independent response to A23187 is unlikely, because
indomethacin was without effect (Cowan & Cohen, 1991;
Garland & McPherson, 1992; Adeagbo & Triggle, 1993).

Acetylcholine-evoked relaxation of the femoral artery was
accompanied by repolarization of the smooth muscle cell
membrane with both of the responses being inhibited by the
nitric oxide synthase inhibitors, L-NAME or L-NOARG.
This indicates that, as in the rabbit basilar and guinea-pig
uterine arteries, the release of endothelium-derived nitric
oxide has an important role to play in both the change in
membrane potential and in tension to acetylcholine (Tare et
al., 1990; Rand & Garland, 1992). This proposal is supported
by the finding that relaxation to exogenous nitric oxide was
also accompanied by an increase in the membrane potential
of the smooth muscle cells, with a maximum response of
similar magnitude to that elicited by acetylcholine. In addi-
tion, both the acetylcholine and nitric oxide-evoked changes
in membrane potential were totally blocked by the sulphonyl-
urea compound, glibenclamide, and by an increased extracel-
lular potassium concentration. The latter observations
indicate that glibenclamide-sensitive potassium channels most
probably underlie these membrane responses. Similar findings
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Figure 5 Representative traces, from eight experiments, showing tension change in the isolated femoral artery to either acetyl-
choline or A23187. Apart from (f), segments were precontracted by phenylephrine I FM. The artery segment was denuded of
endothelium and exposed to acetylcholine in the absence (a) or presence of a donor segment containing functional endothelium (b)
or a donor segment in the additional presence of NG-nitro-L-arginine methyl ester (L-NAME) (c). Similar experiments using A23187
rather than acetylcholine are illustrated in (d). A23187 alone; (e) A23187 plus donor segment and L-NAME; (f) A23187 in an artery
segment precontracted by 25 mm potassium.

have also been reported in other vessels, such as the rabbit
middle cerebral artery, where nitric oxide- and acetylcholine-
evoked changes in membrane potential were also inhibited by
glibenclamide or raised extracellular potassium (Brayden,
1990). Our observations are in agreement with the studies of
Huang et al. (1988) who suggested that the relaxation to
acetylcholine in the femoral artery was mediated by nitric
oxide. However, we were additionally able to block hyper-
polarization to acetylcholine using specific nitric oxide-
synthase inhibitors.

Inhibition of both the acetylcholine- and nitric oxide-
induced hyperpolarization did not influence smooth muscle
relaxation to either agent, indicating that the change in mem-
brane potential is not normally important for reductions in
tone. This contrasts with the rat mesenteric artery, where
both nitric oxide, acting via cyclic GMP, and a nitric oxide-
independent hyperpolarization stimulate significant relaxation
in the response to acetylcholine, and where the nitric oxide-
independent relaxations are markedly reduced under condi-
tions which inhibit repolarization (Garland & McPherson,
1992; Waldron et al., 1993). The potassium channel opener,
levcromakalim, completely reversed the contraction to either
noradrenaline or raised potassium in the femoral artery, so a
link between an increase in membrane potential and smooth
muscle relaxation is functional in these cells (Thirstrup &
Nielson-Kidsk, 1992; Plane & Thomas, unpublished observa-
tions). Failure to reduce smooth muscle relaxation by block-
ing hyperpolarization presumably reflects a supramaximal
action of nitric oxide via cyclic GMP.
The calcium inophore, A23187, also elicited both endothe-

lium-dependent relaxation and repolarization in nor-
adrenaline-stimulated segments of the rabbit femoral artery.
However, in contrast to the acetylcholine-evoked responses,
both the relaxation and the repolarization to A23187 were
unaffected by pre-incubation with either of the nitric oxide
synthase inhibitors L-NAME and L-NOARG, indicating that
nitric oxide release does not make a significant contribution

to these responses. This is consistent with an earlier study,
where methylene blue, at a concentration which inhibited the
relaxation evoked by sodium nitroprusside, did not modify
A23187-evoked relaxation (Plane et al., 1992). In addition to
inhibiting the enzyme soluble guanylate cyclase, methylene
blue also inactivates nitric oxide via the extracellular genera-
tion of superoxide anion. Therefore this observation suggests
that the mediator of A23187-evoked responses, unlike nitric
oxide, is not susceptable to oxygen-derived free radicals
(Wolin et al., 1990).
Although endothelium-dependent hyperpolarization is

mediated by the opening of potassium channels, the type of
channel involved has not been defined and may even vary
between different vessels. Variation may also, at least in part,
reflect the predominance of either EDHF or nitric oxide in
the control of vessel tone. For example, in the rabbit basilar
and middle cerebral arteries, endothelium-dependent hyper-
polarization to acetylcholine is mediated by glibenclamide-
sensitive potassium channels, whereas in the rat small mesen-
teric artery glibenclamide does not modify the increase in
membrane potential to acetylcholine, even though glibencla-
mide-sensitive potassium channels are present in this vessel
(Brayden, 1990; McPherson & Angus, 1990; Plane & Gar-
land, 1993). In the rat perfused mesenteric bed, the compo-
nent of smooth muscle relaxation to acetylcholine which is
presumably mediated by this change in membrane potential,
is in fact sensitive to the blocking action of apamin (Adeagbo
& Triggle, 1993). Endothelium-dependent relaxation which is
not mediated by nitric oxide has also been reported to be
insensitive to glibenclamide in the porcine and guinea-pig
coronary arteries (Chen et al., 1991; Cowan & Cohen, 1992).

In the present study, nitric oxide- and acetylcholine-evoked
hyperpolarization were each blocked by glibenclamide, while
the A23187-evoked changes in smooth muscle membrane
potential were not modified, except in the presence of raised
extracellular potassium. This observation again indicates that
A23187 operates through a different mechanism from acetyl-
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choline, a mechanism which presumably involves potassium
channels as both the repolarization and relaxation to A23187
were significantly reduced by raised extracellular potassium
chloride concentrations. The glibenclamide sensitive compo-
nent was only revealed once the predominant hyperpolarizing
response to A23187 had been markedly reduced by lowering
the potassium gradient. The glibenclamide-sensitive compo-
nent may well reflect the release of nitric oxide, as under
these conditions a similar sensitivity to L-NAME was also
apparent. A direct effect of 25 mM potassium on the produc-
tion or release of nitric oxide is unlikely, as in this and other
studies, L-NAME-sensitive relaxations to acetylcholine were
not significantly different in noradrenaline- or potassium
chloride-contracted tissues (Parsons et al., 1991; Plane &
Garland, 1993). As both the amplitude of the repolarization
and the nitric oxide-independent component of relaxation to
A23187 were reduced by a similar amount, a casual link
between the two events is indicated, supporting the pos-
sibility that smooth muscle hyperpolarization is responsible
for nitric oxide-independent relaxation. Similar observations
have recently been made with other agonists in vessels such
as the porcine and canine coronary arteries and rat
mesenteric arteries (Cowan & Cohen, 1991; 1992; Garland &
McPherson, 1992; Nagao & Vanhoutte, 1992).
The fact that smooth muscle relaxation to acetylcholine

and A23187 was recorded in the experiments with sandwich
preparations of the femoral artery, which had a qualitatively
similar sensitivity to L-NAME and raised extracellular potas-
sium as in the individual segments, provides strong evidence
that both nitric oxide and a transferable hyperpolarizing
factor can be released by endothelial cells in this artery.
Although it has been suggested that electrotonic spread of
hyperpolarization from endothelial cells could underlie
smooth muscle relaxation, the balance of available evidence
favours the release of a diffusible hyperpolarizing factor. For
example, acetylcholine induced smooth muscle hyperpolariza-
tion in smooth muscle cells of guinea-pig coronary artery
denuded of endothelium, but only if sandwiched with a

carotid artery with an intact endothelium. The hyperpolariza-
tion induced in this way was not sensitive to either nitroar-
ginine or glibenclamide, but was blocked in the presence of
TEA (Chen et al., 1991). In the present study, relaxation was
obtained in sandwiched preparations under conditions which
would favour nitric oxide-independent hyperpolarization and
associated smooth muscle relaxation, strongly supporting the
suggestion that a diffusible hyperpolarizing factor is released
from endothelial cells by A23187.

In contrast to acetylcholine, nitric oxide and A23 187,
bradykinin failed to evoke any measurable change in either
smooth muscle membrane potential or tone in the femoral
artery. Bradykinin has been shown to cause endothelium-
dependent relaxation predominately by the release of EDHF
in other vessels (Nagao & Vanhoutte, 1992). A similar effect
of bradykinin has also been reported in human coronary
arteries, an effect which is mimicked by A23187 (Nakashima
et al., 1993). As A23187 appeared to stimulate endothelium-
dependent relaxation in the femoral artery predominately via
EDHF, the lack of any response to bradykinin suggests an
absence of receptors for this tachykinin on endothelial cells
in the rabbit femoral artery.

In conclusion, these data indicate that in the rabbit
femoral artery, which is a large condduit vessel, acetylcho-
line-evoked relaxations can be explained by the release of
nitric oxide which then acts to stimulate relaxation by a
voltage-independent mechanism. In contrast, in the femoral
as in other arteries, A23187-evoked relaxations appear to be
mediated predominantly by mechanisms independent of the
release of nitric oxide and the activation of guanylate cyclase.
A23187-evoked relaxations are mediated by a diffusible fac-
tor and are reduced together with accompanying smooth
muscle hyperpolarization, indicating that the change in mem-
brane potential provides a significant drive to relaxation.

This work was made possible by financial support from the Well-
come Trust. Glibenclamide was generously supplied by Hoechst.
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Suppression of eosinophil function by RP 73401, a potent
and selective inhibitor of cyclic AMP-specific
phosphodiesterase: comparison with rolipram

'John E. Souness, Christopher Maslen, Stephen Webber, Martyn Foster, David Raeburn,
Malcolm N. Palfreyman, Michael J. Ashton & Jan-Anders Karlsson

Rhone-Poulenc Rorer Central Research, Dagenham Research Centre, Rainham Road South, Dagenham, Essex
RM1O 7XS

1 We have investigated the inhibitory potency of RP 73401, a novel, highly selective and potent
inhibitor of cyclic AMP-specific phosphodiesterase (PDE IV), against partially-purified PDE isoenzymes
from smooth muscle and the particulate PDE IV from guinea-pig eosinophils. The inhibitory effects of
RP 73401 on the generation of superoxide (.02-), major basic protein (MBP) and eosinophil cationic
protein (ECP) from guinea-pig eosinophils have also been studied.
2 RP 73401 potently inhibited partially-purified cyclic AMP-specific phosphodiesterase (PDE IV) from
pig aortic smooth muscle (ICm = 1.2 nM); it was similarly potent against the particulate PDE IV from
guinea-pig peritoneal eosinophils (IC5o = 0.7 nM). It displayed at least a 19000 fold selectivity for PDE
IV compared to its potencies against other PDE isoenzymes. Rolipram was approximately 2600 fold less
potent than RP 73401 against pig aortic smooth muscle PDE IV (IC50 = 3162 nM) and about 250 times
less potent against eosinophil PDE IV (ICso = 186 nM).
3 Solubilization of the eosinophil particulate PDE IV increased the potency of rolipram 10 fold but did
not markedly affect the potency of RP 73401. A similar (10 fold) increase in the PDE IV inhibitory
potency of rolipram, but not RP 73401, was observed when eosinophil membranes were exposed to
vanadate/glutathione complex (V/GSH).
4 Reverse transcription polymerase chain reaction (RT-PCR), using primer pairs designed against
specific sequences in four distinct rat PDE IV subtype cDNA clones (PDE IVA.D), showed only mRNA
for PDE IVD in guinea-pig eosinophils. PDE IVD was also the predominant subtype expressed in pig
aortic smooth muscle cells.
5 RP 73401 (K&app = 0.4 nM) was 4 fold more potent than (±)-rolipram (Kiapp = 1.7 nM) in displacing
[3H]-(±)-rolipram from guinea-pig brain membranes.
6 In intact eosinophils, RP 73401 potentiated isoprenaline-induced cyclic AMP accumulation
(EC50 = 79 nM). RP 73401 also inhibited leukotriene B4-induced generation of *02- (IC50 = 25 nM), and
the release of major basic protein (ICo = 115 nM) and eosinophil cationic protein (IC50 = 7 nM). Roli-
pram was 3-14 times less potent than RP 73401.
7 Thus RP 73401 is a very potent and selective PDE IV inhibitor which suppresses eosinophil function
suggesting that it may be a useful agent for the treatment of inflammatory diseases such as asthma. The
greatly different inhibitory potencies of rolipram against PDE IV from smooth muscle and eosinophils
(in contrast to the invariable effects of RP 73401) are unlikely to be attributable to diverse PDE IV
subtypes but suggest distinct interactions of the two inhibitors with the enzyme.

Keywords: Cyclic AMP-phosphodiesterase; RP 73401; rolipram; eosinophil; superoxide; major basic protein; eosinophil
cationic protein

Introduction

Much attention has recently focused on the therapeutic
potential of adenosine 3':5'-cyclic monophosphate (cyclic
AMP)-specific phosphodiesterase (PDE IV) inhibitors for the
treatment of asthma (Torphy & Undem, 1991; Giembycz,
1992; Raeburn et al., 1993). This stems primarily from the
wide-ranging anti-inflammatory properties of PDE IV
inhibitors in vitro and in vivo. For example, the archetypal
PDE IV inhibitor, rolipram, suppresses functional responses
(e.g. generation of reactive oxygen species, cytokines,
mediators and cytotoxic proteins) in mast cells (Torphy et al.,
1992a), basophils (Peachell et al., 1992), monocytes (Semmler
et al., 1993), macrophages (Schade & Schudt, 1993), neu-
trophils (Fonteh et al., 1993; Wright et al., 1990), lym-
phocytes (Epstein et al., 1984; Robicsek et al., 1991) and
eosinophils (Dent et al., 1991; Souness et al., 1991). In vivo,
PDE IV inhibitors suppress microvascular leakage (Raeburn

Author for correspondence.

& Karlsson, 1993), eosinophil accumulation (Underwood et
al., 1993), passive cutaneous anaphylaxis (Davies & Evans,
1973) and anaphylactic bronchospasm (Underwood et al.,
1993). As well as their anti-inflammatory effects, PDE IV
inhibitors relax airways smooth muscle and exhibit bron-
chodilator activity in vivo (Harris et al., 1989). Furthermore,
PAF-induced bronchial hyperresponsiveness in guinea-pigs is
attenuated by rolipram (Raeburn & Lewis, 1991).
Asthma is a disease characterized by variable airways

obstruction and bronchial hyperresponsiveness which has
been linked to mucosal inflammation and, in particular, the
influx and activation of eosinophils (Barnes et al., 1988; Kay,
1985). PDE IV inhibitors, with their dual anti-inflammatory
and bronchodilator activities, may be useful for treating both
the symptoms and the underlying causes of the disease.
We have synthesized a PDE IV inhibitor, RP 73401 (3-cyclo-
pentyloxy -N-[3,5 -dichloro -4 - pyridyl] -4 -methoxybenzamide)
(Figure 1) (Ashton et al., 1994) and compared its inhibitory
activities against PDE IV preparations from smooth muscle

BrRish Journal of Pharmacology (1995) 115, 39-46
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RP 73401

Rolipram

Figure 1 Structures of RP 73401 and rolipram.

Solubilization of membrane-associated cyclic AMP PDE
from eosinophils
The membrane-bound cyclic AMP PDE was solubilized
by homogenizing freshly prepared membranes with a
Dounce homogenizer (10 strokes) in homogenization buffer
containing deoxycholate (0.5%) and NaCl (100 mM). The
homogenate was centrifuged (100,000 g, 30 min) and the
supernatant containing the solubilized activity removed.

Partial purification ofsmooth muscle PDE isoenzymes

Ca2+/calmodulin-dependent PDE (PDE I), cyclic GMP-
inhibited PDE (PDE III), cyclic AMP-specific PDE (PDE IV)
and cyclic GMP-specific PDE (PDE V) were isolated from
pig aortic smooth muscle. Isoenzymes were partially purified
by DEAE-trisacryl anion exchange chromatography (IBF,
Villeneuve La Garenne, France) from the 100,000g super-
natant fraction of aortic smooth muscle strips which were
prepared and processed as previously described (Souness &
Scott, 1993). Cyclic GMP-stimulated PDE (PDE II) was
partially purified by the same homogenization and chromato-
graphy procedure except that the source of the isoenzyme
was fresh bovine cervical trachealis isolated according to
Giembycz & Barnes (1991).

and eosinophils with those of the standard PDE IV inhibitor,
rolipram. We have also investigated the effects of these com-
pounds on the physiological responses of eosinophils to
exogenously applied stimuli.

Methods

Preparation ofguinea-pig peritoneal eosinophils

Male, Dunkin-Hartley guinea-pigs (250-400 g) were injected
(i.p.) with 0.5 ml of donor horse serum twice weekly for 4
weeks. At least 5 days after the final injection, the guinea-
pigs were killed by CO2 asphyxiation. A ventral incision was
made into the peritoneum and 30 ml of Hank's buffered salts
solution (HBSS) without Ca2+ (Gibco, U.K. Ltd) were
poured into the abdominal cavity. The abdomen was gently
massaged for approximately 1 min and the peritoneal exudate
aspirated and centrifuged (250 g, O min, 4C). The super-
natant was discarded and the pellet washed once (HBSS,
10 ml) and resuspended in HBSS containing 5% (v/v) foetal
calf serum (FCS). Aliquots (1 ml) of the cell suspension were
layered onto a discontinuous (55%, 65%, 70%, v/v) Percoll
gradient prepared in resuspension buffer. The gradients were
centrifuged (250 g, 20 min, 20°C) and the normo-dense and
hypo-dense eosinophils, which accumulated at the 65%/70%
and 55%/65% Percoll gradient interfaces, respectively, were
resuspended in HBSS (10 ml). Total cell counts were deter-
mined with a Coulter counter (Zl) and differential cell counts
were obtained from cytospin slides fixed in methanol and
stained with Wright-Giemsa. Cell viability was greater than
95% and eosinophil purity greater than 97%.

Preparation of eosinophil subcellular fractions
Cells (100-200 x 106), suspended in HBSS, were centrifuged
(250 g, 10 min, 4°C), the supernatant removed and the result-
ing pellet resuspended in 5 ml of homogenization buffer
(Tris/HCI, 20 mM [pH 7.5]; MgCl2, 2 mM; dithiothreitol,
1 mM; ethylenediaminetetraacetic acid (EDTA), 5 mM; suc-
rose, 0.25 M; p-tOSYl-L-lysine-chloromethylketone (TLCK),
20 pM; leupeptin, 10lg ml-'; aprotinin, 2000 u ml-'). Cells
were homogenized with a Dounce homogenizer (10 strokes).
The homogenate was centrifuged (105,000 g, 60 min), the
supernatant collected and the pellet resuspended in an equal
volume of homogenization buffer.

Measurement ofPDE activity

PDE activity was determined by the two-step radioisotope
method of Thompson et al (1979). The reaction mixture
contained (mM): Tris-HCI 20 (pH 8.0), MgCl2 10, 2-
mercaptoethanol 4, ethyleneglycol-bis-(P-aminoethyl ether)
N,N,N',N'-tetraacetic acid (EGTA) 0.2, bovine serum
albumin 0.05 mg ml-'. Unless otherwise stated, the substrate
concentration was 1 pM.
The ICm values (concentration which produced 50%

inhibition of substrate hydrolysis) for the compounds were
determined from concentration (O.1 nM to 40 pM)-response
curves. At least three concentration-response curves were
generated for each agent.
For kinetic studies, the concentration of cyclic AMP was

varied while the amount of 3H-labelled cyclic AMP remained
constant.

Categorisation ofPDE isoenzymes

The nomenclature adopted in this paper for the different
cyclic nucleotide PDEs is based on that of Beavo & Reif-
snyder (1990). PDE IV subtypes referred to in this paper are
based on four rat cDNA nucleotide sequences (PDE IVAD/
rpdes 1-4) as reported by Swinnen et al. (1989).

Preparation of Na3V04/GSH complex (V/GSH)

The V/GSH complex was prepared according to Souness et
al. (1985). Briefly, reduced glutathione (GSH - 224 mM) and
Na3VO4 (112 mM) were mixed together to form a green
complex; 10 p1 of this solution was added to the 400 p1l assay
mix, immediately prior to addition of enzyme. The final
concentration of GSH and Na3VO4 were 2.8 mM and 1.4 mM,
respectively.

Measurement of eosinophil cyclic AMP accumulation

For measurement of cyclic AMP, freshly prepared eosino-
phils (1 x 106 cells ml-') were preincubated in HBSS contain-
ing Ca2l and Mg2. To test the effects of PDE IV inhibitors,
compounds (0.0064 gmM- 100 pM) were routinely added to cell
suspensions for 10 min, after which incubations were con-
tinued for a further 2 min, either in the absence or presence
of isoprenaline (10 pM). Incubations were terminated with
50 p1 of 100% trichloroacetic acid (TCA).
The TCA extract was briefly sonicated (10 s), centrifuged
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(3000 g) for 15 min and the supernatant removed to a clean
tube. TCA was removed with 3 washes of water saturated
diethyl ether (5 vols). The last traces of ether were removed
by gassing with nitrogen, and sodium acetate (pH 6.2) was
added to a final concentration of 50 mM. Samples were
acetylated and cyclic AMP quantified by radioimmunoassay
(RIA, NEN Chemicals GmbH).

Measurement of eosinophil superoxide generation

Superoxide anion (.02-) generation was determined as the
superoxide dismutase (SOD) inhibitable reduction of p-
iodonitrotetrazolium violet (INTV) as previously described
(Souness et al., 1991). Briefly, cells (1 x 106/well) were
incubated for 15min (370C) in 96-well microtitre plates in
HBSS (0.225 ml) containing INTV (0.5 mg ml-') with either
vehicle control (0.1% dimethyl sulphoxide) or PDE inhibitors
(0.001-1OIM). SOD (1 mg ml-') was added to some incuba-
tions to determine what proportion of dye reduction was
attributable to .02- generation. Following the initial 15 min
incubation, leukotriene B4 (LTB4) (10nM) was added and
incubations continued for a further 10min. The cells were
then centrifuged (500 g, 10 min) and the supernatant
aspirated. The pellet was solubilized by incubation overnight
at room temperature in DMSO containing 0.6 M HCI and the
absorbance of the reduced dye measured at 492 nm (Titertek
Multiskan MCC/340). The results are expressed as % inhibi-
tion of the SOD inhibitable .02- release.

Measurement ofmajor basic protein (MBP) and
eosinophil cationic protein (ECP)
Cells (1 x 106/ml) were incubated for 15 min (37C) in 96-well
microtitre plates in HBSS (0.225 ml) containing cytochalasin
B '(5 ig ml-') with vehicle control (0.1%) or PDE IV
inhibitors (0.001-1 lM). Leukotriene B4 (LTB4, 10 nM) was
then added and the incubation was continued for a further
10 min; 200 id of the supernatant was removed from each
well and stored at -20°C prior to quantification of MBP
and ECP.
MBP was measured by a modification of the antigen cap-

ture ELISA previously described (Hunt et al., 1993). Briefly,
microtitre plates (Falcon Pro-Bind) were coated with mono-
clonal antibodies for MBP (BMK13, Sera-Lab, 3 ttg ml-') in
sodium carbonate (15 mM)/sodium bicarbonate (35 mM)
coating buffer. After overnight incubation (4°C), the plates
were washed with phosphate buffered saline (PBS) containing
Tween-20 (0.05%, v/v). The remaining free binding sites were
blocked with BSA (1%). Eosinophil supernatants (100 1il
undiluted), or eosinophil MBP (0-800 Ag ml-', prepared and
stabilized as previously described (Gleich et al., 1973; Was-
som et al., 1979)), were then added to the plates and
incubated for 2 h (with shaking). Plates were washed three
times with PBS/Tween-20. Detection antibody (alkaline phos-

phatase labelled IgG diluted 1:400 in PBS) was added to the
wells and incubated for 90 min at room temperature. Follow-
ing second antibody incubation, the plates were washed three
times with PBS/Tween-20 and the detection substrate
bromochloroindophenol (BCIP) was added and incubated for
60 min at 37°C. Plates were then read at 590 nm.
ECP was measured by a similar antigen capture ELISA

using polyclonal anti-human ECP antibodies (DA178, Kabi
Pharmacia Diagnostics, Milton Keynes, U.K.). The assay
was identical to that described above for MBP except that
primary antibody was coated onto 96-well plates at a concen-
tration of 5 gmlm1', calibration curves for standard human
ECP (Kabi Pharmacia Diagnostics) were in the range
0-3.2 pg ml-' and the alkaline phosphatase detection anti-
body was used at a 1:500 dilution. Results are expressed as
% inhibition of LTB4-induced MBP or ECP release.

Measurement of [3H]-(±)-rolipram binding to brain
membranes

(± )-Rolipram was brominated in CC14 and dispatched to
Amersham International where it was tritiated by catalytic
reduction with palladium and charcoal. The specific radioac-
tivity of the [3H]-(+)-rolipram was 24.7 Ci mmol-'.

Guinea-pig brain membranes were prepared and the bind-
ing assay was performed as described by Schneider et al.
(1986) with [3H]-rolipram (2 nM) and membrane samples cor-
responding to 500 pg of brain tissue.

Expression ofmRNA for PDE IV subtypes

Total RNA was prepared with a Total RNA Separator kit
from Clontech. Briefly, 1 x 105-1 x 106 cells were homo-
genized in denaturing solution: guanidinium thiocyanate,
4 M; Na+ citrate, 25 mM [pH 7.0]; sarcosyl, 0.5%; 2-
mercaptoethanol, 0.1 M, followed by phenol/chloroform/
isoamyl alcohol extraction and isopropanol precipitation
according to the manufacturers protocol. First strand cDNA
synthesis and cDNA amplification were performed using a
GeneAMP RNA PCR kit (Perkin Elmer Cetus). Primers
specific for the different rat PDE IV subtypes were designed
by Mr I. Giddings (Molecular Medicine Unit, King's Col-
lege, London) based on reported sequences (Swinnen et al.,
1989) from the Genbank data-base (Table 1). PCR
amplification was performed with a DNA Thermal Cycler
480 (Perkin Elmer Cetus) set for 35-55 cycles. The
temperatures set for PCR were: denature 95°C, 30 s; primer
anneal 55°C, 120 s; primer extension 72°C, 180 s. Primer
fragments were analysed by electrophoresis on 2% agarose
gels, and DNA was visualized by ethidium bromide staining.
Each set of primers was first tested using rat brain and rat
lung poly (A') mRNA (Clontech). Agarose gel electro-
phoresis of ethidium bromide-stained DNA fragments
generated after 55 cycles of amplification showed that there

Table 1 Primers used in RT-PCR experiments

Oligonucleotide

5 pde 1
3 pde 1

5 pde 2
3 pde 2

5 pde 3
3 pde 3

5 pde 4
3 pde 4

Y = Inosine.
*Nomenclature

*

5 PDE IVC
3 PDE IVc
5 PDE IVA
3 PDE IVA

5 PDE IVD
3 PDE IVD

5 PDE IVB
3 PDE IVB

Sequences
(position 1-5')

CYYAYGTGGCYTAYCACAACA
GTCCACTGGCGGTAGAGGGGT

CYYAYGTGGCYTAYCACAACA
TTAGGAACTGGTTGGAGAGCG

CYYAYGTGGCYTAYCACAACA
ATGGCCATTTTCCTTAAAGAT
CYYAYGTGGCYTAYCACAACA
CATTCCCCTCTCCCGTTCTTT

Fragment
size

(bases)

535

174

331

593

of Beavo & Reifsnyder (1990).
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was one DNA fragment in each reaction corresponding to
the size of the expected PDE IV subtype fragment as defined
by the primers used in the PCR. To verify their identity,
PCR products were sequenced with Sequenase DNA sequen-
cing kits (Amersham, Bucks, U.K.).

Inhibition of methacholine-induced contraction of
guinea-pig trachealis

Guinea-pig trachealis was prepared and organ bath studies
performed as described previously (Souness et al., 1994). The
relaxant effects of RP 73401 and rolipram were determined in
tissue contracted with a concentration of methacholine which
produced a 30% of maximal contraction (EC30) as deter-
mined by computerised linear regression analysis. The mean
EC30 value for methacholine was 0.09 ± 0.01 gM (n= 10).
IC50 values (means ± s.e.mean, n = 6) were taken as the con-
centration of relaxant producing 50% relaxation of metha-
choline-induced contraction.

Materials

RP 73401 and rolipram [4-(3-cyclopentyloxy-4-methoxy-
phenyl)-2-pyrrolidinonej were synthesized by the department
of Discovery Chemistry, Rhone-Poulenc Rorer Ltd (Dagen-
ham, Essex, U.K.). Cyclic [2,8-3H]-AMP (41 Ci mmol') and
cyclic [8-3H]-GMP (13.8 Ci mmol ') were from Amersham
International (Amersham, Bucks., U.K.). The cyclic AMP
radioimmunoassay kit was purchased from NEN Chemicals
GmbH. Cell culture reagents were from Gibco BRL (Paisley,
Scotland). Donor horse serum was purchased from Flow
Laboratories Ltd. (Irvine, Scotland). The monoclonal anti-
body for major basic protein (BMK10) was from Sera-Lab
(Crawley Down, Sussex, U.K.) and the monoclonal antibody
for eosinophil cationic protein (DA178) was from Pharmacia
(Milton Keynes, U.K.). The Clontech total RNA Separator
kit was purchased from Cambridge BioScience (Cambridge,
U.K.) and the GeneAMP RNA PCR kit was from Perkin
Elmer Cetus (Vaterstetten, Germany). All other chemicals
were obtained from Sigma Chemical Co. or BDH Chemicals
(both of Poole, Dorset, U.K.) and Rhone-Poulenc Ltd.
(Eccles, Manchester, U.K.). Male Dunkin-Hartley guinea-
pigs were purchased from a local supplier.

Results

Inhibition ofpartially-purified PDEsfrom pig aortic and
bovine tracheal smooth muscle

RP 73401 potently and selectively inhibited PDE IV from pig
aortic smooth muscle (Table 2). It was at least 19,000 times
less potent aginst PDEs I, II (bovine trachea), III and V. In
comparison, rolipram was a relatively weak, though still
selective (> 70 fold), inhibitor of PDE IV (Table 2). A
similar inhibitory potency difference between the two com-
pounds was observed against partially-purified PDE IV from
bovine tracheal smooth muscle (-log ICm [M}: RP 73401 =
9.00 ± 0.06, n = 4; -log IC50 [M]: rolipram = 5.71 ± 0.05,
n = 3).

Inhibition of eosinophil PDE IV by RP 73401 and
rolipram - effects of solubilization and V/GSH

RP 73401 displayed similar potencies against the eosinophil
and pig aortic PDE IV (Tables 2 and 3). In contrast, and as

reported previously (Souness & Scott, 1993), rolipram was

over 10 times more potent as an inhibitor of membrane-
bound PDE IV from eosinophils than of the partially-
purified PDE IV from pig aorta (Table 3). Solubilization
with deoxycholate plus NaCl or treatment of membranes
with V/GSH increased the potency of rolipram by a further
10 fold (Table 3). Neither solubilization nor V/GSH had any

Table 2 Inhibition of smooth muscle phosphodiesterases
(PDEs) by RP 73401 and rolipram

PDE type

I
II
III
IV
V

- log IC50 [M] ± s.e.mean
RP 73401 Rolipram

4.36±0.01 (n=5)
4.14± 0.02 (n=3)
3.83±0.26 (n=5)
8.93 ±0.02 (n=4)
4.66±0.10 (n=5)

<3 (n=4)
3.70±0.01 (n=3)
3.18 ± 0.15 (n = 4)
5.50 ± 0.08 (n = 5)
3.05 ±0.10 (n=3)

PDEs I and V were measured with 1 gLM cyclic GMP
substrate, the former in the presence of 2 mm CaCl2 + 10 u
ml-' calmodulin. PDEs III and IV were measured using
I LM cyclic AMP substrate. PDE II was measured with I gM
cyclic AMP substrate in the presence of 10 LM cyclic GMP.

Table 3 Effects of solubilization and vanadate/glutathione
complex (V/GSH) on the inhibitory potencies of RP 73401
and rolipram against eosinophil PDE IV

Treatment

None
Solubilization
V/GSH

- log IC50 [M] ± s.e.mean
RP 73401 Rolipram

9.15±0.20 (n=3)
9.07 ± 0.18 (n = 4)
8.68 ± 0.06 (n = 4)

6.73 ± 0.09 (n = 8)
7.55 ±0.09 (n=7)
7.94 ± 0.11 (n = 7)

Cyclic AMP PDE activity in the bound, particulate
(-/+V/GSH) and deoxycholate/NaCI-solubilized prepara-
tions was measured with I jLM substrate.

significant effect on the inhibitory potency of RP 73401
(Table 3). The potency of rolipram (- log IC5o [Ml = 6.18 +
0.08, n = 4) decreased when tested against membrane-bound
PDE IV from eosinophils which had been stored at - 80C;
however, the potency of RP 73401 (- log IC5o [M]= 9.00 +
0.06, n = 4) was unaffected by these storage conditions.
The inhibitory effects of RP 73401 and rolipram against

the solubilized, eosinophil PDE IV are not competitive
(Figure 2). Indeed, the nature of the inhibition is difficult to
interpret in view of the marked non-linearity of the
Lineweaver-Burk plots, especially in the presence of in-
hibitor.

Stimulation of eosinophil cyclic AMP accumulation

Both RP 73401 and rolipram potently enhanced the
accumulation of cyclic AMP in intact eosinophils elicited by
isoprenaline (Figure 3). RP 73401 (-log EC50 [M] = 7.11 +
0.13, n = 3) was approximately 4 fold more potent than
rolipram (- log EC_ [mI] = 6.66 ± 0.02, n = 3). Little or no
effect of either PDE inhibitor was observed in the absence of
isoprenaline (data not shown), nor was an increase in cyclic
AMP accumulation observed after a 10 min incubation with
isoprenaline alone.

Inhibition of LTB4-induced release of .02-, MBP and
ECPfrom eosinophils
RP 73401 was approximately 6 fold more potent than roli-
pram in inhibiting LTB4-stimulated superoxide generation
from eosinophils (Figure 4a). The -log IC5o [M] values were
7.60 ± 0.08, (n = 4) and 6.73 ± 0.04 (n = 4) for RP 73401 and
rolipram, respectively. RP 73401 was also a very potent
inhibitor of LTB4-induced ECP (-log ICm [M]: 8.16 ± 0.10,
n = 4) generation but was less potent in suppressing MBP
(- log IC5o [M]: 6.94 ± 0.04, n = 4) release (Figure 4b,c).
Rolipram was less potent than RP 73401 against both
cationic proteins, exhibiting inhibitory potencies (- log IC50
[M]) of 6.99 ± 0.07, (n = 4) and 6.22 ± 0.02 (n = 4) on ECP
and MBP generation, respectively (Figure 4b,c).
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Displacement of rolipram binding from brain membranes

RP 73401 was a very potent inhibitor of [3H1-(+)-rolipram
binding to membranes prepared from guinea-pig brains
(-log Kiapp [M] = 9.42 ± 0.1 1, n = 3) (Figure 5). (±)-
Rolipram was about 4 fold less potent in displacing the
tritiated ligand (-log Kiapp [M] = 8.77 ± 0.07, n = 3).

a

Expression ofPDE IV subtypes in eosinophils and
smooth muscle

RT-PCR was used to determine the PDE IV subtypes ex-
pressed in eosinophils and smooth muscle. Primers designed
to recognize sequences in the genes of 4 different rat PDE IV
subtypes (PDE IVA-D/rpdes 1-4) (Swinnen et al., 1989) were
employed in these studies (Table 1). Each set of primers was
first tested employing reverse transcribed rat brain-, guinea-
pig brain- and rat lung-poly (A') mRNA (Clontech) from
which PCR amplified cDNA fragments of the correct size
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Figure 2 Kinetic analysis of RP 73401 (a) and rolipram (b) inhibi-
tion of solubilized eosinophil PDE IV. The data represent
Lineweaver-Burk plots in the presence of increasing concentrations
of RP 73401 (a) or rolipram (b).
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Figure 3 Enhancement of isoprenaline-induced cyclic AMP accum-
ulation in intact eosinophils by RP 73401 and rolipram. Cells were
preincubated for Omin in the presence of the indicated concentra-
tions of RP 73401 (0) and rolipram (0) before exposure to
isoprenaline (10 jM) for a further 2 min. Control cells contained
0.91 ± 0.25 pmol of cyclic AMP/106 cells (n = 5). The results repre-
sent the means ± s.e.mean (n = 3).
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Figure 4 Inhibition of leukotriene B4 (LTB4)-induced *02-, major
basic protein (MBP) and eosinophil cationic protein (ECP) release
from eosinophils by RP 73401 and rolipram. Cells were preincubated
with the indicated concentrations of RP 73401 (0) and rolipram (0)
for 15 min. LTB4 (10 nM) was then added and the incubations were
continued for a further 10min before cells were pelleted and the
medium was assayed for 02- (a), ECP (b) and MBP (c). Resting
cells released 285 ± 42 ng ECP/106 cells and 38 ± 6 ng MBP/106 cells.
After stimulation with LTB4, media contained 1460 ± 120 ng ECP/
106 cells and 268 ± 31 ng MBP/106 cells. The results, expressed as %
inhibition of LTB4-alone values, represent means ± s.e.mean of 4
separate incubations.
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corresponding to PDE IVSAD were detected. Ethidium
bromide staining of gels of RT-PCR products of guinea-pig
eosinophil total RNA revealed an amplified cDNA fragment
corresponding to that predicted for PDE IVD (predicted frag-
ment size: 331 bases) (Figure 6a). Sequencing confirmed that
this PCR product corresponded to PDE IVD. No RT-PCR-
amplified products of the correct molecular sizes were
detected employing primers recognizing sequences in PDE
IVA, PDE IVB or PDE IVc. RT-PCR of total RNA from pig
aortic smooth muscle cells (using rat primers) demonstrated
PDE IVD to be the major subtype expressed (Figure 6b). A
faint band corresponding to PDE IVB was also detected. The
PCR fragment detected in lane 2 of Figure 6b did not
correspond to the predicted size for PDE IVc. The only
RT-PCR fragment detected employing poly (A') mRNA
from rat smooth muscle (Clontech) corresponded to PDE
IVD (data not shown).

Inhibition of methacholine-induced contraction of
guinea-pig trachealis
RP 73401 (-log IC50 [M] = 7.53 ± 0.12, n = 6) was about 3
fold more potent than rolipram (- log IC50 [M] = 7.01 ± 0.04,
n = 6) in reversing methacholine-induced contractions of
guinea-pig trachealis.

Discussion

RP 73401 is a very potent and selective inhibitor of cyclic
AMP hydrolysis. It inhibits PDE IV with a very high potency
and displays great selectivity over PDEs I, II, III and V.
Rolipram was considerably less selective. PDE IV is the
predominant isoenzyme regulating cyclic AMP levels and
(consequently) function in a wide-range of inflammatory cells
(Torphy & Undem, 1991) including eosinophils (Dent et al.,
1991; Souness et al., 1991). RP 73401 suppresses eosinophil
function in vitro and exhibits anti-inflammatory activity in
vivo (Raeburn et al., 1994), effects that can be attributed to
elevation of cyclic AMP through inhibition of PDE IV.

Blood and lung eosinophil numbers are elevated in asthma
and may correlate with the severity of the disease (Kay, 1985;
Barnes et al., 1988). The cytotoxic potential of the eosinophil
is due to its ability to generate reactive oxygen species and
cationic proteins which can induce epithelial damage and
increase airways reactivity as demonstrated in experimental
animals in vivo (Kay, 1985; Barnes et al., 1988). We and
others (Dent et al., 1991; Souness et al., 1991) have

Figure 6 PDE IV message amplification phenotyping in eosinophils
and smooth muscle. RNA from guinea-pig eosinophils (a) and pig
aortic smooth muscle cells (Souness et al., 1992a) (b) was extracted
from 106 cells. First strand cDNA synthesis and PCR amplification
(55 cycles) (using primers recognizing unique sequences in PDE IVA-D
(rpdes 1-4)) of total RNA from eosinophils and pig aortic smooth
muscle cells were performed as described in the Methods section.

previously shown that PDE IV inhibitors, such as rolipram,
suppress oxygen radical formation. We now show that RP
73401 was 7 fold more potent than rolipram in blocking this
parameter of the eosinophil's cytotoxic armoury. More
importantly, however, RP 73401 potently inhibited ECP and
MBP release from eosinophils further indicating the anti-
inflammatory potential of this compound. These cytotoxic
proteins are associated with eosinophil-mediated damage of
the respiratory mucosa, in particular epithelial disruption and
shedding (Barnes et al., 1988). The potent dampening effects
of RP 73401 on eosinophil function may be one explanation
for the potent anti-inflammatory properties of RP 73401 in
guinea-pigs and rats (Raeburn et al., 1994). Furthermore, the
inhibition of platelet-activating factor-induced airway hyper-
responsiveness in guinea-pigs by RP 73401 (Raeburn et al.,
1994) may also be related to suppression of MBP and ECP
release.

Interesting differences were observed between the in-
hibitory actions of RP 73401 and rolipram against eosinophil
PDE IV; in particular, solubilization or V/GSH-treatment of
membrane-bound eosinophil PDE IV increases (10 fold) the
potency of rolipram but leaves that of RP 73401 unaffected.
The basis for this disparity is uncertain, although the
demonstration by molecular biology studies (Swinnen et al.,
1989; Torphy et al., 1992b; McLaughlin et al., 1993) of four
PDE IV genes may offer one possible explanation. If multiple
PDE IV subtypes exist in eosinophils against which rolipram
displays different affinities, the effects of solubilization and
V/GSH treatment could be rationalized if these treatments
selectively activated a subtype for which rolipram is more
potent. If this assertion is correct, RP 73401, in contrast to
rolipram, would not discriminate between the two subtypes.
Our RT-PCR data do not support this hypothesis since only
mRNA for PDE IVD was detected in these cells.
An alternative hypothesis (Souness & Scott, 1993), pro-

poses that solubilization or V/GSH treatment induces a con-
formational change in PDE IV which increases the potency
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of rolipram. Under these conditions, there is a very strong
correlation between the potency order of compounds in
inhibiting catalytic activity and displacing high-affinity [3H]-
rolipram from brain membranes (Souness & Scott, 1993).
Although high-affinity rolipram binding is known to be
localized on PDE IV (Torphy et al., 1992b; McLaughlin et
al., 1993), its nature and relevance is at present unclear.
Solubilization and V/GSH-treatment induces marked potency
shifts only in the compounds (rolipram, denbufylline, Ro
20-1724) with ICm values in displacing [3H]-(±)-rolipram
from PDE IV lower than those for inhibition of cyclic AMP
hydrolysis (Souness et al., 1992b; Souness & Scott, 1993).
Conversely, no potency shifts occur with compounds
(dipyridamole, trequinsin) that are more potent inhibitors of
PDE IV activity than of [3H]-(+)-rolipram binding (Torphy
et al., 1992b; Souness et al., 1992b). RP 73401 exhibited
similar potencies on cyclic AMP hydrolysis (smooth muscle
or inflammatory cell PDE IVs) and rolipram binding and its
activity on eosinophil PDE IV was, predictably, not
influenced by solubilization or V/GSH treatment.
The reason why rolipram was greater than 100 fold more

potent against eosinophil PDE IV (solubilized or +V/GSH)
than partially-purified PDE IV from smooth muscle, whereas
RP 73401 does not discriminate between the enzymes from
the two sources, is again unclear. Our finding that the
predominant subtype in smooth muscle is, as in eosinophils,
PDE IVD indicates that subtype selectivity does not offer a
satisfactory explanation for the disparity. Whether the alter-
native splicing of PDE IVD (Sette et al., 1994), which may
influence subcellular localization (Shakur et al., 1993),
differentially affects the potency of inhibitors is an issue
which has not been addressed. It should be noted, however,
that in spite of the great potency difference between the two
compounds against partially-purified PDE IV from smooth
muscle, RP 73401 was only 2-3 fold more potent than
rolipram in relaxing airways smooth muscle. This demon-
strates that the functional effects of compounds are not
mirrored in their inhibition of partially-purified smooth mus-
cle PDE IV. A similar observation was made previously by
Harris et al. (1989).

Tissue disruption, by releasing proteases which clip an
amino acid sequence necessary for high-affinity binding, or

chromatography procedures, by altering the conformational
state of the enzyme (see Souness & Scott, 1993), may both
influence the nature of the interaction of rolipram with
partially-purified PDE IV and change its potency. If the
native smooth muscle PDE IV is essentially similar to its
counterpart in eosinophils, it is clear that, in contrast to
rolipram, preparative procedures do not influence the
potency of RP 73401, supporting the view that the two
compounds exert their inhibitory effects through distinct
interactions with the enzyme. Kinetic analysis of the data is
not helpful in further elucidating this possibility. For both
RP 73401 (Souness et al., unpublished data) and rolipram
(Torphy & Cieslinski, 1990), the kinetics of inhibition against
partially, purified smooth muscle PDE IV are competitive
whereas this is clearly not the case for either compound
against the solubilized eosinophil PDE IV.
RP 73401 is 3 to 14 fold more potent than rolipram in

increasing cyclic AMP accumulation and inhibiting eosino-
phil function (-02-, MBP, ECP). These whole cell responses
reflect better the relative potency differences of the two com-
pounds against the solubilized or V/GSH-stimulated enzyme
(10 fold) than the untreated, eosinophil particulate PDE IV
(200 fold) or the smooth muscle PDE IV (3000 fold). It
seems probable, therefore, that the native eosinophil (and
smooth muscle) PDE IV exists in a form similar to the
solubilized or V/GSH-treated enzyme.

In conclusion, RP 73401 is a potent and selective inhibitor
of PDE IV and will be a useful investigative tool for
elucidating the intracellular regulatory roles of PDE IV. RP
73401 increases cyclic AMP levels and potently inhibits
eosinophil functions in vitro. Because of the importance of
eosinophils in airway inflammation, our findings suggest that
RP 73401 may be a promising new drug for the treatment of
airway disease such as asthma. Based on the pharmacological
data presented in this paper, it is likely that RP 73401 and
rolipram exert their effects on cyclic AMP hydrolysis through
distinct interactions with PDE IV.

The authors wish to acknowledge the technical assistance of Ms L.C.
Scott, Ms L. Wood and Ms C. McCarthy.
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A comparative study of functional 5-HT4 receptors in
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1 The pharmacological properties of 5-hydroxytryptamine (5-HT), the 5-HT4 receptor agonists, DAU
6236 and SC 53116 and the 5-HT4 receptor antagonist, GR 113808, were studied in the rat oesophagus,
rat ileum and human colon.
2 5-HT relaxed the longitudinal muscle of the rat oesophagus and rat ileum and the circular muscle of
the human colon. Absolute values of relaxation were measured and showed the order of the maximum
responses, rat oesophagus>> human colon> rat ileum with EC50 values of 189 ± 15 nM, 157 ± 4 nM,
306 ± 72 nM, respectively. 5-HT also inhibited the spontaneous contractions of the human colon with an
EC50 value of 119 ± 1 nM. The effect of 5-HT on the human colon was not affected by methysergide
(10 JM) or ondansetron (1 LM).
3 The use of the uptake and metabolism inhibitors, cocaine (301M) and pargyline (100 JM), did not
increase the potency of 5-HT in the rat oesophagus or human colon. In the rat oesophagus, cocaine
(30 gM) produced a reduction in carbachol-induced tone of 22.2 ± 0.6% and reduced the 5-HT max-
imum effect by 52.0 ± 0.4%.
4 The compounds, DAU 6236 and SC 53116, showed a different pattern of potencies and efficacies in
the rat oesophagus, rat ileum and human colon compared to 5-HT. DAU 6236 relaxed the human
colonic circular muscle with an EC50 value of 129 ± 16 nM but its efficacy was less than that of 5-HT.
DAU 6236 (1 ILM) also antagonized the 5-HT-induced relaxation of the human colon with a dose-ratio
of 9.9. In the rat oesophagus and rat ileum, DAU 6236 was inactive in the majority of tissues. In the
minority of oesophagus tissues that did respond the EC50 value was 1.2 ± 0.7 JM. DAU 6236 also
antagonized the effect of 5-HT in the rat oesophagus in a non-surmountable fashion. SC 53116 relaxed
the rat oesophagus with an EC50 value of 91 ± 4 nM, with an efficacy less than that observed to 5-HT;
however, at 200 nM it did not antagonize the 5-HT-induced relaxation of the rat oesophagus. SC 53116
showed no agonist activity in the rat ileum and human colon, but at 1 IM it did antagonize the effect of
5-HT in the human colon with a dose-ratio of 11.3 ± 0.3.
5 GR 113808 competitively antagonized the 5-HT4 receptor-mediated relaxation of the rat oesophagus
with a pA2 value of 8.59 (8.18-9.00) against 5-HT and 9.05 (8.79-9.31) against SC 53116. GR 113808
(0.01 AM) also antagonized the 5-HT-induced relaxation of human colonic circular muscle with an
apparent pA2 value of 9.02 ± 0.12. However at 1 LM the apparent pA2 value was significantly lower than
that measured at 0.01 and 0.1 IM. GR 113808 (0.01 IM) antagonized the 5-HT4 receptor-mediated
relaxation of the rat ileum with an apparent pA2 value of 9.30 ± 0.21.
6 In conclusion, these studies have shown that the human colon, rat oesophagus and rat ileum contain
functional 5-HT4 receptors. However, the 5-HT4 receptor agonists displayed differences in these tissues
making it necessary to be cautious when extrapolating from animal to human tissue. This emphasizes
the importance of the use of human tissue in the development of therapeutic drugs.

Keywords: 5-Hydroxytryptamine; 5-HT4 receptors; DAU 6236; SC 53116; GR 113808; rat oesophagus; rat ileum; human colon

Introduction

The neurones of the enteric nervous system contain many
neurotransmitters including 5-hydroxytryptamine (5-HT).
Indeed, almost all of the 5-HT in the body is found in the
alimentary tract (Thompson, 1971), where it is located in the
interneurones that terminate in the myenteric and sub-
mucosal plexus (Branchek & Gershon, 1987), and to a
greater extent in the enterochromaffin cells of the mucosa
(Erspamer, 1954). Once released, 5-HT can act as a local
hormone, or a neurotransmitter (Costall & Naylor, 1990)
acting on a number of different 5-HT receptors.

In the alimentary tract stimulation of 5-HT4 receptors
leads to neuronally-mediated contraction of the guinea-pig
ileum (Eglen et al., 1990) and colon (Elswood et al., 1991),
enhancement of the 'twitch' response in transmurally
stimulated guinea-pig ileum (Craig & Clarke, 1990), facilita-
tion of the peristaltic reflex in the guinea-pig ileum (Craig &
Clarke, 1991; Costall et al., 1993), relaxation of the smooth

' Author for correspondence.

muscle of the rat oesophagus (Baxter et al., 1991; Reeves et
al., 1991) which occurs via adenylyl cyclase activation (Ford
et al., 1992), induction of chloride secretion by the mucosa of
the rat distal colon (Bunce et al., 1991) and an increase of the
short circuit current response across the human small intes-
tine mucosa (Borman & Burleigh, 1993).
5-HT has been shown to cause relaxation or contraction of

the longitudinal muscle and to decrease the spontaneous
activity of the circular muscle of the human colon (Fishlock
& Parks, 1963; Fishlock, 1964; Misiewicz et al., 1966; Wright
& Sheppard, 1966). Recent studies have also shown that
5-HT mediates inhibition of the spontaneous contractions of
human colonic circular smooth muscle via a 5-HT4 receptor
(Tam et al., 1994; Hillier et al., 1994). There is also some

evidence that 5-HT mediates relaxation of the rat terminal
ileum via a 5-HT4 receptor (Tuladhar et al., 1991).
The 5-HT4 receptor is currently characterized on the basis

of both agonist and antagonist activities. 5-HT4 receptor
agonists include 5-HT, and a series of indoleamine
derivatives such as 5-methoxytryptamine (5-MeOT) and 5-
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carboxamidotryptamine (5-CT); the substituted benzamide
derivatives such as cisapride, renzapride and zacopride; the
benzimidazolone derivatives, BIMU 1, BIMU 8 and DAU
6236 (Tonini et al., 1991; Rizzi et al., 1992) and the subs-
tituted pyrrolizidine, SC 53116 (Flynn et al., 1992). 5-HT4
receptor antagonists include GR 113808 (pA2 value of 9.2 in
the guinea-pig distal colon and 9.5 in the rat oesophagus,
Grossman et al., 1993a,b; Gale et al., 1994), SDZ 205-557
(pA2 = 7.4 in the guinea-pig ileum, Buchheit et al., 1992), and
DAU 6285 (pA2 6.9 and 7.0 in the rat tunica muscularis
mucosae and guinea-pig ileum respectively, Waikar et al.,
1992). However, variations in agonist potency between CNS
and peripheral tissues have led some authors to suggest the
possibility of 5-HT4 receptor subtypes (Kaumann et al., 1991;
Waikar et al., 1994).
The present study aims to compare three previously

defined preparations as assay tissues for drugs acting at the
5-HT4 receptor, the longitudinal muscle of the rat oeso-
phagus and rat ileum and the circular muscle of the human
colon. In addition, the study aims to investigate the phar-
macological properties of SC 53116 and DAU 6236, two
novel compounds which are reportedly selective 5-HT4 recep-
tor agonists, and GR 113808 a reportedly selective 5-HT4
receptor antagonist. These compounds are used to compare
the effects of 5-HT4 receptor activation and blockade in the
rat models to the human colon.

Shortened versions of this paper have been published in
the Medical Journal of Australia (McLean et al., 1993a) and
presented in part at the Australasian Society of Clinical and
Experimental Pharmacologists and Toxicologists meeting,
Brisbane, Australia, December 1993 (McLean et al., 1993b)
and at the XIIth International Congress of Pharmacology,
Montreal, Canada (McLean et al., 1994).

Methods

Rat oesophagus

The method of Reeves et al. (1991) was used as follows:
Segments of distal oesophagus (2 cm) from female hooded
Wistar rats (200-250 g) with muscle layers and mucosa
intact were suspended in the longitudinal plane under a
tension of 0.75 g at 37°C in Krebs-Henseleit solution contain-
ing indomethacin (3 pM) to prevent the relaxant effects of
prostanoids (see Craig & Clarke, 1990) and ketanserin (1 fiM)
to prevent possible 5-HT2 receptor-mediated contraction of
the oesophagus (Akbarali et al., 1987). Previous studies have
estbalished that pargyline does not affect the response to
5-HT in the rat oesophagus (Reeves et al., 1991; Baxter et al.,
1991), so it was not included in the bathing solution in the
present series of experiments. Reeves et al. (1991) reported
that cocaine does not increase the potency of 5-HT in the rat
oesophagus, but it was shown by Baxter et al. (1991) to cause
a leftward shift of the 5-HT-induced relaxant concentration-
effect curve in this preparation. Consequently, the effect of
cocaine (30 pM) was investigated. Since cocaine did not in-
crease the potency of 5-HT it was not included in subsequent
experiments.

Effects of agonists and antagonists The oesophageal pre-
parations were contracted by addition of a submaximal con-
centration of carbachol (1 pM) to the bathing solution. On
establishing a stable contractile response, usually within
20 min, cumulative concentrations of 5-HT were added every
3 min and the resultant relaxations recorded.

Following the construction of the control concentration-
effect curve to 5-HT, the preparations were washed with
fresh Krebs-Henseleit solution containing indomethacin and
ketanserin and allowed to recover for at least 1 h, with
further washes, before re-contracting with carbachol prior to
the construction of the concentration-effect curve to the test
agonist.

In antagonist studies, a control concentration-effect curve
to 5-HT was constructed. Following washout, the tissue was
contracted with carbachol (1 pM), a stable contraction
obtained and the tissue equilibrated with antagonist (30 min)
before another agonist concentration-effect curve.
Only two concentration-effect curves were constructed to

5-HT per tissue since the third curve is not reproducible
(Reeves et al., 1991; this study). The first curve was construc-
ted to 5-HT followed by washout. A second curve was then
obtained to either DAU 6236, SC 53116 or alternatively to
5-HT in the presence of GR 113808. Multiple concentration-
effect curves to SC 53116 were not reproducible in any of the
tissues studied, therefore only one concentration effect curve
was constructed per tissue. Subsequently paired tissues were
used, one serving as a control and the other to compare the
response in the presence of the antagonist.

Rat ileum

The method of Tuladhar et al. (1991, 1993, personal com-
munication) was used as follows: 5 cm of the terminal ileum
was removed from female hooded Wistar rats (200-250 g)
and transferred to warm oxygenated Krebs-Henseleit solu-
tion. The mesentery was cut away, without touching the
ileum itself; the lumen was flushed carefully and the tissues
mounted in an organ bath and bathed with Krebs-Henseleit
solution containing methysergide (1 gM) and atropine
(0.1 jiM) and maintained at 37°C. The tissues were equili-
brated for 1 h with washes every 15 min. No tension was
applied initially but was gradually applied to a maximum
tension of 0.75 g over a period of 15 min. As noted by
Tuladhar (1993, personal communication), any deviation
from these methods results in tissues which display a high
degree of spontaneous activity making interpretation of the
effects of the agonists and antagonists difficult. Tuladhar et
al. (1992) have also shown that pargyline did not effect the
response to 5-HT and hence it was not included in these
experiments.

Effects of agonists and antagonist Once the ileal prepara-
tions were quiescent (i.e. displayed minimal spontaneous
activity) and a reasonably stable baseline was achieved, 5-HT
was added cumulatively with a 2 min contact time at each
concentration. In agonist studies, paired tissues were used to
compare the response to 5-HT with other agonists or in the
presence of an antagonist. The antagonist was incubated for
a period of 30min before the addition of the agonist. A
submaximal concentration of carbachol (1 tiM) was used in
experiments designed to investigate the effect of pre-
contracting the rat ileum.

Human colon

Specimens of ascending, transverse or sigmoid colon were
obtained from male and female patients undergoing surgical
resection for colonic or rectal cancer. The specimens were
placed in cold Krebs-Henseleit solution as soon as possible
after surgical resection. The mucosa was cut away from the
muscle layers which were cut along the circular axis to give
3 to 4 strips of 3-5cm in length and 3-5 mm in width.
These were mounted in Krebs-Henseleit solution, warmed at
37°C and equilibrated under a tension of 0.75 g for 45 min.
The Krebs-Henseleit solution used in this study as in that of
Tam et al. (1994) was free of 5-HTI, 5-HT2, and 5-HT3
receptor antagonists, since methysergide (10;JM) and ondan-
setron (1 JAM) did not affect the 5-HT-induced responses.
Cocaine (30 gM) and pargyline (100 JM) also did not increase
the potency of 5-HT, therefore they were not included in
subsequent experiments.

Effects of agonists and antagonists Within 30 min most tis-
sues showed regular spontaneous contractions with a
relatively stable baseline. A cumulative concentration-effect
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curve to the agonists was determined on each strip after
45 min using a 2 min exposure time. The effect of 5-HT on
the muscle strips was two fold consisting of a reduction in
the basal tone in the majority of tissues and often decrease in
the amplitude of the contractions. The method of analysis
employed in quantifying these effects primarily involved
measuring the extent of the reduction of the resting basal
tone following the addition of 5-HT. The reduction of the
amplitude of the spontaneous contractions was also measur-
ed in the analyses. In experiments designed to investigate the
effect of pre-contracting the human colon, a submaximal
concentration of carbachol (1 ElM) was used prior to the
addition of 5-HT.
Four separate pieces of colon were used to study the effects

of the antagonist, GR 113808. One was used to determine
the control EC50 value to the agonist while the other 3 tissues
were incubated with 3 separate concentrations of GR 113808
for 30 min before determination of the agonist concentration-
effect curve. The relative effect of the agonists in the presence
or absence of antagonists were compared using the absolute
responses measured.

General methods

In all experiments, tissues were mounted in 30 ml jacketed
organ baths containing Krebs-Henseleit solution of the fol-
lowing composition (mM): NaCl 118, KCI 4.7, NaHCO3 25,
KH2PO4 1.2, CaCI2 2.5, MgSO4 1.2, D-(±)-glucose 11,
oxygenated with 95% 02 and 5% CO2 and maintained at
37°C. Ugo Basile isotonic transducers connected to a Grass
model 79D polygraph which amplified the responses 5-20
fold, were used to measure isotonic changes in length of the
tissues.

Drugs

5-Hydroxytryptamine creatanine sulphate (Sigma, Australia),
atropine sulphate (Sigma, Australia), carbachol (Sigma, Aus-
tralia), ketanserin (Janssen-Cilag, - Sydney, Australia), SC
53116 (1-S,8-S)-4-amino-5-chloro-N-[(hexahydro-1H-pyrroli-
zin-1-yl)methyl]-2-methoxy-benzamide, hydrochloride, Searle,
Skokie, Illinois, U.S.A.), DAU 6236 (endo-8-methyl-8-
azabicyclo [3.2.1] oct-3-yl 2,3-dihydro-3-ethyl-2-oxo-1H-ben-
zimidazole-l-carboxylate hydrochloride, Dr Carlo Rizzi,
Boehringer-Ingelheim, Milan, Italy) and GR 113808 ({1-[2-
(methyl-sulphonylamino)ethyl]-4-piperidinyl)methyl 1-methyl-
1H-indole-3-carboxylate, Glaxo, Melbourne, Australia) were
dissolved in distilled water. Methysergide hydrogen maleate
(Sandoz, Basle, Switzerland) was dissolved in ethanol 90%
and diluted with (+)-tartaric acid 0.1% in distilled water.
Indomethacin (Merk Sharp & Dohme, Sydney, Australia)
was dissolved in 0.5% w/v sodium bicarbonate and diluted
with distilled water.

Murray (1987), or as an apparent pA2 value which was
calculated using single point analysis from

pA2 = log (DR-1) - log [B]

where DR is the dose-ratio of agonist used in the presence
and absence of antagonist (B) and is expressed as
pA2 ± s.e.mean. The assumption of simple competition (i.e.
slope of unity) between antagonist and agonist for 5-HT4
receptors was checked with a Schild plot (Arunlakshana &
Schild, 1959). The dose-ratios required for the above analysis
were determined from EC50 values in the presence and
absence of antagonist. The number of observations is
indicated by n.
The significance of differences between the values was

determined by use of Student's unpaired two tail t test. The
criterion for statistical significance was set at P<0.05.

Results

Comparison of the responses to 5-HT in each tissue

In the rat oesophagus, a submaximal concentration of car-
bachol (1 gM) produced a well-maintained contraction (of
between 4-6 mm cm' of oesophagus) for at least 60 min.
5-HT produced concentration-dependent relaxations of the
precontracted oesophagus preparations (Figure 1) with a
mean EC50 value of 189 ± 15 nm and a mean maximum
reduction of carbachol-induced tone of 61.6 ± 5.5% (n = 19).
The mean maximum relaxation (E.) caused by the max-
imum concentration of 5-HT (< 100 jM) was 2.49 ± 0.43 mm
cm' of tissue (n = 19). These results are summarised in
Table 1.
The responses to 5-HT were reproducible in the rat

oesophagus and two similar consecutive concentration-effect
curves could be obtained in each preparation. In experiments
designed to test this, the EC50 values were 227.3 ± 1.3 and
225.7 ± 1.4 nM (n = 4) for the first and second curves respec-
tively. The Emax: of the second curve was 98.5 ± 0.7% of the

a
5 min 20 min

3mm

A

15-HTI 0.03 0.06 0.1 0.2 0.4 0.8 1.6 3.2 6.4 11.4 gMCarbachol
1 g.m
b

Data analysis

The relaxations induced by 5-HT and 5-HT4 receptor
agonists were expressed in absolute terms, as mmcm' of
tissue to enable direct comparison of the responses between
the three tissues. The resting length of tissue was measured at
the end of the equilibration period. Length changes in res-
ponse to the test drugs were recorded with calibrated isotonic
transducers which enabled an accurate measure of the length
change of the tissues. The responses were also recorded and
expressed in terms of their potency as EC50 values relative to
individual maxima. EC50 values were calculated by linear
regression analysis for each preparation from the 50% res-
ponse level and expressed as arithmetic means ± s.e.mean.
The potency of the antagonist was expressed as the pA2 value
with 95% confidence limits (Arunlakshana & Schild, 1959)
which was computed using the 3 point method of Tallarida &

C
[5-HTI 0.1 0.2 0.4 1.0

2 mm

2 min

2.0 4.0 gM

2 5m

[5-HTin 0.0 020.4 0.8 1.6 3.2 gm

Figure 1 Relaxant effect of 5-hydroxytryptamine (5-HT) on the (a)
longitudinal muscle of the rat isolated oesophagus contracted with
carbachol (I LM) in the presence of indomethacin (3 gM) and
ketanserin (I jM); (b) circular muscle of the human colon (spon-
taneous contractions returned after washing) and (c) longitudinal
muscle of the rat isolated ileum in the presence of methysergide
(1 gM) and atropine (0.1 gM).
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Table I Summary of comparative agonist potency and a
maximum effect values in the rat oesophagus and human
colona :1

Tissue

Rat oesophagus

Agonist EC50 (nM) E,,.AX (mm cm-') nb

5-HT
SC 53116
DAU 6236

Human colon 5-HT
SC 53116
DAU 6236

189 ± 15
91 ± 4

1200 ± 700

157±4

130 ± 2

2.49 ± 0.43
1.27 ± 0.17
1.21 ± 0.11

0.81 ± 0.02

0.23 ± 0.09

19/19
15/15
4/14

19/19
0/3
5/5

'See text for a summary of data obtained with the rat ileum
bIndicates the proportion of tissues responding over the
total number of tissues.

E
0

E
E
c
0

x

r

CC.

first curve. The control curves were reproducible provided
that at least 1 h with washes was allowed between curves.

Concentrations of 5-HT up to 10WM had no measurable
effect on the oesophagus preparation not pre-contracted with
carbachol. Cocaine (30jM) incubated in the organ bath for
30 min did not increase the potency of 5-HT but produced a

reduction in carbachol-induced tone of 22.2 ± 0.6% and
reduced the 5-HT (> 10 I.M) maximum effect by 52.0 ± 0.4%
(n = 6).

In the human colon, 5-HT usually induced three effects;
direct relaxation of the tissue, inhibition of the amplitude of
the spontaneous contractions, and a decrease in the fre-
quency of the spontaneous contractions (Figure 1). Only
relaxation and decrease in amplitude were used in quantify-
ing drug effects. The relaxant effect of 5-HT was concen-

tration-dependent with an EC50 value of 157 ± 4 nm and E.
of 0.81 ± 0.02mm cm'- of tissue (n= 19, Table 1). 5-HT
also caused a marked and concentration-dependent inhibition
of the amplitude of the spontaneous contractions with an

EC50 value of 119 ± 1 nM (n = 6). The potency values
obtained for these two different effects of 5-HT were not
significantly different (P> 0.05). The amplitude of the spon-

taneous contractions before the addition of 5-HT was

0.25 ± 0.10 mm cm-' of tissue and this was inhibited to
0.08 ± 0.01 mm cm-' of tissue (n = 6) by the maximum con-
centration of 5-HT (2 gM). However, concentration-depen-
dent effects of 5-HT on the amplitude of the spontaneous
contractions were variable as they were either inhibited in a

concentration-dependent fashion (n = 4) or in an all-or-none
fashion (n = 2). In most cases spontaneous contractions were

inhibited completely by high concentrations of 5-HT (approx.
4 gM) but spontaneous contractions often returned at even
higher concentrations. Consequently direct relaxation was the
parameter most often used to quantify the response to 5-HT.
The relaxant effect of 5-HT was not antagonized by the
combination of methysergide (10 gM) and ondansetron
(I gM) (dose-ratio = 0.87 ± 0.30, P> 0.05, n = 3). Likewise,
cocaine (30 gM) and pargyline (100 jM) did not affect the
sensitivities of the tissues to 5-HT (dose-ratio = 1.33 ± 0.23,
P> 0.05, n = 3). Concentrations of 5-HT up to M had
no measurable effect on the colon preparation pre-contracted
with carbachol (1 FM).
The responses of the rat ileum were inconsistent to 5-HT

which relaxed only 10 of 18 tissues tested. It was also difficult
to distinguish clear concentration-related relaxations in some

tissues tested due to a high degree of spontaneous activity
(Figure 1). The maximum absolute relaxant effect of 5-HT
(6.4 gM) was relatively small (Ema = 0.37 ± 0.06 mmcm- ,
n= 10). However, the tissues in which the response was

quantified an EC50 value of 306 ± 72 nM (n = 10) was cal-
culated. The effects of 5-HT above 6.4 jIM (<100 jM) were
variable. In most tissues no further relaxation occurred
(n = 6); however, further relaxation occurred in a biphasic
fashion in 3 tissues and the relaxation was reduced by higher
concentrations of 5-HT in one tissue (as reported by Tulad-
har et al., 1991). The within tissue responses to 5-HT were

b
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Figure 2 Concentration-effect curves to 5-hydroxytryptamine (5-
HT) in the rat oesophagus (U), human colon (*), and rat ileum
(0). Data are means ± s.e.mean (n = 5). Relaxant effects are exp-

ressed as (a) mm relaxation per cm of tissue and (b) as the percen-

tage of the maximum response elicited by 5-HT.

not reproducible in that two similar consecutive concen-
tration-effect curves could not be obtained. Concentrations of
5-HT up to 10gM had no measurable effect on the ileum
preparation pre-contracted with carbachol (1 gM).
The responses to 5-HT measured in each tissue under the

above conditions are compared (Figure 2) both in absolute
terms to enable direct comparison of the responses between
the three tissues and as a percentage of the individual
maxima from which EC50 values were derived (see Table
1). The order of E.. values in the three tissues was

rat oesophagus (pre-contracted, Emn = 2.49 ± 0.43 mm cm 1)
>> human colon (not pre-contracted, Emn = 0.81 0.02
mm cm l')> rat ileum (not pre-contracted, E, = 0.37 0.06
mm cm-'). Although the efficacies of 5-HT as measured by
the Emn values were significantly different (P <0.05) in each
of the three tissues, the potency of 5-HT in the rat
oesophagus (EC50 = 189 ± 15 nM), human colon
(EC50= 157 ± 4 nM), and rat ileum (EC50 = 306± 72 nM)
were not significantly different (P> 0.05, Figure 2).

Effects of5-HT4 receptor agonists

SC 53116, a substituted pyrrolizidine which is selective for
the 5-HT4 receptor in the tunica muscularis mucosae of the
rat oesophagus (Flynn et al., 1992) caused concentration-
dependent relaxations of the rat oesophagus with a mean

EC50 value of 91 ± 4 nM (n = 15). This potency value was

around 2 fold higher than 5-HT. SC 53116 caused a max-

imum reduction of carbachol-induced tone of 48.0 ± 6.1%
and a maximum relaxation of 1.27 ± 0.17 mm cm-' of tissue

[5-HTJ (gM)
10
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in the rat oesophagus (n = 15, Table 1). This value was
51 ± 1% of the response relative to 5-HT indicating that SC
53116 might be a partial agonist. However, at a concentra-
tion of 200 nM (20 min incubation time) SC 53116 did not
act as an antagonist of 5-HT (n = 3). In contrast to 5-HT the
responses to SC 53116 were not reproducible in that a second
concentration-effect curve produced a smaller response in
each preparation. The comparative agonist effects of 5-HT
and SC 53116 in the rat oesophagus are shown in Figure 3
and summarised in Table 1. SC 53116 (<101gM), in contrast
to 5-HT, possessed no intrinsic activity in the human colon
causing neither relaxation, nor inhibition of spontaneous
contractions (n = 3). SC 53116 did, however, act as an
antagonist in the human colon. At 1 gAM, it caused a right-
ward shift in the concentration-effect curve to 5-HT with a
dose-ratio of 11.3 ± 0.3 (n = 4). Like 5-HT, the responses
caused by SC 53116 were inconsistent in rat ileum. SC 53116
(<1O gM) relaxed only 1 of 5 tissues studied in a non-
concentration-dependent fashion.
DAU 6236, a selective 5-HT4 receptor agonist in the

guinea-pig ileum (Rizzi et al., 1992), was inconsistent in its
activity in the rat oesophagus. Whereas 5-HT relaxed all
strips tested, DAU 6236 (< 10 tM) relaxed only 4 of 14
preparations. Of these, DAU 6236 (Emax = 1.2 ± 0.1 mm
cm ') had a lower intrinsic activity relative to 5-HT
(Emax = 2.5 ± 0.4 mm cm-'). DAU 6236 (EC50 = 1.2 ± 0.7
AM) was also less potent than 5-HT (EC50 = 189 ± 15 nM,
Table 1). DAU 6236 did not only produce a response in well
coupled tissues as there was no relationhip between the
potency of the individual tissues to 5-HT and the ability of
DAU 6236 to evoke a response. DAU 6236 at a similar
concentration to its EC50 in the rat oesophagus (1 JM) was
shown to inhibit 5-HT-induced relaxations of the rat
oesophagus where it produced a rightward shift of the 5-HT
concentration-effect curve with a dose-ratio of around 7. This
antagonism was not completely surmountable in that the Em.,
in the absence of DAU 6236 (76.7 ± 0.5% reduction of
carbachol-induced tone) was significantly reduced in its
presence (61.7 ± 0.7% reduction of carbachol-induced tone,
P <0.05, n = 4). DAU 6236 did not significantly reduce the
response to carbachol. The dose-ratios for carbachol in the
presence of DAU 6236 at 2 and 1OJLM were 1.2 ± 0.8 and
2.0 ± 1.1 respectively (P> 0.05, n = 4).
The responses caused by DAU 6236 in the rat ileum were

also inconsistent. DAU 6236 (<10IAM) caused relaxation in
only 1 of 5 preparations, and in this DAU 6236 possessed a
similar intrinsic activity to 5-HT but a clear concentration-
related effect was not observed in this tissue.

In contrast to the above tissues, DAU 6236 inhibited both
the amplitude of spontaneous contractions as well as causing
direct relaxation of all strips of human colonic circular mus-
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Figure 3 The effect of (0) 5-hydroxytryptamine (n = 19) and (0)
the 5-HT4 receptor agonist SC 53116 (n = 15) in the rat oesophagus.
Each point is the mean ± s.e.mean calculated as a percentage of the
carbachol-induced tone.

cle. The relaxant effect of DAU 6236 was concentration-
dependent with a mean ECm value of 130± 2 nM (n = 5).
This inhibition usually occurred with concentrations below
1I M. However, at higher concentrations (1-1O AM) spon-
taneous contractions returned or were increased. The potency
of DAU 6236 in producing relaxation was similar to 5-HT
itself (Figure 4). However, DAU 6236 (Emax= 0.23 ± 0.09)
was not a full agonist having an intrinsic activity less than
that of 5-HT (Emax= 0.81 ± 0.02, Figure 4, Table 1)
indicating that, as with its action in the rat oesophagus, it
might be a partial agonist. In this respect, DAU 6236 (1 gM)
was shown to be a surmountable antagonist in the human
colon, shifting the 5-HT-induced concentration-effect curve
to the right with a dose-ratio of 9.86 ± 0.55 (n = 4).

Effects of the 5-HT4 receptor antagonist, GR 113808

GR 113808 (0.01, 0.1, 1 JM) caused parallel, dextral shifts of
the concentration-effect curves to 5-HT in the rat oesophagus
(n = 9, Figure 5a). The maximum response to 5-HT (> 3 gM)
was not significantly affected (P>0.05) by GR 113808. The
slope of the Schild regression was 0.98 (95% CL, 0.55-1.41)
which was not significantly different from 1 and yielded a
pA2 estimate of 8.59 (95% CL, 8.18-9.00, Table 2). GR
113808 (0.01, 0.1, 0.5 tM) also caused parallel, dextral shifts
of the concentration-effect curves to the 5-HT4 receptor
agonists, SC 53116 (n=9, Figure 5b). The maximum res-
ponse to SC 53116 (>21JM) was not significantly altered
(P> 0.05) in the presence of GR 113808 and the slope of the
Schild regression was 0.72 (95% CL, 0.39-1.04) which was
not significantly different from 1 (Table 2). Affinity estimates
for GR 113808 against SC 53116 gave a pA2 value of 9.05
(95% CL, 8.79-9.31) with the slope constrained to 1 (Table
2). The pA2 values obtained for GR 113808 against SC 53116
and 5-HT were not significantly different (P>0.05).
GR 113808 caused rightward shifts of the concentration-

effect curves to the relaxant effect of 5-HT in the human
colon (n = 11, Figure 6). At 0.01 AM GR 113808 antagonized
the 5-HT-induced relaxations with an apparent pA2 value of
9.02 ± 0.12 (n = 5). Higher concentrations of GR 113808
(0.1, 1 ,UM) shifted the concentration-effect curve to 5-HT to
the right but the magnitude of the shift was not as great as
that predicted for simple competitive antagonism (Table 3,
Figure 6). The slope of the 3 point Schild regression was 0.58
(95% CL, 0.34-0.83) which is significantly different from 1
(Table 2). GR 113808 (0.01 JM) also antagonized the inhibi-
tion of spontaneous activity caused by 5-HT with an appar-
ent pA2 of 9.26 ± 0.14 which is not significantly different
(P>0.05) from the value obtained against the 5-HT-induced
relaxation of the circular muscle. This antagonism of 5-HT-
induced inhibition of spontaneous activity was also not com-
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Figure 4 The effects of (0) 5-hydroxytryptamine (n = 19) and (U)
the 5-HT4 receptor agonist DAU 6236 (n = 5) in the human colonic
circular muscle. Each point is the mean ± s.e.mean expressed as the
absolute relaxant effect in mm cm-'.
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petitive as higher concentrations of GR 113808 did not cause
the predicted increases in dose-ratios.
GR 113808 (0.01, 0.1, 1 gM) caused rightward shifts of the

concentration-effect curves to 5-HT in the rat ileum (n = 7).
At 0.01 gM GR 113808 antagonized the 5-HT induced relaxa-
tions with an apparent pA2 value of 9.30 ± 0.21 (n = 3, Table
2). Higher concentrations of GR 113808 (0.1, 1 gBM) shifted
the concentration-effect curve to 5-HT to the right but this
antagonism was not of a simple competitive nature. The
maximum response to 5-HT was increased in the presence of
GR 113808 in 4 of 7 tissues. The slope of the Schild regres-
sion was significantly different from unity and hence a mean-
ingful estimate of a pA2 value could not be made (Table 2).
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Discussion

This study extends the pharmacological profiles of the 5-HT4
receptor agonists, DAU 6236 and SC 53116 and the
antagonist GR 113808. This was achieved by comparing their
activities in the longitudinal muscle of the rat isolated
oesophagus and ileum and the circular muscle of the human
colon. These tissues have been shown to contain functional
5-HT4 receptors in earlier studies in which some 5-HT4 recep-
tor agonists and antagonists were screened (Reeves et al.,
1991; Tuladhar et al., 1991; Tam et al., 1994). However, the
present study is the only one to date that compares the three
tissues, giving an indication of their relative usefulness as
assays for drugs acting at the 5-HT4 receptor. To date there
is no published data on the effects of SC 53116 and DAU
6236 on the human colon or the effects of SC 53116, DAU
6236 and GR 113808 on the rat ileum, nor is there data
available on the effects of DAU 6236 and the effects of GR
113808 against SC 53116 on the rat oesophagus. An indepen-
dent study (Hillier et al., 1994) has shown that GR 113808 is
active as an antagonist at the 5-HT4 receptor in the human
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Figure 5 Antagonism of the concentration-effect curve to (a) 5-
hydroxytryptamine (5-HT) and (b) SC 53116 by GR 113808 in the
rat oesophagus pre-contracted with carbachol. Data obtained in the
absence (0), or presence of GR 113808 0.01 Mm (0), 0.1 Mm (0),
and (a) I pM, (b) 0.5 pM (*). The slope of Schild regression was (a)
0.98 (95% CL, 0.55-1.41) and (b) 0.7 (95% CL, 0.3-1.1). The pA2
estimates were (a) 8.59 (n = 8) and (b) 9.1 (n = 9).
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Figure 6 Antagonism of the concentration-effect curve to 5-
hydroxytryptamine (5-HT) by GR 113808 in human colonic circular
muscle. Data obtained in the absence (0), or presence of GR 113808
0.01 gM (0), 0.1 jM (*); 1 gM not shown for clarity. The slope of
Schild regression was 0.58 (95% CL, 0.34-0.83). The apparent pA2
estimate at 0.01 gM was 9.0 (n = 5).

Table 3 Apparent pA2 values of GR 113808 in the human
colon

[GR 113808]

0.01 IM
0.1 AM
I JM

Dose-ratio

14 ± 0.6
56 ± 0.8

145 ± 3.7

pA2 n

9.02 ± 0.12
8.72 ± 0.07
8.06 ± 0.20a

5
6
3

'Indicates a significant difference from the apparent pA2
values at 0.01 and 0.1 Mm (P<0.05, Student's t test).

Table 2 pA2 estimates for GR 113808 in the rat oesophagus, rat ileum and human colon

Tissue

Human colon
Rat oesophagus
Rat ileum

Rat oesophagus

pA2

9.02 ± 0.12a
8.59 (8.18-9.00)

9.30 ± 0.21a

9.05 (8.79-9.31)

Schild slope

0.51 (0.34-0.83)b
0.98 (0.55-1.41)
0.59c
0.72 (0.39-1.04)

"Single point analysis at 0.01 MM GR 113808.
'The slope of the three point Schild plot was different from one.

cThe slope of the two point Schild plot was different from one.

Agonist

5HT

SC 53116

n

5
9
4

9
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colon. The present study aims to extend the pharmacological
profile of GR 113808 in the human colon.

Tissue comparison

The three in vitro methods used in this study differed in the
composition of the Krebs-Henseleit solution. The antagonists
which were used routinely in the bathing solution in
experiments on the rat oesophagus and rat ileum were pres-
ent to confine the responses to those of the 5-HT4 receptor.
This study used the same concentrations of the same
antagonists as used in the previous studies (Reeves et al.,
1991; Tuladhar et al., 1991) to ensure that the results were
directly comparable. Antagonists were not used routinely in
experiments on the human colon because we established that
the inhibitory effect of 5-HT on the spontaneous contractions
of human colonic circular muscle as previously reported
(Fishlock & Parks, 1963; Fishlock, 1964; Misiewicz et al.,
1966; Wright & Sheppard, 1966) were not altered by
methysergide and ondansetron. This has also been confirmed
independently in other studies (Tam et al., 1994; Borman &
Burleigh, 1994). Another difference in the composition of the
Krebs-Henseleit solution was the inclusion of carbachol to
precontract the rat oesophagus preparations (see Reeves et
al., 1991). The rat ileum and human colon preparations were
not pre-contracted since it has been established that these
tissues have sufficient intrinsic tone to reveal 5-HT4 receptor-
mediated responses (Tuladhar et al., 1991; Tam et al., 1994).

In an attempt to improve these established methods, how-
ever, the rat ileum and human colon were pre-contracted
with carbachol. Pre-contracting these tissues did not
significantly improve the responses and conversely, no res-
ponse was observed to 5-HT in the rat oesophagus prepara-
tion if the tissue was not pre-contracted.
To date there is no published data with regard to absolute

values for 5-HT4 receptor-mediated relaxation in these tis-
sues. This study provides a detailed analysis of the responses
to 5-HT and 5-HT4 receptor agonists in absolute terms which
allows direct comparison of the responses displayed by each
tissue and provides a convenient method for comparing the
suitability of the in vitro methods as assay tissues for drugs
acting at 5-HT4 receptors. The order of magnitude of the
5-HT-induced relaxations in each preparation was shown to
be: rat oesophagus>>human colon>rat ileum. Therefore,
drug effects were relatively easy to quantify in the rat
oesophagus and human colon but not in the rat ileum.
The study also compared the methods as judged by their

ability to respond reproducibly. The rat oesophagus and
human colon responded to 5-HT with relatively large and
consistent responses and small variations between tissues.
However, the rat ileum was not a reliable preparation in that
not all tissues tested were relaxed by 5-HT. This is in con-
trast to the study by Tuladhar et al. (1991; 1993, personal
communication) who claim that all tissues they tested were
relaxed by 5-HT. The inconsistencies between the two studies
can be explained by the high degree of fast and slow wave
intrinsic spontaneous activity seen in this study. This highly
variable basal tone masks the small effect of 5-HT4 receptor
activation making it hard or impossible to distinguish clear
concentration-related responses. This problem is com-
pounded with the drugs which are not full agonists in other
preparations, such as SC 53116 and DAU 6236. In light of
these findings we question the usefulness of this model as a
reliable quantitative tool for drugs which act at the 5-HT4
receptor.

Interestingly, the use of the uptake and metabolism
inhibitors cocaine and pargyline did not increase the potency
of 5-HT in the rat oesophagus or human colon. The results
in the rat oesophagus, where cocaine was shown to reduce
the efficacy of both carbachol and 5-HT, parallel the results
obtained by Reeves et al. (1991). However, they are not in
accordance with those of Baxter et al. (1991) who reported
that cocaine increased the potency of 5-HT. A possible
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explanation for this discrepancy is in the composition of the
Krebs-Henseleit bathing solution. The present study, as in
Reeves et al. (1991), used indomethacin and ketanserin
routinely in the bathing solution whereas Baxter et al. (1991)
used only methysergide when testing the effect of cocaine.
Cocaine and pargyline also did not increase the potency of
5-HT in the human colon. This result is confirmed by the
study of Tam et al. (1994).

5-HT4 receptor agonists

Ideally animal models which are used for receptor charac-
terization should show similarities to human tissue. However,
this study showed marked differences in responses to the
agonists SC 53116 and DAU 6236.

It has been suggested recently that the substituted pyr-
rolizidine, SC 53116, acts as an agonist at the 5-HT4 receptor
in the rat oesophagus tunica muscularis mucosae, causing
relaxation (Flynn et al., 1992). In the present study, SC
53116 Was shown to relax the rat isolated whole oesophagus
preparation via stimulation of 5-HT4 receptors, since the pA2
of GR 113808 against SC 53116 (pA2 = 9.1) was characteris-
tic of antagonism at 5-HT4 receptors (pA2 value of 9.2 in the
guinea-pig distal colon and 9.5 in the rat oesophagus, Gross-
man et al., 1993a). However, the intrinsic activity of SC
53116 was significantly less than that observed to 5-HT
indicating that it may act as a partial agonist. Further
experiments discounted such an action of SC 53116 which
displayed no antagonism of 5-HT in the rat oesophagus. SC
53116 displayed tissue selectivity in that it was a relatively
potent agonist in the rat oesophagus but it displayed virtually
no measurable intrinsic activity in the human colon and rat
ileum. Although SC 53116 was not an agonist in the human
colon it did act as a weak antagonist of the 5-HT-mediated
relaxation. The lack of agonist activity of SC 53116 in the
human colon is possibly due to a different efficiency of the
receptor coupling mechanism in that it has the properties of
a silent antagonist without agonist activity. Similarly, in the
rat ileum SC 53116 was variable in its action. This can be
explained, as mentioned earlier, by the inherently small and
variable response observed with this tissue, which would
mask the effect of a weak agonist such as SC 53116.

Recently it has been suggested that DAU 6236, which is a
member of a new class of compounds having a benz-
imidazolone structure, may act as an agonist at central 5-HT4
receptors. This class of compound was found to stimulate
adenylyl cyclase activity in mouse embryo colliculi (Dumuis
et al., 1991) and guinea-pig hippocampal neurones (Mon-
ferini et al., 1991). DAU 6236 has also been reported to act
as a 5-HT4 receptor agonist facilitating cholinergic transmis-
sion and peristalsis in the guinea-pig ileum (Rizzi et al.,
1992). The present study extends the available phar-
macological data on DAU 6236 to agonist activity at 5-HT4
receptors in the human colon. This was shown by the
findings that DAU 6236 inhibits spontaneous contractions
and relaxes human colonic circular muscle with a similar
potency to 5-HT. However, the efficacy of DAU 6236 was
significantly less than that observed to 5-HT indicating that it
may act as a partial agonist. Further experiments confirmed
such an action of DAU 6236 in which it antagonized 5-HT-
induced relaxation in the human colon.

This study revealed unexpected observations in tissue selec-
tivity to DAU 6236. DAU 6236 was a reasonably potent
agonist in the human colon but in marked contrast both the
efficacy and potency of DAU 6236 were both highly variable
and small compared to 5-HT in the rat oesophagus. This was
a surprising result since the rat oesophagus has been used
widely to assay compounds with potential activity at the
5-HT4 receptor. A possible explanation for the variable res-

ponse to DAU 6236 in the rat oesophagus (only 4 of 14
tissues responded) is that it may have only been active in
tissues which were well coupled. However, this does not seem
to be the case since the potency of 5-HT was no greater in
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the tissues in which DAU 6236 was active. The relaxant
action of DAU 6236 in the small number of oesophagus
preparations may also be due to an anticholinoceptor effect.
This possibility was discounted since DAU 6236 (2fM and
1O gM) did not antagonize the effect of carbachol. DAU 6236
was, however, a weak antagonist of 5-HT in the rat
oesophagus indicating that its action in this tissue is that of a
partial agonist with only weak agonist activity. DAU 6236
also displayed a lower potency and efficacy compared to
5-HT in the rat ileum which is explained by the inherently
small and variable responses observed with this tissue. A
previous study has established that DAU 6236 is also less
potent than 5-HT in the guinea-pig ileum (Rizzi etal, 1992).
The relatively high agonist potency of DAU 6236 in the
human colon (7-9 times higher than in the rat oesophagus
and rat ileum) and its similar potency relative to 5-HT in the
human colon is an important aspect of the currently des-
cribed pharmacological profile.
The overall results of the present study show that SC

53116 and DAU 6236 have varying activities according to the
tissue in which they are tested. This may indicate the
existence of heterogeneity among 5-HT4 receptors as has
been suggested elsewhere (Kaumann et al., 1990; Rizzi, 1993,
personal communication; Waikar et al., 1994). These
differences in agonist activities may be used to explore fur-
ther the possibilities that different 5-HT4 receptors exist
which can be differentiated by the order of agonist potency.
However, these results may also be explained by other factors
such as differences in the efficiency of the receptor coupling
mechanisms between the tissues or differences in the
molecular structure of the 5-HT4 receptor. Further studies
are required to examine these possibilities.

The5-HT4 receptor antagonist, GR 113808

GR 113808 was recently established as a novel 5-HT4 recep-
tor antagonist with a pA2 of 9.2 and 9.3 in guinea-pig colon
and rat oesophagus respectively (Galeet al., 1994; Grossman
et al., 1993a). Its pA2 values were 6.0 or less at other 5-HT
receptors indicating about 1000 fold selectivity for the 5-HT4
receptor. It has also been suggested that it antagonizes
human and porcine atrial 5-HT4 receptors (Kaumann, 1993;
Medhurst & Kaumann, 1993; Gale et al., 1994). The present
study confirms that GR 113808 is a competitive antagonist of
5-HT in the rat oesophagus with the same pA2 value as has
been reported previously in the tunica muscularis mucosae of
the rat oesophagus. Further, it was shown that GR 113808
behaved as a competitive antagonist against a 5-HT4 receptor
agonist of a different chemical class, namely SC 53116. The
pA2 value was not significantly different from that obtained
against 5-HT. This indicates that GR 113808 acts as an
agonist-independent antagonist and provides evidence that
both 5-HT and SC 53116 act at the same receptor in the rat
oesophagus.

Other workers have found that GR 113808 does not
always behave as a competitive antagonist. For example
Medhurst & Kaumann (1993) have shown that GR 113808
does not display competitive antagonism of 5-HT in the
piglet isolated right atrium. Similarly, in the present study
GR 113808 did not act competitively in the rat ileum.
Although GR 113808 at the low concentration of 0.01 tiM
caused a rightward displacement of 5-HT, higher concentra-
tions (0.1 IAM, 1 jIM) produced little or no further rightward
shift. This deviation from competitive antagonism may result
from either the high degree of experimental error associated
with the rat ileum, as discussed earlier, or a true tissue-
dependent form of non-competitive antagonism. Whereas it
has not been possible to establish the latter possibility in the
rat ileum, the present study shows that GR 113808 appar-
ently does act non-competitively in human colon. In this

tissue GR 113808 produced rightward shifts of the 5-HT
curves, however the Schild plot slope was non linear at
concentrations of GR 113808 above 0.1pM. This property of
GR 113808 was observed previously by Hillier etal. (1994),
who reported a pKB value of 8.89 for GR 113808 when used
at a concentration of 0.003piM, which is similar to the value
obtained in the present study (apparent pA2 = 9.0 at
0.01jAM). These values are also similar to the values obtained
in the rat oesophagus (pA2 = 8.6) where GR 113808 was
shown to behave competitively. However, higher concentra-
tions of GR113808 (0.01-0.1jiM) in the study performed by
Hillier et al. (1994) and in the present study(1 pM) produced
little or no further shift to the right of the 5-HT
concentration-effect curve giving rise to a Schild slope which
was significantly different from unity. This suggests that
another receptor, in addition to the 5-HT4 receptor, may
mediate the 5-HT-induced effects in the human colon. How-
ever, the use of antagonists of 5-HT1, 5-HT2 and 5-HT3
receptors, at least at the concentrations used, indicated a lack
of involvement of other previously characterized 5-HT recep-
tors in this tissue.
The results obtained in this study have highlighted no

differences, with regard to the apparent affinity values of GR
113808, between the 5-HT4 receptors mediating the relaxation
response in the rat oesophagus, rat ileum and human colon.
These findings are consistent with the findings in other
peripheral tissues, e.g. human atrial 5-HT4 receptors
(pKB = 8.8, Kaumann, 1993), and brain tissues from guinea-
pig and rat (pKi = 9.5 and 9.6 respectively, Grossman et al.,
1993a,b). Thus if differences exist between central nervous
system and peripheral 5-HT4 receptors (as was interpreted by
Kaumannet al., 1990; Bockaert et al., 1992), the present
studies in rat oesophagus and ileum and human colon sug-
gest that they are not discriminated by GR 113808.
The apparent affinity value of GR 113808 in the human

colon where direct relaxation was the parameter quantified to
measure agonist potency was not significantly different from
the value obtained using inhibition of spontaneous activity as
the measure of agonist potency. In addition the potency of
5-HT causing direct relaxation is not significantly different
from the potency causing inhibition of spontaneous activity.
These results suggest that 5-HT4 receptor activation causes
both relaxation and inhibition of spontaneous activity in
human colonic circular muscle. These findings extend the
known pharmacology of 5-HT in the human colon as
reported earlier (Fishlock & Parks, 1963; Fishlock, 1964;
Misiewicz et al., 1966; Wright & Sheppard, 1966) and more
recently (Tam et al., 1994).

In conclusion, the present study provides information on
the relative usefulness of the rat oesophagus, rat ileum and
human colon as assay tissues for drugs acting at 5-HT4
receptors. The study has revealed novel data on the action of
the 5-HT4 receptor agonists, DAU 6236 and SC 53116 and
the antagonist GR 113808 on these tissues. The differences
between the rat tissues and the human colon has demon-
strated the value of using human material in developing
therapeutic drugs. Given the activity of GR 113808 and
DAU 6236 in the human colon we suggest that clinical
evaluation of these compounds may be worthwhile in helping
to determine whether they have specific therapeutic value in
treating conditions of the alimentary tract.
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JB-9322, a new selective histamine H2-receptor antagonist
with potent gastric mucosal protective properties
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1 JB-9322 is a selective histamine H2-receptor antagonist with gastric antisecretory activity and
mucosal protective properties.
2 The affinity of JB-9322 for the guinea-pig atria histamine H2-receptor was approximately 2 times
greater than that of ranitidine.
3 In vivo, the ID50 value for the inhibition of gastric acid secretion in pylorus-ligated rats was

5.28 mg kg-' intraperitoneally. JB-9322 also dose-dependently inhibited gastric juice volume and pepsin
secretion. In gastric lumen-perfused rats, intravenous injection of JB-9322 dose-dependently reduced
histamine-, pentagastrin- and carbachol-stimulated gastric acid secretion.
4 JB-9322 showed antiulcer activity against aspirin and indomethacin-induced gastric lesions and was

more potent than ranitidine.
5 JB-9322 effectively inhibited macroscopic gastric haemorrhagic lesions induced by ethanol. Intra-
peritoneal injection was effective in preventing the lesions as well as oral treatment. The oral IDM value
for these lesions was 1.33 mg kg-'. By contrast, ranitidine (50 mg kg-') failed to reduce these lesions. In
addition, the protective effect of JB-9322 was independent of prostaglandin synthesis.
6 These results indicate that JB-9322 is a new antiulcer drug that exerts a potent cytoprotective effect
in addition to its gastric antisecretory activity.

Keywords: JB-9322; ranitidine; histamine H2-receptor antagonist; gastric acid secretion; mucosal protection; cytoprotection

Introduction Methods

Since Black et al. (1972) first defined the H2-receptor and
characterized a number of H2-antagonists, various types of
these compounds have been developed and used clinically.
The introduction of H2-antagonists has revolutionized the
treatment of peptic ulcers and it has been proved that ulcer
healing effects of these drugs are due mainly to the inhibition
of gastric acid secretion through blockade of histamine H2-
receptors by competitive antagonism at the receptor (Angus
et al., 1980; Takana et al., 1987). However, it has been
demonstrated that the recurrence ratio of peptic ulcer is
relatively high after healing by long-term H2-antagonist
therapy (Grant et al., 1989; Debongnie, 1992; Shamburek &
Schubert, 1993). In the clinical stage, patients are treated
with H2-antagonists in combination with defensive factors
potentiating-agents to prevent the ulcer relapse. On the other
hand, interest has grown in discovering therapeutic agents
that prevent ulcer formation or relapse by increasing defen-
sive factors in the gut. The property of a drug that protects
the gastric mucosa against necrotizing agents such as acid
and ethanol has been coined cytoprotection (Robert et al.,
1979). Although these cytoprotective mechanisms are un-
known, the protective effect by an agent is mainly considered
to be due to the increase of gastric mucosal defensive integ-
rity.
From this point of view, in our search for an H2-receptor

antagonist which exerts antisecretory and cytoprotective
activities, we have found JB-9322 (Figure 1). In the present
study we describe the pharmacological profile of JB-9322, a
potent antisecretory H2-antagonist which has inherent
mucosal protective properties that are independent of
endogenous prostaglandin synthesis, at doses similar to its
antisecretory ID50 value. Ranitidine has been utilized as
reference H2-receptor antagonist (Bradshaw et al., 1979).

In vitro assay techniques

H2-receptor antagonism in guinea-pig isolated atria Anta-
gonism at the histamine H2-receptor was determined in
guinea-pig isolated right atria. Male Dunkin-Hartley guinea
pigs weighing 350-600g were killed by cervical dislocation
and exsanguination. The hearts were excised from animals
and placed in a Petri dish containing oxygenated (95%
02 + 5% C02) Krebs-Henseleit solution (composition, mM:
NaCl 118.0, KCI 4.7, CaC12 2.5, KH2PO4 1.3, MgSO4.7H20
1.2, NaHCO3 30.0 and glucose 12.0). The right spon-
taneously beating atrium was dissected free carefully and
suspended in 10-ml tissue bath with oxygenated Krebs-
Henseleit solution and kept at 37°C. The tissue was attached
with an initial load of 1 g to an isometric force-displacement
transducer and recorded on a polygraph. After a 30-min
stabilization period, three histamine concentration-response
curves were established at 20-min intervals by measuring the
chronotropic effect of increasing concentrations of histamine
given in a cumulative fashion until the maximal response was
consistent. The histamine-induced increase in atrial rate was
allowed to plateau before the next successive concentration
was added. Between each curve the tissues were washed out
several times and the heart rate allowed to return to basal
level. The second curve served as control and the third was

Figure 1 Chemical structure of JB-9322 (N-[3-[3-(piperidin-1-ylmeth-
yl)phenoxylpropyl]-N'-cyclopropylmethyl-2-nitro- 1, I -ethenediamine).' Author for correspondence.

Wish Journal of Pharmacology (1995) 115, 57-66



B. Palacios et al Pharmacological profile of JB-9322

repeated either 5 or 30 min after the tissue was incubated
with various concentrations of JB-9322 or reference H2-
antagonist, ranitidine, adding higher concentrations of his-
tamine as needed.

H,-receptor antagonism in guinea-pig isolated ileum A 2- to
3-cm piece of ileum was removed from the animal and
suspended in 20 ml tissue muscle bath containing atropinized
Tyrode solution of the following composition (mM): NaCl
136.9, KCI 2.7, MgSO4.7H20 1.0, NaH2PO4 0.3, glucose 5.5,
CaC12 1.8, NaHCO3 11.9 and atropine 2.0 x 10-4. The solu-
tion was maintained at 370C and bubbled with air. The
recordings were made as above. The tissue was attached to
an isometric force-displacement transducer with an initial
load of 1 g, and it was allowed to stabilize for 30 min. After
the stabilization period, cumulative concentration-response
curves to histamine were established in 15-min periods until
obtaining a reproducible contraction. After 5-min incubation
with 10-6 M of JB-9322 or ranitidine, the histamine con-
centration-response curve was repeated.

Muscarinic-receptor antagonism in rat isolated duodenum
Male Wistar rats weighing 250 to 300 g fed ad libitum were
used. Immediately after the rats had been killed by decapita-
tion, the duodenum was surgically removed. A 2-cm length
of duodenum was suspended in 10-ml tissue bath filled with
Tyrode solution with the composition given above. The solu-
tion was maintained at 350C and bubbled continuously with
air. The tissue was attached to an isometric force-
displacement transducer with an initial load of I g. After a
30-min stabilization period, concentration-response curves to
acetylcholine in 10-min periods were carried out in a
cumulative form until the maximal response was consistent.
When a reproducible contraction was obtained, a new
concentration-response curve was repeated after 5-min
incubation with 10-6 M of JB-9322 or ranitidine.

Calculation and statistical analysis

Data were expressed as a percentage of the maximal agonist
response established in the absence of the antagonist for each
preparation in the control curve. Concentration-response
curves in the above in vitro preparations were obtained by
plotting the percentage of the maximal control response
against log concentration of histamine or acetylcholine. Each
point shows the mean and s.e.mean of at least 5 experiments.
The cumulative concentration-response curves, with and
without the antagonists were analysed using the Tallarida &
Murray computer programme (1984). This programme sub-
jects to linear regression the data between 20% and 80% of
the maximum control response to obtain the ECm values and
the extreme values are not used.

In the atrium assay, the pA2 values and slopes of the
Schild regression were calculated according to the method of
Arunlakshana & Schild (1959). The dose-ratios for this
analysis have been calculated for each curve pair. Statistical
comparisons between groups were performed by Student's t
test for paired data, and values of P of 0.05 or less were
regarded as significant from controls.

In vivo assay techniques

Wistar rats kept in cages with raised mesh bottoms were
deprived of solid diet 24 h before experiments began but
received a nutritive solution of 8 g 100 ml-' sucrose in
0.2 g 100 ml-' NaCl to avoid excessive dehydration. This
solution was removed 2 h before starting experiments.

Effects on gastric acid secretion

Measurement of acid secretion in the lumen-perfused
stomach of the anaesthetized rat The procedure followed for
the measurement of gastric acid secretion was described by

Ghosh & Schild (1958). Male Wistar rats weighing 200-
250g were used. In brief animals were anaesthetized with
urethane (1.25 g kg-', i.p.) and the trachea intubated. A soft
catheter was passed down the oesophagus through an
incision in the cervical side so that the opening was just
proximal to the cardiac sphincter and secured in this position
by a ligature. After a laparotomy, a second polyethylene
cannula was inserted into the stomach via an incision in the
duodenum, held in place by two ligatures and let outside the
abdominal wall for collection of gastric secretion. In studies
in which secretion was stimulated, the jugular vein was can-
nulated for administration of the secretagogues. The penile
vein was cannulated for i.v. administration of saline or drugs.
At the beginning of the experiment, the stomach was flushed
with 20-40 ml of saline at 370C to remove any solid content.
Once the surgical preparation had been completed, the

gastric lumen was perfused continuously with warm saline
(NaCl 0.9% w/v, 370C) at a rate of 1 ml min-' by the use of
a peristaltic pump via the oesophageal cannula. After a
period of 45 min for stabilization, the perfusate flowing from
the stomach was collected at 15-min intervals and H' output
determined by automatic titration (Crison titrator, micro TT
2050, Barcelona, Spain) of aliquots (10 ml) of the perfusate
with 0.01 N NaOH to pH 7.0. Gastric acid secretion was
stimulated by the i.v. infusion at the rate of 1 ml h-' of
histamine (5 mg kg-' h-') or pentagastrin (10 ptg kg-' h-')
during a 4.5 h period or during a 5 h period for carbachol
(10 Ig kg-' h-'), starting 45 min after determination of three
basal values of acid secretion. In the case of the stimulation
with histamine and pentagastrin, the acid secretion reached a
steady state 60 min after the beginning of infusion of the
secretagogues. To reach the steady state in the carbachol-
induced gastric acid secretion at 90 min, carbachol (5 ltg
kg-') was injected as a bolus through the cannulated penile
vein when the infusion started.

H2-antagonists or vehicle (0.9% saline) were administered
i.v. in a volume of 1 ml kg-' 60 min (histamine- and
pentagastrin-stimulation) or 90 min (carbachol-stimulation)
after the start of the secretagogue stimulation. Data were
expressed as a percentage of the value of acid secretion
60 min (histamine and pentagastrin stimulation) or 90 min
(carbachol stimulation) after the initiation of secretagogue
infusion. The dose-response relationship was established
using the area under the dose-response curve from 60 to
270 min (histamine and pentagastrin) or from 90 to 300 min
(carbachol) after the start of secretagogue infusion.

In the experiments to determine the influence of JB-9322
and ranitidine on basal acid secretion, after stabilization
(45 min) drugs or saline were infused continuously via the
penile vein at 5 mg kg- i h- ', 1 ml h-' for 150 min. The con-
centration of H+ was estimated every 10 min.

Gastric secretion in pylorus-ligated rat The pylorus-ligated
rat model first described by Shay et al. (1945) was used. Male
Wistar rats weighing 180-200 g were used: 2 h before and
throughout the collection periods no access to the nutritive
solution was allowed. The surgical manipulation was carried
out under light ether anaesthesia. A small abdominal incision
was made and the pylorus was ligated. Care was taken to
avoid trauma to the surrounding vasculature. The incision
was closed with silk sutures and test substances or vehicle
(0.9% saline) were administered i.p. in a volume of 1 ml kg-'
immediately after surgery. The animals were killed 4 h after
ligation of the pylorus, the abdomen re-opened and the
stomach was excised carefully keeping the oesophagus closed,
opened along the greater curvature and the luminal contents
were collected and centrifuged for 15 min at 4500 r.p.m. to
remove residual debris. The volume was measured and ali-
quots were taken for determination of the acidity by
automatic titration, using the titration system mentioned
above, with 0.1 N NaOH to the endpoint of pH 7.0. Total
acid output was expressed as microequivalents of H' per 4 h.
Pepsin concentration was determined by a modification of
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the colorimetric method of Anson (1938) involving haemo-
globin digestion (2%, pH 2.0, 37C, 15 min) followed by
alkaline condensation with Folin-Ciocalteu reagent and spec-
trophotometric measurement of the absorption at 578 nm.
For assessment of duration of antisecretory action in the

Shay rat, in a separate series of experiments compounds
30mgkg-' or saline were administered i.p. 7h before the
pylorus was ligated.

Experimentally induced gastric lesion studies

Aspirin and indomethacin-induced gastric lesions Male
Wistar rats weighing 170-190 g were used. The selection of
the ulcerogenic agent was the result of preliminary studies.
Gastric lesions were induced by administration of aspirin
(200 mg kg-', orally, suspended in 1% carboximethylcel-
lulose in water) plus indomethacin (40 mg kg-', s.c., dis-
solved in 0.9% saline) at the same time. The indomethacin
solution was freshly prepared and the aspirin suspension
homogenized immediately before use. JB-9322, ranitidine or
vehicle (0.9% saline) were given orally (10 ml kg-') 30 min
before the ulcerogenic drugs. Five hours after the aspirin plus
indomethacin administration, rats were decapitated, their
stomachs removed, opened along the greater curvature,
gently rinsed under tap water and pinned on a paraffin and
plastic polimer plate. The stomachs were then photographed,
the photograph amplified and the area of each macroscopic
lesion (mm2) in the glandular portion was measured by
computerized planimetry (Ibas Interactive Image Analysis
System, Kontron). The total area of the lesions was regarded
as the lesion index. The lesion index was expressed as the
mean lesion area for each group of rats.
The possible inaccuracy inherent in this assessment was

minimized by ensuring that the lesions were measured by the
same person.

Gastric protective activity in rats: ethanol-induced lesions
Gastric protection activity studies were conducted in female
Wistar rats weighing 170-200 g using the method of Robert
et al. (1979). Rats were pretreated with drugs or vehicle
(0.9% saline), administered either orally (10 ml kg-') or
intraperitoneally (2 ml kg-'); 30 min later the rats were given
1 ml of absolute ethanol orally. After another 30 min the
animals were killed and the stomachs excised. The remaining
procedure was the same as described above for aspirin and
indomethacin-induced gastric lesions.

In experiments designed to determine whether mucosal
protection by JB-9322 is dependent on the synthesis of
prostaglandins, rats were given indomethacin (10mg kg-')
subcutaneously 90 min before the oral drug or vehicle
pretreatment. This dose of indomethacin has been shown
previously to eliminate the production of prostaglandins in
the gastric mucosa (Ligumsky et al., 1982). Protection was
then determined as described.
The results were expressed as the percentage of the total

glandular mucosal area occupied by necrotic lesions.

Calculations and statistical analysis

Data are presented as the mean ± s.e.mean. The inhibitory
ratio (%) was obtained by comparing the values in the
treated animals with that of the control group. The doses
causing 50% inhibition (ID50) were calculated from the dose-
inhibition relationships by least squares regression: 95%
confidence limits of the ID50 values were determined by
Simfit programme (University of Manchester, U.K.). The
significance of differences was assessed by Student's unpaired
t test and a P value of less than 0.05 was considered to be
significant.

Drugs

The following drugs were used: JB-9322 (synthesized in the
Department of Organic Chemistry, Faculty of Chemistry,

University of Salamanca), ranitidine hydrochloride, acetyl-
choline chloride, carbachol and aspirin (Sigma), histamine
dihydrochloride (Merck), carboximethylcellulose (Panreac).
Indomethacin (Inacid, Merck Sharp & Dohme) and pen-
tagastrin (Peptavlon, ICI) were used as the preparations
available for clinical use. The compounds were dissolved in
isotonic saline immediately before use. Doses of JB-9322 and
ranitidine are expressed as free base.

Results

In vitro studies

The histamine H2-receptor antagonist properties of the test
compounds were determined by their inhibition of the
chronotropic effects of histamine on guinea-pig isolated atria
(Black et al., 1972). In our preliminary experiments, JB-9322
and rapitidine showed the same antagonism on the response
to histamine in atria with 5 min and 30 min incubations.
Thus, for the assessment of the inhibitory effect of these
drugs a 5 min incubation was used. JB-9322 and ranitidine
did not affect the resting atrial rate (201.7 ± 4.2 contrac-
tions min ') during the period of incubation. JB-9322
(10-8-3 X 10-7M) and ranitidine (10-7-3 x 10-6M) pro-
duced a concentration-related parallel shift of histamine
concentration-response curve to the right without affecting
(P> 0.05) the maximal response (297.7 ± 6.9 contractions
min-') (Figure 2). The Schild regressions of log (dose ratio-1)
vs log molar concentration of these compounds were linear
with slopes and 95% confidence limits of 0.94 (0.85-1.02)
and 0.76 (0.55-1.04) for JB-9322 and ranitidine, respectively
which were not significantly different from unity (Figure 2).
JB-9322 and ranitidine showed a competitive antagonistic
activity and their pA2 values and 95% confidence limits were
7.76 (7.70-7.83) and 7.36 (7.01-7.71), respectively. The dose-
ratios for the Schild analysis have been calculated for each
curve pair and due to differences in the location of the
control curve, the mean concentration-effect curves in Figure
2 do not accurately represent the information generated from
an individual tissue. For this reason, the Schild plots for each
compound are shown. Thus, JB-9322 has an affinity for the
histamine H2-receptor which is approximately 2 times greater
than that of ranitidine.

JB-9322 and ranitidine 10-6 M did not cause any significant
displacement of the histamine or acetylcholine concentration-
response curve in ileal and duodenal preparations, respec-
tively.

In vivo studies

Effect on gastric acid secretion

Effect on acid secretion in the gastric lumen-perfused rats
Basal acid secretion was 3.57 ± 0.20 CuEq H+ 15 min-') in
the gastric lumen-perfused rats. A stable secretion (24.76 +
1.25 gsEq H' 15 min- ) was seen 60 min after the infusion of
histamine (submaximal dose: 5 mg kg-' h"-'). The histamine-
induced acid secretion decreased gradually, but significant
secretion was observed for at least 4.5 h after the beginning
of the infusion. JB-9322 and ranitidine administered i.v.
inhibited the histamine-stimulated acid secretion with a clear
dose-response relationship. As shown in Figure 3, the max-
imum inhibitory effect obtained with JB-9322 and ranitidine
was observed 30 min after the i.v. administration in both
cases. However, the recovery from the antisecretory activity
of JB-9322 was appreciably faster than the recovery from this
of ranitidine. The values of IDM. at each time interval are
listed in Table 1.
On the pentragastrin- and carbachol-stimulated acid secre-

tion, JB-9322 and ranitidine also inhibited the secretion dose-
dependently and the maximum inhibitory effect was observed
between 30-60 min after the i.v. administration of com-
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pounds in both cases. But as in the case of histamine-
stimulated acid secretion, the recovery from the inhibitory
activity was faster with JB-9322 (Figure 3). The values of
IDM for pentagastrin and carbachol at each time interval are
listed in Tables 2 and 3, respectively.

JB-9322 (5 mg kg-' h-', i.v.) decreased the acid concentra-
tion of the unstimulated stomach but was less potent than
ranitidine at the same dose (Figure 4).

Gastric secretion in pylorus-ligated rats Gastric secretion
was evaluated as gastric juice volume, acid output and pepsin
output for 4 h after ligation of the pylorus. These values
in control rats given vehicle were 5.13 ± 0.54 ml 4 h-',
383.70 ± 57.51 gEq H' 4 h-' and 26.75 ± 3.86 mg 4 h-', res-
pectively. When administered immediately after ligation, JB-
9322 (3, 10 and 30 mg kg-', i.p.) dose-dependently inhibited
the gastric acid secretion, gastric juice volume as well as
pepsin secretion. Ranitidine (1, 3, 10 and 30mg kg-', i.p.)
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also caused a marked decrease in each secretory parameter.
The decrease of pepsin output was due largely to a reduction
in gastric volume inasmuch as concentration was not greatly
changed. However at higher doses of these compounds, the
acid output was inhibited to a greater extent than the volume
of secretion (Figure 5).
The intraperitoneal ID% values and 95% confidence limits

for reduction in gastric acid secretion for JB-9322 and
ranitidine were 5.28mgkg-' (3.69-7.64) and 3.72mgkg-'
(1.23-7.30), respectively. JB-9322 inhibited to a greater
extent the gastric juice volume and pepsin secretion.
When injected i.p. 7 h before ligation, an equipotent dose

in terms of the immediate effect (30 mg kg-') of JB-9322 and
ranitidine, ranitidine significantly inhibited both gastric juice
volume and acid output; however, this potency was weaker
in comparison with that observed when ranitidine was
administered immediately after ligation. The effect of JB-9322
on gastric juice volume and acid output was not significant
(Figure 6).
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Figure 2 Effect of a 5-min incubation with JB-9322 (a) and ranitidine (b) on the positive chronotropic concentration-response
curve to histamine in guinea-pig isolated right atrium. Control (0); JB-9322: 3 x 10- M (A), 10-7 M (0), 3 x 10-8 M (U), 10-8 M
(0); ranitidine: 3 x 10-6 M (A), 10-6 M (0), 3 x 10-7 M (-), 10' M (0). Each curve represents the mean ± s.e.mean response
obtained in at least 5 tissues. Beside these curves, Schild plots for JB-9322 and ranitidine are shown. DR = histamine dose-ratio.
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Figure 3 Antisecretory effect of JB-9322 (a) and ranitidine (b) on the histamine-, pentagastrin- and carbachol-stimulated gastric
acid secretion in lumen-perfused rats. Data were expressed as a percentage of value of acid secretion 60 min (histamine- and
pentagastrin-stimulation) or 90 min (carbachol-stimulation) after the initiation of secretagogue infusion. Each point indicates the
mean ± s.e.mean obtained from 5 to 9 rats. Control (0); JB-9322 (mg kg-'; i.v.): 0.3 (0), 0.6 (A), I (0), 3 (A). Ranitidine
(mg kg-', i.v.): 0.3 (0), 1 (0), 3 (A).
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Table 1 ID~v of JB-9322 and ranitidine for inhibition of histamine-stimulated gastric acid secretion in lumen perfused rats

ID,0 (mg kg-)
Treatment Time after drug administration (min)
(i.v.) 60-120 60-180 60-210 60-240 60-270

Ranitidine 0.34 0.65 0.77 0.96 1.20
(0.12-0.81) (0.33-1.15) (0-44-1.31) (0.60-1.52) (0.87-1.73)

JB-9322 0.89 1.31 1.79 2.56 4.25
(0.56-1.44) (1.16-1.49) (1.60-2.03) (2.23-2.98) (3.41-5.46)

Each value represents ID5o with the 95% confidence limits in parentheses.

Table 2 ID50 of JB-9322 and ranitidine for inhibition of pentagastrin-stimulated gastric acid secretion in lumen-perfused rats

ID,0 (mg kg-')
Treatment Time after drug administration (min)
(i.v.) 60- 120 60-180 60-210 60-240 60-270

Ranitidine 1.24 0.73 0.79 0.82 0.89
(0.78-2.02) (0.67-0.82) (0.72-0.86) (0.74-0.91) (0.80-0.99)

JB-9322 1.96 1.54 1.66 1.86 2.30
(1.12-3.69) (1.29-1.88) (1.40-2.00) (1.52-2.32) (1.80-3.04)

Each value represents ID3, with the 95% confidence limits in parentheses.

Table 3 ID50 of JB-9322 and ranitidine for inhibition of carbachol-stimulated gastric acid secretion in lumen-perfused rats

Treatment
(i.v.)

Ranitidine

JB-9322

90-150

2.36
(0.98-5.73)

2.78
(2.43-3.25)

90-21C

0.88
(0.87-0.90)

2.30
(2.08-2.54)

IDso (mg kg-')
Time after drug administration (min)

90-240 90-270

1.00
(1.00-1.15)

2.83
(2.40-3.37)

1.16
(0.85-1.59)

4.19
(2.62-6.78)

90-300

1.36
(0.85-2.21)

4.27
(2.95-6.68)

Each value represents ID5, with the 95% confidence limits in parentheses.

Experimentally induced gastric lesion studies

Aspirin and indomethacin-induced gastric lesions The selec-
tion of the ulcerogenic drugs was determined from pre-
liminary studies. Administration of indomethacin at doses
between 10 and 60 mg kg-' orally or subcutaneously caused
slight gastric ulceration. No gastric lesions were observed in
animals treated with aspirin orally at a dose of 250 mg kg-'.
In our experience, the most suitable conditions for evaluation
of JB-9322 and ranitidine were the combined effect of
administration of indomethacin (40 mg kg-', s.c.) plus
aspirin (200 mg kg-', oral).
No gastric lesions were observed in animals treated with

aspirin vehicle (1% carboximethylcellulose). Administration
of aspirin plus indomethacin resulted in the production of
gastric lesions in the glandular segment of the stomach,
primarily the corpus, but occasionally the antrum also, in
100% of the control animals. Pretreatment with JB-9322 and
ranitidine 30 min before the NSAIDs gavage produced a
significant and dose-dependent reduction in the severity and
incidence of these lesions (Figure 7). Some of the animals
that received the highest dose of JB-9322 (20 mg kg-') were
completely protected from ulcer formation. The estimated
oral IDMm values and 95% confidence limits were 2.63 mg
kg-' (1.82-3.74) and 4.93 mg kg-' (4.13-5.76) for JB-9322
and ranitidine, respectively.

Therefore, in this model the inhibitory activity of JB-9322
was higher than that of ranitidine.

Ethanol-induced gastric lesions Oral administration of ab-
solute ethanol produced severe gastric haemorrhagic lesions
visible from the outside of the stomach as thick black or red
lines. After opening the stomach, lesions were found in the
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Figure 4 Effect of 5 mg kg- h-' of JB-9322 (l) and ranitidine (V)
on basal acid secretion in lumen-perfused rats. Control (-). Data
were expressed as the difference between the [H+J at each 10-min
interval during drug infusion and the [H ] just before the initiation
of infusion. Each point indicates the mean ± s.e.mean obtained from
5 to 7 rats.

glandular mucosa and consisted of elongated bands,
2-12 mm long by 2-4 mm wide, usually parallel to the long
axis of the stomach. They were located mostly in the corpus,
the antrum was less affected. The control rats with vehicle
had gastric lesions of 159.2 ± 29.8 mm2. When rats were
orally pretreated with JB-9322, 30 min before the ethanol
treatment, the formation of these haemorrhagic lesions was
inhibited in a dose-dependent manner and the ID50 and 95%
confidence limits were 1.33 mg kg-' (1.06-1.68). In the group
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Figure 5 Effect of saline (solid columns), JB-9322 (open columns)
and ranitidine (hatched columns) on basal gastric secretion in
pylorus-ligated rats. (a) Gastric acid secretion; (b) gastric juice
volume; (c) pepsin secretion. Each drug was given intraperitoneally
immediately after surgery. Animals were killed 4 h after pylorus
ligation. Each column represents the mean ± s.e.mean of 8 animals.
Significantly different from control: *P<0.05; **P<0.01; ***P<
0.001.

receiving JB-9322 (50 mg kg-'), the pinpoint round and
linear lesions were only partly found in the glandular por-
tion.

In similar experiments, no reduction in ethanol-induced
haemorrhagic lesions was seen following the oral administra-
tion of ranitidine (50 mg kg-') (Figure 8).

In order to determine whether JB-9322 acted locally or
systemically, its cytoprotective activity against ethanol-
induced gastric lesions was tested by i.p. administration. In
comparison to the control value of 18.6 ± 2.6%, ethanol
lesions were reduced to 16.4 ± 3.5% (not significant) and
1.6±0.5% (P<0.001) of lesioned corpus in the groups
(n = 8 each) pretreated with JB-9322, 3 and 10 mg kg-' i.p.,
respectively.

Effect of indomethacin on the protective activity of
JB-9322

The role of endogenous prostaglandins on the protective
effect of JB-9322 was examined in rats that were subcutan-
eously pretreated with 10 mg kg- of the cyclo-oxygenase
inhibitor, indomethacin. Indomethacin itself significantly in-
creased the amount of lesioning approximately 2 times. The
protective effect of JB-9322, however, was not diminished
when prostaglandin biosynthesis had been inhibited before-

4.

3-

2.

1-

0*
Control JB-9322 Ranitidine

30 mg kg-1

Figure 6 Duration of antisecretory effect of JB-9322 (open columns)
and ranitidine (hatched columns) in pylorus-ligated rats. Rats were
intraperitoneally dosed with saline (solid columns) or drugs 7 h
before the pylorus ligation. Four hours after ligation the rats were
killed and gastric acid output (a) and gastric juice volume (b) deter-
mined as described. Each column represents the means + s.e.mean of
6 animals. *P<0.05 compared to control.

30
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Figure 7 Inhibition by JB-9322 and ranitidine of aspirin and
indomethacin-induced gastric lesions. Rats were orally dosed with
saline (solid columns), JB-9322 (open columns) or ranitidine (hatched
columns) 30min before each rat received 200mgkg-' of aspirin
orally plus 40 mg kg-1 of indomethacin subcutaneously. Each
column represents the mean ±s.e.mean of at least 6 animals.
Significantly different from control *P<0.05; **P<0.01; ***P<
0.001.

hand by indomethacin. In the placebo-pretreated groups,
JB-9322 (10mgkg-') reduced ethanol-induced lesions from
14.7 ± 1.3 to 5.5 ± 1.9% of lesioned corpus. In the
indomethacin-pretreated groups, the gastric lesions due to
ethanol were 30.9 ± 2.3 and 4.8 ± 1.5% of lesioned corpus
for vehicle control and JB-9322-treated groups, respectively.
The inhibition of mucosal lesion formation by JB-9322 com-
pared to the respective control group, was highly significant
in each case (P<0.001).
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Figure 8 Effect of JB-9322 and ranitidine on ethanol-induced gastric
haemorrhagic lesions in the rats. Rats were orally given saline (solid
column); JB-9322 (open columns) or ranitidine (hatched column)
30 min before receiving an oral gavage of I ml of absolute ethanol.
Each column represents the mean ± s.e.mean of at least 7 animals.
Significantly different from control: *P<0.05; **P< 0.01.

Discussion

JB-9322 is a histamine H2-receptor antagonist possessing
mucosal protective properties as well as gastric antisecretory
activity.

In guinea-pig atrium assay, ranitidine produced parallel
shifts and surmountable antagonism. The pA2 value deter-
mined by us for ranitidine agrees with values reported by
previous authors (Daly et al., 1981; Lumma et al., 1982; Katz
et al., 1986a). JB-9322, like ranitidine, shifted the histamine
concentration-response curve in a parallel, surmountable
manner after either a 5 or 30 min period of incubation. Our
results are not consistent with the findings of other inves-
tigators that have observed noncompetitive kinetics in the
guinea-pig isolated atrial assay with certain H2-receptor
antagonists having, as a part of their substructure, a
[(piperidinylmethyl)phenoxy] propylamine moiety (Brittain &
Jack, 1983; Torchiana et al., 1983; Katz et al., 1986b; Santilli
et al., 1988) as does JB-9322. In those papers, the initial
concentration-response curve shifts elicited at low concentra-
tions of antagonists were rightward and parallel, but as the
antagonist concentration was increased, the concentration-
response curve shifts became increasingly nonparallel, accom-

panied by diminished maxima, that were decreased in a

time-dependent manner. A recent paper (Sekiguchi et al.,
1993a), as in our study, has demonstrated that using a
similar phenoxy derivative H2-blocker, the positive chrono-
tropic response of guinea-pig right atrium to histamine was
shifted to the higher concentrations with the increase of
H2-antagonist concentration without changing the maximum
response as shown in Figure 2 and showing the same
antagonism with 5- and 30-min incubations. These differences
might be due to the effects of other structural changes in
each molecule.

Selectivity of JB-9322 for the H2-receptor was demon-
strated by a lack of significant inhibition against histamine in
guinea-pig isolated ileum and acetylcholine in rat isolated
duodenum.
The antagonism of the histamine H2-receptor by JB-9322 is

reflected in vivo by gastric antisecretory activity. In submax-
imally histamine-stimulated rats, the maximum intravenous
antisecretory activity of JB-9322 and ranitidine was reached
30 min after the administration but as shown in Figure 3, the
recovery from the inhibitory effect was faster with JB-9322
than with ranitidine. On the pentagastrin- and carbachol-
stimulated acid secretion, the potency of the inhibitory effect
of ranitidine was slightly greater than that of JB-9322 and
the duration of the antisecretory action of JB-9322 was also
shorter than that of ranitidine. These results agree well with

the higher gastric acid antisecretory activity and longer dura-
tion of action of ranitidine in pylorus-ligated rats, as
evidenced by the suppression of gastric acid output for 7 h
after i.p. administration of ranitidine, compared with the lack
of antisecretory action by JB-9322 in this paradigm.

Despite JB-9322 having an affinity for the histamine H2-
receptor which was approximately 2 times greater than that
of ranitidine, its-gastric acid antisecretory effect was weaker
in lumen-perfused and pylorus-ligated rats. This means that
JB-9322 might be rapidly metabolized in vivo and lose its
activity due to its pharmacokinetic characteristics.

The inhibitory effect of histamine H2-receptor antagonists
on experimental lesion formation has been reported (Okabe
et al., 1977; Takeda et al., 1982; Isobe et al., 1990; Shibata et
al., 1990; Hakkinen et al., 1991; Sekiguchi et al., 1993b),
showing that these drugs can be very useful for peptic ulcer
patients. Aspirin and other non-steroidal anti-inflammatory
drugs (NSAIDs) are associated with gastrointestinal damage
in man and animals (Rainsford, 1975; Kuwayama et al.,
1990). Measures such as vagotomy and pretreatment with
anticholinoceptors, histamine H2-receptor antagonists and
H+/K+-ATPase inhibitors that are known to decrease gastric
acidity, all cause a marked amelioration in gastric damage by
NSAIDs (Kasuya et al., 1979; Long et al., 1983; Shibata et
al., 1990; Sekiguchi et al., 1993b). Therefore, our findings
that both JB-9322 and ranitidine could prevent the develop-
ment of aspirin plus indomethacin-induced gastric lesions
were expected from their antisecretory action, which might
improve gastric tolerance to nonsteroidal anti-inflammatory
drugs as indicated by Grassi et al. (1991). Furthermore, some
work shows that the presence of HC1 throughout the experi-
ment removes the inhibitory effect of histamine H2-receptor
antagonists on the NSAIDs-induced erosions that was dem-
onstrated when HC1 was not present (Carmichael et al., 1978;
Katsura et al., 1994). That the prevention of this ulcer for-
mation by ranitidine is ascribed to the suppression of acid
secretion is also based on the results that its effective doses in
the inhibition of these ulcers are sufficient to decrease the
acid secretion in pylorus-ligated rats. Our results clearly dem-
onstrate that JB-9322 has a higher potency than ranitidine in
this model, as in the cold stress plus indomethacin-induced
lesion model (Palacios et al., 1993).

Cytoprotection was first demonstrated in rats by Robert et
al. (1979), who showed that many prostaglandins protected
the mucosa of the stomach against the haemorrhagic and
erosive effects of intragastric administration of absolute
ethanol and other necrotizing agents. This pharmacological
property is independent of inhibition of gastric secretion.
Possible mechanisms include stimulation of mucus and bicar-
bonate secretion, stimulation of the sodium pump, streng-
thening of the gastric mucosal barrier, etc. (Guth, 1982). In
the present study, we showed that JB-9322 prevented the
development of gastric lesions provoked by intragastric
ethanol in a dose-related manner, indicating presence of
cytoprotective activity. The antisecretory and cytoprotective
activities are exhibited in the same dose-range. Ranitidine at
50 mg kg-' orally was inactive, in agreement with the prevail-
ing view that ranitidine is not cytoprotective (Del Soldato et
al., 1985; Hakkinen et al., 1991).
Two lines of evidence indicate that the mucosal protective

effect of JB-9322 is a direct action of the compound and not
the result of adaptive cytoprotection, which occurs following
the application of mild irritants to the gastric mucosa and
which may be mediated by increased levels of tissue prosta-
glandins (Robert et al., 1983). First, the protective effect of
JB-9322 is not only present when administered orally but
also intraperitoneally, thus the protective effect is not depen-
dent on contact of the drug with the gastric mucosa. Second,
in a separate series of experiments, rats were pretreated
subcutaneously with indomethacin prior to drug treatment
and the ethanol challenge, which eliminates the production of
prostaglandins in the gastric mucosa and inhibits the protec-
tive effect of mild irritants (Robert et al., 1983). Treatment
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1983). Treatment with indomethacin alone significantly in-
creased the injury after the ethanol gavage, probably due to
the removal of the protective endogenous prostaglandins.
Despite the indomethacin pretreatment, the full protective
effect of JB-9322 on the gastric mucosa remained, indicating
that the presence of endogenous prostaglandins is not essen-
tial to the expression of mucosal protective activity of JB-
9322.

Ranitidine, having a more potent antisecretory effect than
JB-9322, revealed weaker activity than JB-9322 on NSAIDs
and cold stress plus indomethacin-induced gastric lesion
models. This might indicate that the gastroprotective effect of
JB-9322 against these induced injuries is not completely
dependent on the ability of gastric antisecretion, but also it
depends on its potent cytoprotective effect, since JB-9322

prevented the ulcer formation at doses less than the ID50 for
reduction in the acid output in pylorus-ligated rats.

In summary, JB-9322 is a specific, competitive histamine
H2-receptor antagonist with strong antiulcer and gastro-
protective properties. Advantages of JB-9322 over ranitidine
include mucosal protective activity and this activity is at
doses similar to its antisecretory ID~o value. Thus, JB-9322
may prove to be a useful agent in the treatment of peptic
ulcer disease.

The authors would like to thank C. Caballero, M. Grande and J.J.
Navarro for the synthesis of JB-9322 and J.C. Villoria for technical
assistance. Our thanks to the Junta de Castilla y Leon for a fellow-
ship to B.P.
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Electrophysiological actions of phenytoin on

N-methyl-D-aspartate receptor-mediated responses in rat
hippocampus in vitro

'Alison J. Laffling, 'Patrick Scherr, Joseph G. McGivern, Leslie Patmore &
3Robert D. Sheridan

Department of Pharmacology, Syntex Research Centre, Research Avenue South, Edinburgh EH14 4AP

1 The effects of the anticonvulsant, phenytoin, have been examined on N-methyl-D-aspartate (NMDA)
receptor-mediated population spikes in the CAl region of the rat hippocampus in vitro.
2 The 'conventional' (AMPA receptor-mediated) CAl population spike, evoked by electrical stimula-
tion of the Schaffer collateral/commissural pathway, was abolished by 5 min treatment with 5 x 10-1 M
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), after which superfusion with a nominally Mg2"-free
Krebs solution (containing 5 x 10 M CNQX) led to the appearance of an epileptiform population
spike which was fully developed by 30-40 min.
3 The epileptiform population spike was abolished by the non-competitive NMDA antagonist, dizocil-
pine (1 x 10-6 M, 20-30 min) and inhibited by the competitive NMDA receptor antagonist, D-CPP (IC50
for reducing the amplitude of the first spike in the train = 8.3 x IO-?M), demonstrating that the
response was mediated by activation of NMDA receptors and validating its use as an assay for
antagonists acting at the NMDA receptor/channel complex.
4 Phenytoin (0.1, 0.3 and 1 x 1O-4M applied cumulatively for 30 min at each concentration) failed to
inhibit the NMDA receptor-mediated epileptiform population response (n = 7 slices).
5 Phenytoin (3 x 10-6 M to 1 x 10-4M) attenuated the effects of the sodium channel activator,
veratridine (2 x 10-6 M), on the CAl population spike amplitude (recorded in normal Krebs solution),
indicating that the previously observed lack of effect of phenytoin on the NMDA receptor-mediated
response was not due to impaired access of phenytoin to the biophase.
6 These data support the conclusion that antagonism of NMDA receptor-mediated events is not a
pharmacological property of phenytoin and that such an action is therefore unlikely to contribute to the
anticonvulsant activity of this drug.

Keywords: Hippocampus; anticonvulsants; phenytoin; NMDA receptors; epilepsy; glutamate receptors; D-CPP; CNQX; dizocil-
pine; veratridine

Introduction

It is widely believed that the therapeutic action of the well-
established anticonvulsant agent, phenytoin, depends on the
voltage-dependent inhibition of Na' and/or Ca2" channels in
the central nervous system, although other equally plausible
mechanisms have been proposed (reviewed by Rogawski &
Porter, 1990). Thus, at therapeutically relevant concentra-
tions, phenytoin inhibits Na' currents both in neuroblastoma
cells (Matsuki et al., 1984; Willow et al., 1985) and in
voltage-clamped Xenopus oocytes expressing human brain
Na' channels (Tomaselli et al., 1989). A similar inhibitory
action of phenytoin on T-type Ca2" currents in neuroblas-
toma cells has been described (Twombly et al., 1988). An
inhibitory action of phenytoin on calmodulin-dependent
kinase has been demonstrated and this may also contribute
to the anticonvulsant properties of the drug by down-
regulating the phosphorylation state of ion channels involved
in the epileptiform firing behaviour of neurones (DeLorenzo,
1986). Finally, an inhibition of neurotransmitter release as a
result of one or more of the aforementioned actions may play
a role in the anticonvulsant activity of phenytoin (Rogawski
& Porter, 1990). However, while each of the above effects
could potentially explain the therapeutic efficacy of
phenytoin, it is clear that despite many years of research the

mechanism of action of the drug is not known with cer-
tainty.

Recently, an additional pharmacological action of
phenytoin has been described in primary cultures of em-
bryonic mouse spinal cord neurones (Wamil & McLean,
1993). These authors found that phenytoin, in therapeutically
relevant low micromolar concentrations, inhibited depolariz-
ing responses to N-methyl-D-aspartate (NMDA), and sug-
gested that this action may contribute to the therapeutic
profile of phenytoin. If this novel action of phenytoin could
be demonstrated in a clinically more relevant central tissue
then it may have important implications for the design of
new anticonvulsant agents.

Therefore, in the present experiments we have examined
the effects of phenytoin on NMDA receptor-mediated res-
ponses generated synaptically in the rat hippocampus in vitro.
Some of this work has appeared in abstract form (Sheridan
et al., 1994).

Methods

Slice preparation

Transverse hippocampal slices (500 Jtm thickness) from adult
male Sprague-Dawley rats (weighing 180-250 g) were
prepared as described previously (Sheridan & Sutor, 1990).
Slices were placed in a holding chamber containing standard
composition Krebs solution (see below) gassed continuously
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with a mixture of 95% 02/5% CO2 (at 18-21'C). The slices
were left undisturbed for at least 1 h, after which one slice
was transferred to the recording chamber and superfused
with standard composition Krebs solution (at 30C). Stimula-
tion and recording electrodes were positioned in the slice (see
below) and the slice left for 30 min to recover from the above
procedure. The superfusant temperature was then raised to
35YC for the remainder of the experiment.

Electrical stimulation and recording

A concentric stainless steel electrical stimulation electrode
was placed in stratum radiatum in the apical dendritic region
of area CA2 (to enable stimulation of the Schaffer collateral/
commissural pathway). The extracellular recording electrode
(containing 4 M NaCl; 1-2 MQ resistance) was positioned in
the CAl pyramidal cell layer for recording of population
spikes. The signal from the recording electrode was amplified
(Axoclamp 2A, Axon Instruments, CA, U.S.A.), displayed
on an oscilloscope and simultaneously digitized (CED 1401,
Cambridge Electronic Design, Cambridge, U.K.), and stored
on hard disc on computer (Tandon 286) for subsequent
analysis.

Drug application

Drugs were applied from concentrated stock solutions to give
the appropriate final concentrations in the superfusate.
Concentration-response curves to drugs were obtained by
cumulative addition, allowing sufficient time for effects to
achieve apparent equilibrium (for details see Results).

Drugs and solutions

Standard composition Krebs solution contained (in mM):
NaCl 11 8, KCl 3, CaCl22, MgCl21.3, NaH2PO41.25,
NaHCO3 25, D-glucose 10 (pH 7.4 when gassed with 95%
02/5% C02). Nominally Mg"-free Krebs solution contained
the same constituents as standard Krebs except that no
MgCl2 was added. The following drugs were used (all from
RBI): D-CPP (R-3-(2-carboxypiperazin-4-yl)-propyl-1-
phosphonic acid), dizocilpine ((+)-MK-801), phenytoin, and
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione). All drug
stock solutions were dissolved in deionized water with the
exception of CNQX, which was dissolved in dimethyl sul-
phoxide (DMSO) to give a 10-2 M stock, and veratridine,
which was dissolved in absolute ethanol to give a 1O-'M
stock. The final concentrations of DMSO (0.05%) and
ethanol (0.002%) were found in pilot experiments to have no
detectable effects on slice electrophysiology.

a

Control

Results

Establishment of a putative NMDA receptor-mediated
response in CAl
Having obtained a conventional CAl population spike in
standard composition Krebs solution (Figure la), addition of
the competitive AMPA receptor antagonist, CNQX
(5 x 10-6 M, 5 min), led to the disappearance of the popula-
tion spike with only the afferent volley remaining (represen-
ting activation of the Schaffer collateral/commissural fibres)
(Figure lb). Subsequent superfusion with Mg2"-free Krebs
solution (containing 5 x 10-6 M CNQX) led to the
appearance of an epileptiform population spike (Figure lc).
The epileptiform response was fully developed by 20 to
30 min and had a duration of 40 to 50 ms.

Effect of dizocilpine on the epileptiform response

The non-competitive NMDA channel blocker, dizocilpine,
was applied to 3 hippocampal slices. Figure 2 shows the
effect of dizocilpine (10-6M, 30min) on the epileptiform
population spike in one slice. The epileptiform response was
all but abolished by this concentration of dizocilpine and the
effect was not reversed by up to 60 min washout of the drug.
Dizocilpine, tested at a single concentration of 3 x I0- M in
one slice, induced an approximate 50% decrease in the am-
plitude of the first spike of the epileptiform response. The
effects of dizocilpine in all slices are summarized in
Table 1.

Effect ofD-CPP on the epileptiform response

The competitive NMDA receptor antagonist, D-CPP, applied
to 4 slices in cumulative concentrations ranging from

Table I Summary of the effects of dizocilpine, D-CPP and
phenytoin on the amplitude of the first spike of the epileptiform
population response (number of experiments shown in parentheses)
Concentration Amplitude of first spike (mV)
(M) Dizocilpine D-CPP Phenytoin

0
3 x 10-7
1 x 10-6
3 x 10-6
1 x 10-5
3 x 1i-0
1 X 10-4

b
CNQX 5 x 1046M (5 min)

3.02 ± 0.69 (3)
1.39 (1)
0 (3)

3.24± 0.41 (4) 2.14± 0.19 (7)
2.28 ± 0.39 (4) -
1.22 ± 0.27 (4) -
0.69 ± 0.43 (4) -

0 (4) 2.03 ± 0.15 (7)
- 2.03±0.18 (7)
- 2.42± 0.20 (7)

c

Mg2+-free + CNQX (40 min)

2 mV

10 ms

Figure 1 Establishment of the NMDA receptor-mediated epileptiform response. The conventional CAl population spike (a) was

abolished by 5 x 10-6 M CNQX (b). Following superfusion with Mg2+-free Krebs solution (containing 5 x 10' M CNQX) an
epileptiform response developed (c).

68



A.J. Laffling et al Phenytoin on NMDA responses in hippocampus

b

Control (Mg2+-free + CNQX) Dizocilpine 1 x 1o M (30 min)

2 mV

10 ms

Figure 2 (a) Epileptiform response recorded in Mg2"-free Krebs solution containing 5 x 10-6 M CNQX. (b) Superfusion with
dizocilpine (10-6 M, 30 min) led to the disappearance of the epileptiform response.

3 x 10- M to 1 x 1O-5M, produced a concentration-
dependent decrease in the amplitude of the first spike of the
epileptiform response (Table 1 and Figure 3b) which readily
reversed upon washout of the antagonist. The IC50 for this
inhibition by D-CPP was 8.3 x 10- M. Figure 3a illustrates
the effect of D-CPP on the epileptiform response in a single
slice.

Validity of the epileptiform response as an assay for
NMDA receptor/channel antagonists

Taken together, the antagonistic effects of the NMDA chan-
nel blocker, dizocilpine, and the competitive NMDA receptor
antagonist, D-CPP, provide firm evidence that the epilep-
tiform response is mediated exclusively by activation of
NMDA receptors, thus validating the response as a suitable
assay for antagonists at the NMDA receptor/channel com-
plex.

a

Control (Mg2+-free + CNQX)

D-CPP 1 x 10-5 M (15 min)

D-CPP 1 x 106M (15 min)

Wash (Mg2+-free + CNQX)

10ms
Effect ofphenytoin on the NMDA receptor-mediated
epileptiform response

Phenytoin (0.1, 0.3 and 1 x 10-4 M, allowing 30 min equili-
bration at each concentration) was applied to a total of 7
hippocampal slices. The effect of phenytoin in one slice is
shown in Figure 4 and a summary of its effects in all slices
studied is shown in Table 1. Phenytoin had no statistically
significant action on the amplitude of the first spike of the
epileptiform response.

Effect ofphenytoin on veratridine-induced loss of
synaptic responsiveness

To confirm that the lack of effect of phenytoin against the
NMDA receptor-mediated response was not due simply to a
failure of phenytoin to achieve sufficient concentrations in
the slice, we examined the effect of phenytoin on the loss of
the CAl population spike (recorded in normal Krebs solu-
tion) induced by the sodium channel activator, veratridine. In
the absence of phenytoin, veratridine (2 x 10-6 M) induced a
progressive decline of the population spike (90% reduction
after 30 min perfusion with veratridine; n = 3 slices). How-
ever, following 30 min pretreatment with phenytoin (3 x 10-6
to 1 x 10- M) the effect of veratridine was attenuated in a
concentration-dependent manner. The results from these
experiments are summarized in Figure 5.

b
:5)
X 100

80
.

o c 60

0 o

oI. °0 40

:- 20

E 01 106
Concentration of D-CPP (M)

Figure 3 (a) Effect of D-CPP on the epileptiform responses recorded
in a single slice superfused with Mg2,-free Krebs solution containing
5 x 10-6M CNQX. The response was concentration-dependently
reduced by D-CPP and readily reversed on washout. (b) Effect of
o-CPP on the amplitude of the first spike of the epileptiform res-
ponse (each data point shows the mean ± s.e.mean from 4 slices).
The smooth line was obtained from a fit to the Hill equation and
yielded an IC50 of 8.3 x 10-7 M.

a
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a
Control

7A
c

Phenytoin 3 x 10-5 M (30 min)

'\(Iok'ft

b
Phenytoin 1 x 10-5 M (30 min)

d
Phenytoin 1 x 10-4 M (30 min)

2 mV

10 ms

Figure 4 The effect of phenytoin (1 x 10-5 M, 3 X I0-5 M and 1 x 10-4 M) on the epileptiform response recorded in a single slice
superfused with Mg2"-free Krebs solution containing 5 x 10-6 M CNQX. Phenytoin was applied cumulatively, allowing 30 min at
each of the 3 concentrations. In this slice phenytoin had no effect on the amplitude of the first spike of the epileptiform response. A
summary of the effects of phenytoin in all slices studied is shown in Table 1.

a 70

. 60

E0 50

a°040

C0 30-

.2

X 20

0.

10

10 5 1o--4

[Phenytoin] (M)

Figure 5 Effect of veratridine (2 x 106 M, 30 min) on the amplitude
of the CAl population spike in the absence (0) and in the presence
(@) of phenytoin (3 x 10-6 M to 1 x 1o-4 M). Phenytoin was present
for 30 min before veratridine was applied and was present through-
out the veratridine application. Each point represents the mean

(± s.e.mean) effect recorded from 3 or 4 slices. These experiments
were performed in standard Krebs solution.

Discussion

The anticonvulsant agent, phenytoin, has been used for over

50 years in the clinical management of partial and
generalized tonic-clonic seizures. However, despite intensive
research its mechanism of action is not definitively known
(see Introduction). The present study was designed to esta-
blish whether a recently described inhibitory action of
phenytoin on depolarizing responses of mouse spinal cord
neurones to NMDA (Wamil & McLean, 1993) could be
observed in a more relevant central nervous system tissue, the
hippocampus.

Electrical stimulation of the Schaffer collateral/
commissural pathway in hippocampal slices taken from a

variety of species leads to the generation of the well-
documented CAl population spike. This response, which
represents the extracellularly recorded synchronous
depolarization of many CAl neurones, is generated synap-
tically and results from liberation of excitatory amino acid

neurotransmitter (glutamate and aspartate) from the
presynaptic terminals of the Schaffer collateral fibres (Collin-
gridge et al., 1983; Fleck et al., 1993). Under conventional
recording conditions (normal Krebs solution and infrequent
electrical stimulation of the Schaffer collateral fibres) the
population spike is generated exclusively by activation of the
AMPA glutamate receptor subtype, and the spike may be
abolished by the selective AMPA receptor antagonist, CNQX
(Andreasen et al., 1989; Blake et al., 1989). However, under
certain experimental conditions it is possible to unmask a
component of the postsynaptic response which is mediated
by activation of NMDA receptors. Thus, high frequency
stimulation of the Schaffer collateral/commissural pathway
(Collingridge et al., 1983) or removal of extracellular
magnesium (Coan & Collingridge, 1985) leads to the
appearance of a component of the response which is sensitive
to inhibition by selective NMDA receptor antagonists. Under
suitable conditions, therefore, it should be possible to record
the NMDA receptor-mediated component in isolation, and
thereby examine the effects of putative NMDA receptor/
channel antagonists on the NMDA receptor-mediated post-
synaptic CAl response.

Previous attempts to establish an action of phenytoin on
NMDA receptor-mediated responses in hippocampus have
produced negative results. Both Stringer & Lothman (1988)
and Birnstiel & Haas (1991) failed to observe an inhibition
by phenytoin of long-term potentiation (LTP) in the CAl
region of the rat hippocampus in vitro (LTP is readily
blocked by NMDA receptor/channel antagonists; Colling-
ridge et al., 1983). Furthermore, Psarropoulou & Haas
(1989), also using the rat hippocampus in vitro, failed to find
an effect of phenytoin on the CAl population spike recorded
in Mg2"-free medium which they could attribute to an inhibi-
tion of NMDA-mediated responses. However, under the ex-
perimental conditions employed in the latter study the
population spike was generated by a mixed synaptic activa-
tion of both AMPA and NMDA receptors, thereby possibly
obscuring any potential antagonistic action of phenytoin on
the NMDA receptor-mediated component.

In the present study, therefore, we reassessed the findings
of Psarropoulou & Haas (1989) by examining the effects of
phenytoin on a pure NMDA receptor-mediated synaptically-
generated response in the rat hippocampus in vitro. To
achieve this we used firstly the competitive AMPA
antagonist, CNQX, to abolish the conventional AMPA
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receptor-mediated CAl population spike. Following this,
superfusion with Mg2'-free solution (combined with CNQX
treatment) led to the unmasking of an epileptiform popula-
tion response in CAl. Previous experiments have shown that
the epileptiform spike is inhibited by Mg2" with an ICm of
about I x10-4 M (Sheridan, 1991). In the present study the
first series of experiments was designed to characterize the
epileptiform population spike in terms of its NMDA receptor
pharmacology in order to validate the response as an assay
for antagonists at the NMDA receptor/channel complex.
This was achieved by demonstrating that both the NMDA
channel blocker, dizocilpine (Wong et al., 1986) and the
competitive NMDA receptor antagonist, D-CPP (Lehmann et
al., 1987), could completely inhibit the epileptiform response,
and that this action occurred at concentrations consistent
with the known potencies of these compounds as NMDA
antagonists. The inhibition by D-CPP reached a rapid
equilibrium (within 5 min) and readily reversed upon
washout. The effect of dizocilpine, however, took much
longer to achieve equilibrium (20-30 min) and was not rever-
sible within the time-course of the experiment (up to 60 min
washout). The slow onset and lack of reversibility of the
effect of dizocilpine are both consistent with the known
use-dependent blocking and unblocking kinetics of the com-
pound at the NMDA channel and are in agreement with the
findings of others (Huettner & Bean, 1988; Halliwell et al.,
1989).
Having established the suitability of the epileptiform re-

sponse as an NMDA antagonist assay, we next looked at the
effects of phenytoin. The results obtained with dizocilpine
and D-CPP in the present experiments suggested that quan-
tification of the actions of potential NMDA antagonists
would be best achieved by measuring drug-induced changes
in the amplitude of the first spike in the epileptiform re-
sponse. When looked at in this way, phenytoin, applied in
concentrations ranging from 1 x 10-5 M to 1 x 10-4 M, failed
to inhibit the epileptiform response. This lack of effect of
phenytoin on NMDA receptor-mediated events is in good
agreement with the findings of Stringer & Lothman (1988),
Birnstiel & Haas (1991) and Psarropoulou & Haas (1989),
but fail to support the conclusions of Wamil & McLean
(1993). There are at least two potential reasons why the latter
authors' findings conflict with those obtained in the present
study. Firstly, the possibility exists that the receptor/channel
complex mediating the effects of NMDA in mouse spinal
cord neurones is different from that in rat hippocampus.
There is growing evidence for the existence of several distinct
molecular species of NMDA receptor (see review by Stone,
1993) and it is not inconceivable that these putative subtypes
may be differentially affected by ion channel modulators like
phenytoin. However, there is as yet no direct experimental
evidence to support the contention that spinal and hippocam-
pal NMDA receptors are different or that they are differenti-
ally affected by phenytoin. Secondly, the inhibitory effects of
phenytoin on the response of spinal neurones to exogenously
applied NMDA observed by Wamil & McLean (1993) may
reflect a non-specific action of the anticonvulsant: the
experiments were performed on 'current clamped' neurones
and it is likely that the depolarizing responses to NMDA
were mediated by a combination of cationic current flow
through both the NMDA channel and voltage-dependent
sodium and calcium channels. Block of sodium and calcium
currents by phenytoin is well-established (see Introduction)
and indeed an effect attributable to an action on sodium
channels in 'current clamped' mouse spinal cord neurones in
vitro has been described (McLean & Macdonald, 1983).
Although Wamil & McLean (1993) still observed an
inhibitory action of phenytoin in the presence of tetrodotoxin
it remains likely that at least part of the depolarizing res-
ponse to NMDA is mediated by current carried through
voltage-dependent calcium channels, and that these channels
may be sensitive to phenytoin. Resolution of the above issues
will have to await examination of the effects of phenytoin on

NMDA-induced currents in voltage clamped spinal
neurones.

It is also conceivable that the lack of effect of phenytoin
on the NMDA receptor-mediated response observed in the
present study was due to physicochemical rather than to
biological factors, and that phenytoin failed to penetrate the
slice in sufficient concentrations. However, this possibility
was discounted in experiments in which the effects of
phenytoin on veratridine-induced failure of synaptic trans-
mission were examined. In these experiments phenytoin
(3 x 10-6 M to 1 x 10-4 M) markedly attenuated the effects of
veratridine. Veratridine is an alkaloid neurotoxin that exerts
its effects by shifting the current/voltage relation for sodium
channel activation to more negative potentials, thereby
inducing a persistent activation of the channel at membrane
potentials where, in the absence of veratridine, the channel
would normally be in a non-conducting state (Catterall,
1980). The protective effect of phenytoin against veratridine-
induced loss of the CAl population spike is therefore consis-
tent with the sodium channel blocking property of the
anticonvulsant. This finding also provides evidence that
phenytoin is available to the tissue and that its failure to
inhibit the NMDA receptor-mediated response represents a
genuine absence of pharmacological effect.

In addition to its lack of effect on the amplitude of the first
spike of the NMDA receptor-mediated response, phenytoin
also failed to modify either the number or the amplitude of
the subsequent spikes in the epileptiform event. Why this
should be the case is not entirely clear. Phenytoin is known
to exert its sodium channel blocking actions by selectively
interacting with (and stabilizing) the inactivated state of the
channel (Matsuki et al., 1984; Willow et al., 1985). Since the
proportion of sodium channels in the inactivated state is
dependent on the membrane potential, one consequence of
this interaction is that the potency of phenytoin (in
voltage-clamp studies) is directly related to the holding
potential at which the experiments are performed. Thus, in
voltage-clamped rat hippocampal CAl neurones the
concentration of phenytoin required to inhibit by 50% the
sodium current evoked by a 15 ms depolarizing step to
- 10 mV is 2.6 x 10-4 M at a holding potential of -80 mV,
whereas only 7 x 10-' M is required at a holding potential of
-70 mV (Kuo & Bean, 1994). It follows then that in a
non-voltage clamped preparation (such as that used in the
present study) the ability of phenytoin to inhibit sodium
channel-dependent events will depend on the membrane
potential of the neurones in that preparation. Given that the
resting membrane potential of the neurones responsible for
generating the hippocampal CAl population spike is likely to
be around -70 mV, one might expect phenytoin to exert an
inhibitory effect both on the conventional population spike
and on the NMDA receptor-mediated epileptiform response.
Although we did not examine the effects of phenytoin on the
conventional CAl population spike in the present study,
results from other workers have produced contrasting data.
Stringer & Lothman (1988) failed to observe an effect of
phenytoin (applied at a concentration of about 7 x 10- M)
on the rat hippocampal CAl population spike, whereas
Griffith & Taylor (1988) found a small decrease in the slope
of the rising phase of the rat hippocampal CAl field e.p.s.p.
produced by phenytoin (3 x 10-6, and 1 x 10-4 M). Since the
action of phenytoin is related to the neuronal resting
membrane potential, it may be that whether or not an effect
of phenytoin is seen is dependent on such factors as the
metabolic state of the preparation and the extracellular
potassium concentration. The failure in the present
experiments to observe an effect of phenytoin on the
epileptiform response may be explained by the possibility
that CAI neurones in our preparation have a resting
membrane potential of, say, -80 mV, and that in order to
see an effect we would have needed to use much higher
concentrations of phenytoin (see earlier discussion). Although
the resting membrane potential would determine the degree
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of steady-state inactivation of the neuronal sodium channels
in our preparation (and therefore the potency of phenytoin),
there is clearly additional channel inactivation occurring
during the neuronal activity underlying the epileptiform
burst. However, it is likely that the duration (about 50 ms)
and number of spikes (about 6) constituting the epileptiform
event were not sufficient to allow the neuronal sodium
channels to be in the inactivated state long enough for
phenytoin to bind. This latter possibility is supported by the
requirement in voltage clamp studies to depolarize the
membrane for at least 1000 ms to detect phenytoin-induced
shifts in the steady-state inactivation curve (see, for example,

Kuo & Bean, 1994), whereas during the epileptiform
response the sodium channels are likely to be inactivated
(over-and-above the resting membrane potential-dependent
inactivation) for less than 10ms.

In conclusion, the failure in the present study to identify
an antagonistic effect of phenytoin on NMDA
receptor-mediated responses in rat hippocampus confirms
and extends the findings of a number of previous studies. On
the basis of these results it would be premature to attribute a
component of the anticonvulsant activity of phenytoin to
such an action at NMDA receptors.
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Blockade by ONO-NT-012, a unique prostanoid analogue, of
prostaglandin E2-induced allodynia in conscious mice
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1 Intrathecal (i.t.) administration of prostaglandin E2 (PGE2) to conscious mice was reported to induce
allodynia, a state of discomfort and pain evoked by innocuous tactile stimuli through prostaglandin E
receptor subtype EP, and hyperalgesia through prostaglandin E receptor subtypes EP2 and/or EP3. In
the present study, we investigated the effects of an EP, antagonist on these sensory disorders by use of
ONO-NT-012 or AH6809.
2 ONO-NT-012 dose-dependently antagonized the PGE2-induced allodynia but had no effect on the
PGE2-induced hyperalgesia by the hot plate test. On the other hand, AH6809 blocked the PGE2-induced
hyperalgesia at the highest dose examined (50 pg kg- ') but had no effect on the PGE2-induced allodynia.
The i.t. injection of AH6809 or ONO-NT-012 alone did not have any effect on the response to noxious
or innocuous stimuli.
3 Increasing doses (5 pg kg-'-500 ng kg-') of ONO-NT-012 produced parallel shifts to the right of the
dose-response curves to PGE2. The Schild plot regression line was linear and the slope was close to
unity. The pA2 value against PGE2 was calculated to be 9.96.
4 The present study demonstrates that i.t. administration of PGE2 exerts allodynia through EP, in the
mouse spinal cord and that ONO-NT-012 is a highly potent, simple competitive antagonist for the
PGE2-induced allodynia.

Keywords: ONO-NT-012; EP, antagonist; allodynia; hyperalgesia; spinal cord

Introduction Methods

We recently reported that intrathecal (i.t.) administration of
prostaglandin E2 (PGE2) to conscious mice induced allo-
dynia, a state of discomfort and pain evoked by innocuous
tactile stimuli: the mice showed squeaking, biting, and
scratching movements in response to low-threshold stimuli,
and hyperalgesia by the hot plate test (Minami et al., 1994c).
PGE2 produces a broad range of biological actions in

diverse tissues through its binding to specific receptors on
plasma membranes (Coleman et al., 1987; 1989; Campbell,
1990). EP-receptors are pharmacologically divided into at
least three subtypes, EPA, EP2, and EP3; and are considered
to be coupled to Ca2+ mobilization and stimulation and
inhibition of adenylate cyclase, respectively. The diversity of
PGE2 actions could be ascribed to EP-receptor subtypes
coupled to different signal transduction pathways. We have
demonstrated, on the basis of data obtained with 7 synthetic
prostanoid analogues, that PGE2 might exert allodynia
through EP,-receptors and hyperalgesia through EP2- and/or
EP3-receptors in the mouse spinal cord (Minami et al.,
1994b). Confirmation of this conclusion has however been
hampered by the lack of selective EP-receptor subtype antag-
onists. Previously, EP-receptors in isolated tissues that are
susceptible to blockade by SC19220 and AH6809 were desig-
nated as EPA-receptors (Coleman et al., 1985). AH6809 was
also a prostaglandin D2-receptor specific blocking agent in
human platelets and some cultured cells (Keery & Lumley,
1988; Ito et al., 1990). ONO-NT-012 has recently been
reported to be a unique compound with both EPI/thrombo-
xane A2-receptor antagonist activity and EP3-receptor agonist
activity (Maruyama et al., 1994). In the present study, we
investigated the effects of ONO-NT-012 or AH6809 on the
PGE2-induced allodynia and hyperalgesia.

'Author for correspondence.

Intrathecal administration

Male ddY-mice weighing 22 ± 2 g were used in this study.
The animals were housed under conditions of a 12-h light-
dark cycle and a constant temperature of 22± 2°C and
60 ± 10% humidity. In order to insert a needle quickly and
accurately, we incised the skin on the back (1 cm circum-
ference) and inserted a 27-gauge stainless-steel needled
(0.35 mm, o.d.) attached to a microsyringe between L5 and L6
vertebrae by the method of Hylden & Wilcox (1980). Drugs
in vehicle were injected slowly into the subarachnoid space of
conscious mice at 22 ± 2°C. The volume of the i.t. injection
was 5 tl. It was previously confirmed by use of Commassie
brilliant blue and [3H]-PGE2 that the injected solution does
not extend to the cervical segments (Uda et al., 1990).

Studies on allodynia

Studies on allodynia were carried out essentially according to
the method of Yaksh & Harty (1988). The mice were divided
into various groups (n = 6-8 per group). Control mice were
given physiological saline (5 1ld). Drug-treatment groups were
injected with 5 ;Ll of vehicle containing various doses of test
agents. After the i.t. injection, each mouse was placed in an
individual 13 x 8.5 x 13 cm Plexiglas enclosure with wood
chips on the floor and observed. Allodynia was assessed once
every 5 min over a 50-min period by light stroking of the
flank of the mice with a paintbrush. The allodynia response
was ranked as follows: (0) no response; (1) mild squeaking
with attempts to move away from the stroking probe; (2)
vigorous squeaking evoked by the stroking probe, biting at
the probe, and strong efforts to escape.
To evaluate the effects of the agents on allodynia, the

values obtained over the 50-min test period were cumulated
and expressed as a percentage of the maximum possible
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score. Thus, the maximum possible score for allodynia per
animal was 20.

Hot plate test

Mice were placed on a hot plate maintained at 55TC, and the
elapsed time until the mice showed the first avoidance re-
sponses (licking the feet, jumping, or rapidly stamping the
paws) was recorded .as described by Woolfe & MacDonald
(1944). The response time of the mice to the hot plate was
measured at 30 min after i0. injection.
The animals were used only for one measurement in each

experiment. This study was conducted in accordance with the
guidelines of the Ethics Committee of the International
Association for the Study of Pain (Zimmermann, 1983).

Drugs

PGE2 and ONO-NT-012 (5(Z)-7-[(lS, 2S, 3S, 5R)-3-(trans-p-
styren) sulphonamido-6,6-dimethylbicyclo (3.1.1) hept-2-yl]-5-
heptenoic acid) were generous gifts from Ono Central
Research Institute (Osaka, Japan). PGE2 and ONO-NT-012
were stored in ethanol solution at - 20'C. For injection, an
aliquot of the desired stock PGE2 or ONO-NT-012 solution
was placed in a borosilicate tube and the ethanol was
removed by evaporation to dryness under nitrogen gas.
Sterile saline was then added to dissolve the PGE2 or ONO-
NT-012. AH6809 (6-isopropoxy-9-oxoxanthene-2-carboxylic
acid) was kindly provided by Glaxo Group Research Ltd.
(Hertfordshire, U.K.). AH6809 was dissolved and diluted in
1% NaHCO3 in 0.9% NaCl (saline). All solutions were kept
on ice until used. All drugs, including saline, were coded to
assure 'blind' testing.

Statistics

The statistical analyses were carried out by analysis of
variance (ANOVA). Statistical significance (P <0.05) was
further examined with Duncan's test for multiple com-
parison. IC50 values with 95% confidence limits (95% CL)
were calculated by use of a computerized Probit test.

Results

Efject ofAH6809 or ONO-NT-012 on PGE2-evoked
allodynia

In order to examine the effect of EPI-receptor antagonists on
the PGE2-induced allodynia, we used AH6809 and ONO-NT-
012. When assessed by a cumulative score during the 50 min
period, the allodynia caused by PGE2, 0.5 ftg kg-', was dose-
dependently blocked by ONO-NT-012 with IC50 values (95%
CL) of 1.04 ng kg-' (477 pg kg-l-2.03 ng kg-'). On the
other hand, AH6809 had little effect on the PGE2-induced
allodynia at doses up to 50 yg kg-' (Figure 1). ONO-NT-012
produced parallel and dose-dependent rightward shifts in the
dose-response curve to PGE2 (Figure 2a). A Schild plot
analysis was carried out based on these data, by which
dose-ratios were calculated at a response intersecting all
curves obtained with 5 pg kg-'-0.5 fig kg- ONO-NT-012
(representing 20% of the maximum possible cumulative score
over the 50-min period). As shown in Figure 2b, a Schild
plot regression line revealed a linear relationship and the
slope was close to unity. The pA2 value against PGE2 was
9.96.
These results indicate that ONO-NT-012 is a simple and

competitive antagonist of PGE2-induced allodynia in the
spinal cord.

.U

c

4-

(ACo0
a

25 50 75 100
Allodynia (% of control)

125

Figure 1 Effect of AH6809 or ONO-NT-012 on prostaglandin E2
(PGE2)-induced allodynia. PGE2 (0.5ttgkg-1) was injected simul-
taneously with various doses of AH6809 or ONO-NT-012 into the
subarachnoid space. Assessment of allodynia was made as described
under Methods. The score of PGE2 alone was taken as 100%. The
values shown are the mean ± s.e.mean (n = 6). Statistical analyses
were carried out by Duncan's test. *0.01 P< 0.05, **P< 0.01, as
compared with PGE2-injected group.

a

0U
0
u
Co 50.)

, 40
E
o 30
._CD

Co 20
0

x
E 10E

0
14 13 12 1 1 10 9 8 7 6 5

-log Dose (g kg-1, i.t.)

b

cc0
0

3

2

1

0

4 Slope= 1.05
pA2 = 9.96
r= 0.998

9 8

ONO-NT-012 (-log M)
Figure 2 Effect of ONO-NT-012 on prostaglandin E2 (PGE2)-
induced allodynia. (a) Dose-response curves of ONO-NT-012 for the
PGE2-induced allodynia. PGE2 was injected simultaneously without
(0) or with 0.5Lgkg-' (+), 50ngkg-' (x), Sngkg-' (A),
0.5ngkg- (A), 50pgkg- (U), or 5pgkg-' (01) ONO-NT-012
into the subarachnoid space. Assessment of allodynia was made as
described under Methods. The values shown are the mean ± s.e.
mean (n = 6-8). (b) Schild plot analysis for the antagonism of
response to PGE2 by ONO-NT-012. DR, dose-ratio, i.e., the ratio of
the dose of the PGE2 required to produce 20% of the maximum
possible cumulative score over the 50-min period of the PGE2-
induced allodynia in the presence of a given dose of ONO-NT-012 to
that without ONO-NT-012. The best fit to the line and the correlation
coefficient (r) were calculated by linear least squares regression.
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Figure 3 Effect of AH6809 or ONO-NT-012 on prostaglandin E2
(PGE2)-induced hyperalgesia. PGE2 (0.5 pg kg-') was injected simul-
taneously with various doses of AH6809 or ONO-NT-012 into the
subarachnoid space. The time until the mice showed the first
avoidance response to the hot plate test (55C) was measured at
30 min after i.t. injection. Each column represents the mean ± s.e.
mean of responses in 10 mice. Statistical analyses were carried out by
Duncan's test. **P <0.01, as compared with the PGE2-injected
group.

Effect ofAH6809 or ONO-NT-012 on PGE2-evoked
hyperalgesia
As reported previously (Uda et al., 1990), PGE2-induced
hyperalgesia was observed between 3 and 30min after i.t.
injection of PGE2. In the present study, the response time of
mice to the hot plate (550C) was measured at 30 min after i.t.
injection of PGE2 or vehicle so that the effect of PGE2-
induced allodynia would be minimized. There was no signifi-
cant difference in the latency period between the saline con-
trol (14.7 ± 1.1 s, mean ± s.e.mean) and the untreated control
(15.4 ± 0.9 s). As reported previously (Minami et al., 1994c),
PGE2 produced its hyperalgesic action over a wide range of
doses from 50pgkg-' to 0.5tLgkg-' with two apparent
hyperalgesic peaks at 0.5 ng kg-' (11.0 + 0.7 s) and 0.5 pg
kg-' (8.8 ± 0.4 s). The hyperalgesia caused by 0.5 1Ag kg-' of
PGE2 was not blocked by ONO-NT-012 at all. On the other
hand, the hyperalgesia caused by 0.5 gg kg-' of PGE2 was
blocked by AH6809 at the highest dose examined (50pg
kg-') (Figure 3).
The i.t. injection of ONO-NT-012 or AH6809 alone did

not have any effects on the response to noxious or innocuous
stimuli.

Discussion

We recently reported that the i.t. administration of PGE2 to
conscious mice induced allodynia and hyperalgesia (Uda et
al., 1990; Minami et al., 1994a, c) and that PGE2 might exert
allodynia through the EPI-receptor and hyperalgesia through
EP2- and/or EP3-receptors in the mouse spinal cord (Minami
et al., 1994b). In the present study, the effects of ONO-NT-
012 (a novel EPI/thromboxane A2-receptor antagonist and
EP3-receptor agonist) on two pain models of PGE2-induced
allodynia and hyperalgesia were tested and compared with
those of AH6809. The PGE2-induced allodynia was dose-
dependently blocked by ONO-NT-012, but not by AH6809
(Figure 1). On the other hand, the PGE2-induced hyper-
algesia assessed by the hot plate test was blocked by
AH6809, but not by ONO-NT-012 (Figure 3). The pA2 value
of ONO-NT-012 against PGE2 was 9.96 (Figure 2b) i.e.
much smaller than that reported previously with longitudinal
smooth muscle of guinea-pig ileum (pA2= 5.7) (Maruyama
et al., 1994). EP-receptors in isolated tissues that are suscepti-
ble to blockade by SC19220 and AH6809 were designated as
EPI-receptors (Coleman et al., 1985). Recently the EPI-
receptor was cloned from the mouse lung cDNA library but
AH6809 showed only weak inhibition of binding of [3H]-
PGE2 to membranes prepared from EP,-receptor cDNA-
transfected CHO cells (Watabe et al., 1993). Therefore it was
suggested that there may be another form of EP,-receptor
besides one sensitive to AH6809 or that the action of
AH6809 is species-specific with little effect on the mouse
receptor.

In conclusion, the present study demonstrates that ONO-
NT-012 is a potent, competitive, and selective antagonist for
PGE2-induced allodynia. In addition to conventional noci-
ceptive tests such as the tail-flick test, formalin test, and hot
plate test, allodynia induced by i.t. injection of prostaglan-
dins provides a new model of pain when testing the efficacy
of analgesic agents in animals.
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Modulation of epidermal growth factor effects on epithelial
ion transport by intestinal trefoil factor
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1 The direct epithelial effects of epidermal growth factor (EGF) and its modulation by intestinal trefoil
factor (ITF) have been studied in a human colonic adenocarcinoma cell line called Colony-29 (Col-
29).
2 When grown in culture as confluent monolayers and voltage-clamped in Ussing chambers, these
epithelia responded with an increase in short circuit current (SCC) to basolateral as well as to apically
applied EGF although the latter responses (at 10 nM) were only 25% of those observed following
basolateral peptide.
3 Recombinant rat ITF (added to the basolateral surface) did not alter basal SCC levels, but it did
enhance the electrogenic effects of basolateral EGF. The EC50 values for EGF-induced ion transport
were 0.25 nM in control, and 0.26 nM in ITF pretreated Col-29 epithelia. A significant increase in the
size of EGF responses (0.1 nM-10 nM) was observed in the presence of 10 nM ITF and the half-maximal
concentration for this modulatory effect of ITF was 7.6 nM.

4 The EGF-induced increases in SCC were partially inhibited (50%) by piretanide pretreatment,
indicating that Cl- secretion is involved. EGF responses either in the presence or absence of ITF were

also significantly reduced (84% and 66% respectively) by the cyclo-oxygenase inhibitor, piroxicam,
therefore implicating prostaglandins as mediators of EGF-stimulated anion secretion.
5 We conclude that in confluent Col-29 epithelia, basolateral EGF stimulates a predominantly
prostaglandin-dependent increase in Cl- secretion that is enhanced by basolateral ITF, and that these
two peptides may interact in normal and damaged mucosa to alter the local apical solute and fluid
environment.

Keywords: Epidermal growth factor; intestinal trefoil factor; electrogenic ion transport

Introduction

Epidermal growth factor (EGF) has been observed to exert
acute effects upon intestinal solute and fluid secretion, for
example, increasing glucose-stimulated Na+ absorption in the
rabbit jejunum (Opleta-Madsen et al., 1991). Specific recep-
tors for EGF have been identified along the length of the
intestine in basolateral as well as microvillar membranes
(Thompson, 1988). Autoradiographic studies with rat small
intestine have shown that [125I]-EGF labels columnar and
goblet cells of villi and crypts (Chabot et al., 1982) and a
quantitative analysis of the crypt-villus axis in the mouse
jejunum has identified three times the level of EGF binding
in crypt versus villus cells (Gallo-Payet & Hugon, 1985).
Activation of the EGF receptor results in tyrosine autophos-
phorylation (for review see Hernandez-Sotomayor &
Carpenter, 1992) and this mechanism is pivotal in the
mitogenic effects of EGF.
Another group of structurally distinct proteins are the

trefoil peptides whose regional expression along the gast-
rointestinal tract and up-regulation at sites of ulceration
(Poulsom & Wright, 1993) implicates them as important
factors involved in restitutive mucosal mechanisms. Recent
studies of one of these peptides, namely intestinal trefoil
factor (ITF) have shown that it stimulates motogenic rather
than mitogenic effects in gastrointestinal epithelia (Dignass et
al., 1994; Chinery & Playford, 1995). The aim of the present
study was to investigate epithelial interactions between these
two mucosal peptides in an adenocarcinoma cell line,
Colony-29, which when grown as a monolayer (devoid of
other mucosal cell types) exhibits characteristic changes in
ion transport when stimulated by different selective agonists
(MacVinish et al., 1993; Cox & Tough, 1994). The sidedness

' Author for correspondence.

of EGF responses in this cell line and the mediators involved
in EGF effects upon ion transport both alone and following
pretreatment with ITF were also studied.

Methods

Colony-29 (Col-29) epithelia were grown and maintained in
Dulbecco's modified Eagles medium supplemented with
foetal calf serum (10%), kanamycin (100 pg ml-') and
amphotericin B (1.2 jig ml-') as described in detail previously
(Cuthbert et al., 1987). For voltage-clamp studies cells were
seeded onto 0.2 cm2 areas of collagen-coated Millipore filters
(0.45 pm) and formed confluent monolayers within 7-10
days. Each filter with epithelia was placed between two
halves of an Ussing chamber, bathed in oxygenated (95%
02/5% C02) Krebs-Henseleit solution at 37'C and short-
circuited with a W-P dual-voltage clamp. The resulting short
circuit current (SCC, quoted as ILA cm-2) was monitored
continuously and peak changes in SCC occurring within
7 min of peptide addition to either the basolateral or apical
reservoir were recorded. The Krebs-Henseleit buffer had the
following composition (in mM): NaCl 118, KCI 4.7, CaC12
2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25.0 and glucose
11.1. The means ± 1 s.e.mean of peak changes in SCC from
different data groups were analysed statistically by Student's
unpaired t tests. Concentration-response curves were con-
structed from single additions of peptide made to the
basolateral surface of each monolayer, and EC50 values were
obtained by applying pooled data to the iterative curve-fitting
programme, Graphpad.

All chemicals were of reagent grade and drugs were
obtained from the following sources: recombinant human
EGF, piroxicam and acetazolamide were purchased from
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Sigma Chemical Company Ltd (Poole, Dorset) and
piretanide was a generous gift from Hoechst Pharmaceuticals
(Hounslow, Middx). Recombinant rat ITF was produced
using the expression vector, pGEX-3X and maintained in E.
coli. Purification of rat ITF was achieved by conventional
techniques (Gearing et al., 1989) with the exception of the
cleavage of fusion protein, which utilised blood coagulation
factor Xa.

Results

Col-29 epithelia exhibited a basal SCC of 4.1 ± 0.8 ftA cm2
(n = 59) and resistance of 61.1 ± 5.3 Lcm2 (n = 59). Addition
of EGF (10 nM, a maximal concentration) to the basolateral
surface resulted in a relatively slow rise in SCC reaching a
peak (2.1 ± 0.3 pA cm-2 above baseline, n = 11) within 7 min
(Figure 1) and remaining elevated for at least 30min. The
sidedness of EGF responses was investigated by comparing
EGF-induced increases in SCC following addition of the
peptide to both or to one surface, either apical or basolateral
(Figure 2). There was no significant difference between the
size of EGF (10 nM) responses following peptide addition to
both sides simultaneously, compared with those following
basolateral EGF either alone or after pretreatment with
apical EGF. Peak apical EGF responses (10 nM) were 25%
of control basolateral responses (P<0.01) and the former
were abolished by prior exposure to basolateral peptide
(P<0.01, Figure 2).

Pretreatment of monolayers with ITF (10 nM, basolateral)
did not significantly alter basal SCC levels per se (Figure 3)
but the trefoil did significantly (P<0.03-0.001) enhance res-
ponses to EGF at concentrations from 0.1 nM to 10 nM
(Figures 1 and 3). The control EGF concentration-response
profile (Figure 3) exhibited an ECm of 0.25 nM with a max-
imal effect (at 1 nM EGF) of 2.2 ± 0.2 gLA cm-2 (n = 8). In
the presence of 10 nM ITF the EC50 for EGF was unchanged
at 0.26 nM but the maximum (at 1 nM) was increased
significantly (3.3 ± 0.1 pA cm-2, n =4, P<0.01). The
potency with which ITF modulated basolateral EGF res-
ponses was assessed by using the maximally effective EGF
concentration (1 nM) and varying that of ITF (Figure 4). An
EC50 value of 7.6 nm was obtained for ITF, with a maximal
modulatory effect at 30 nM ITF (following which EGF res-

1iPL
5 min

ponses were 3.7 ± 0.4 jsA cm-2, n =4, P <0.01 compared
with 1 nM EGF responses in the absence of ITF).
The Na,K,2Cl cotransport inhibitor, piretanide (200 pM,

basolateral) reduced basal SCC levels (by - 1.1 ± 0.1 sA
cmu2, n = 23) and significantly inhibited EGF responses
whether in the presence or absence of ITF. Pretreatment with
the cyclo-oxygenase inhibitor, piroxicam (5 gIM, added to
both sides, which reduced basal SCC by -2.0 ± 0.2 yIA
cm- , n = 12) also significantly reduced EGF responses
(P<0.01). The combination of piretanide and piroxicam vir-
tually abolished EGF responses in the presence of 10 nM ITF
(P<0.01, compared with controls) while in monolayers
exposed to EGF alone this same combination of inhibitors
reversed the polarity of EGF responses (Figures 1, 5a and b).
There was no significant difference between these EGF re-
sponses (plus piretanide and piroxicam, either with or with-
out ITF) and those observed following co-administration of
the carbonic anhydrase inhibitor, acetazolamide (450p1M to
both sides, and which alone attenuated basal SCC by
-0.4±0.1 IAcm2, n=6).
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Figure 2 The sidedness of epidermal growth factor (EGF) responses
in Col-29 epithelia. The peak increases in SCC to EGF (1O nM)
applied to either the basolateral (bl) or apical (ap) surface or to
ap + bl, were recorded within 7 min of peptide addition. Each col-
umn represents the mean + I s.e.mean from 4 observations in all
columns except EGF ap + bI which was n = 5. Significant differences
were observed between apical EGF alone and apical following
basolateral EGF (**P<0.01) and comparing the means of apical
EGF versus basolateral EGF alone (ttP<0.01).
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Figure 1 Representative traces of responses to epidermal growth
factor (EGF) alone (10 nM, basolateral, *) and following pretreat-
ment with intestinal trefoil factor (ITF, 10nM, basolateral, 0) and
other transport inhibitors. Piroxicam (5 gM, *), and acetazolamide
(450 IM, A) were added to both sides. Piretanide (200 uM, O) was
added to only the basolateral surface. The baseline SCC values for
each monolayer are shown in fLA to the left of each trace.

Figure 3 Concentration-response curves for epidermal growth factor
(EGF) in the presence (@) or absence (0) of 10 nm intestinal trefoil
factor (ITF). Single concentrations of EGF were added to the
basolateral surface of Col-29 monolayers, some of which had
previously been exposed to 1O nm basolateral ITF (for O min, 0).
Each point represents the mean ± 1 s.e.mean of 3-13 observations
with the exception of control 50 nM EGF responses where n = 2.
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Figure 4 The modulatory effect of increasing concentrations of
intestinal trefoil factor (ITF) (basolateral) upon epidermal growth
factor (EGF, I nm, basolateral, 0) responses. Control EGF res-

ponses (0) in the absence of ITF increased SCC by
2.2 ± 0.2 jtA cm-2 (n = 8) and all points are the mean ± I s.e.mean

from 3-4 observations.
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Figure 5 Sensitivity of epidermal growth factor (EGF, 10 nM,

basolateral) responses in the absence (a) or presence (b) of intestinal

trefoil factor (ITF, 10 nm, basolateral) to various specific transport

inhibitors. Control responses to EGF alone are represented by the

solid columns. Monolayers were treated with either piretanide alone

(200 jiM, basolateral, + Pir), piroxicam alone (5 gM to both sides,

+ Prx) or, a combination of the two (+ Pir Prx). Additionally

acetazolamide (450 tiM, to both sides, Acet) was also added in com-

bination with piretanide and piroxicam. Each column represents the

mean ± I s.e.mean and the number of observations in each group are

shown in parentheses. Significant differences between data groups

and their respective EGF (a) or EGF plus ITF controls (b) were;

*P<0.05; **P<0.01; ***P<0.O1.

EGF-induced responses in Col-29 monolayers appear to be
mediated via receptors predominantly located on the
basolateral surface, since (i) apical peptide produced in-
creases in SCC that were significantly lower than basolateral
controls and, (ii) pretreatment with basolateral EGF
abolished responses to apically applied peptide. There has
been some recent controversy concerning the location of
EGF receptors in particular cell systems. Ultrastructural
studies in rat jejunum show that EGF receptors are located
within the basolateral and microvillar domains (Thompson,
1988; Scheving et al., 1989). It is clear from our own studies
that in Col-29 epithelia, EGF receptors are targeted to the
basolateral domain, and that stimulation of these receptors
results in a change in electrogenic ion transport.
The potency with which EGF stimulated epithelial ion

transport was not altered by basolateral ITF pretreatment
(EC50 values were 0.25 nM and 0.26 nM respectively in the
absence and presence of 10 nM ITF), however, the maximum
response achieved by EGF (at 1 nM- 10nM) was significantly
increased. ITF alone (1 nM-50 nM) did not alter basal SCC
levels in Col-29 epithelia, in contrast with observations
obtained in in vitro preparations of rat jejunum (but not
descending colon) where electrogenic responses were

stimulated by nM concentrations of basolateral ITF (Cox et

al., 1993). Col-29 epithelia are derived from a human colonic
adenocarcinoma cell line, HCA-7 (Marsh et al., 1993) and
both lines exhibit electrogenic responses to a range of
secretory and antisecretory stimuli (MacVinish et al., 1993;
Cox & Tough, 1994) the size of which exceed those elicited
by EGF. The EC50 concentration (7.6 nM) for the mod-
ulatory effect of ITF upon EGF responses is well within the
peptide concentration range extrapolated from ITF levels
found in the intestinal mucosa (Taupin & Giraud, 1994).
Equally, the half-maximally effective EGF concentrations
observed with Col-29 epithelial layers are not dissimilar from
the higher affinity EGF receptors described by Blay & Brown
(1985) in the rat intestinal epithelial cell line, RIE-1.
The predominant ionic species responsible for EGF-

induced changes in electrogenic ion transport (measured as

increased SCC) is Cl- moving in a basolateral to apical
direction. Piretanide attenuated EGF responses (alone, and
following ITF) by 50%, by blocking the basolateral
Na,K,2Cl co-transporter and therefore reducing intracellular
Cl- available for secretion through apical Cl- channels.
Although some inhibitory effects were observed with
acetazolamide these were not significant, and we conclude
that HCOj- transport is not therefore of major importance in
EGF responses in these cells. Cyclo-oxygenase inhibition by
piroxicam pretreatment reduced EGF responses by 66%,
while in the presence of ITF a 84% reduction of EGF
responses was observed. This indicates that eicosanoids are

generated by Col-29 cells in response to EGF and this
mechanism is potentiated by the presence of ITF. Prostaglan-
din E2 (PGE2) stimulates Cl- secretion in Col-29 epithelia
(MacVinish et al., 1993) most probably via a cyclic AMP-
dependent pathway. Therefore prostaglandins (and possibly
also thromboxane A2) are providing a component of the Cl-
secretory response to EGF in these cells. PGE2 production is
increased by EGF in gastric parietal cells (Shaw et al., 1987)
and EGF increases PGE2 release in perfused rat stomach
(Chiba et al., 1982) although this eicosanoid does not appear
to be involved in EGF-induced inhibition of acid secretion
(Shaw et al., 1987).
The modulation of EGF responses by ITF has been

observed previously in preliminary studies with Col-29
epithelia (Chinery & Playford, 1995) where EGF was added
to both epithelial surfaces. The enhancement of EGF-
stimulated, prostaglandin-mediated Cl- secretion in these
epithelial monolayers by ITF, provides evidence for an

interaction between two prominent mucosal peptides that
may facilitate their restitutive potential. In addition to having
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direct motogenic effects (Dignass et al., 1994; Chinery &
Playford, 1995) ITF also sensitizes Col-29 epithelia to EGF,
augmenting the latter peptide's ability to stimulate Cl- secre-
tion, thereby increasing local solute and fluid secretion. This
could in turn result in an alteration of the viscosity of the

overlying mucus layer but the exact consequences of such
anion secretion and how this may relate to each factor's role
in mucosal restitution remains to be determined.

This work was supported by the Wellcome Trust.
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Inhibitory actions of GABA on rabbit urinary bladder
muscle strips: mediation by potassium channels

'D.R. Ferguson & J.S. Marchant

Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge, CB2 1QJ

1 The actions of y-aminobutyric acid (GABA) upon rabbit urinary bladder muscle were investigated to
determine whether they were mediated through potassium channels.
2 In vitro experiments were undertaken in which bladder muscle strips were caused to contract with
carbachol. Addition of GABA or baclofen reduced the size of such evoked contractions in the case of
GABA by 20.7 ± 3.2%, in the case of baclofen by 22.4 ± 2.2%.
3 Electrical stimulation of autonomic nerves in bladder wall strips also evoked contractions which were

significantly smaller in potassium-free Krebs solution. The size of contractions produced by carbachol
on the other hand were unaffected by the absence of potassium in the Krebs solution.
4 The inhibitory actions of GABA and baclofen on carbachol-induced contractions of bladder muscle
were detected at much lower concentrations in potassium-free compared with potassium containing
solutions.
5 The inhibitory effects of baclofen were completely reversed by tetraethyl ammonium chloride
between 1 and 5 mM, caesium chloride between 0.5 and 3 mM and barium chloride between 0.5 and
2.5 mM. The actions of baclofen were only partially reversed by 4-amino-pyridine between 1 and
5 mM.
6 It was concluded that the GABAB receptor-mediated inhibitory actions on rabbit urinary bladder
smooth muscle cells were produced by activation of potassium channels.

Keywords: Urinary bladder; GABAB receptor; potassium channels; smooth muscle function

Introduction

Although it has been known for some time that '-
aminobutyric acid (GABA) inhibits the contractile activity of
urinary bladder by its actions on autonomic nerves
(Kusunoki et al., 1984; Maggi et al., 1985), its capacity to
inhibit the contractile activity of the bladder smooth muscle
itself has only recently been demonstrated (Chen et al., 1992).
This action is mediated through GABAB receptors as it is
produced by baclofen and inhibited by 2-hydroxy-saclofen.
GABAB receptor-mediated effects of this type appear to be
produced either through blockade of calcium channels (Dun-
lap & Fischbach, 1981) or by activation of potassium chan-
nels (Inoue et al., 1985).

This present work presents results of experiments designed
to test the hypothesis that the GABAB actions on urinary
bladder smooth muscle cells are effected by activation of
potassium channels.

Methods

Male Dutch rabbits (600-1000 g) were killed by cervical
dislocation, their urinary bladders rapidly removed, washed
and the detrusor muscle cut into strips with scissors. No
attempt was made to remove the urothelium. The muscle
strips were suspended in 0.2 ml capacity superfusion
chambers (Brading & Sibley, 1983), and oxygenated Krebs
solution at 37°C was pumped over them at 2mlmin'1. A
loading tension of 0.5 g was applied and the muscle strips
allowed to equilibrate for 1 h. Isometric muscle contractions
were produced by the addition of carbachol (1 x 1O-s M) to
the superfusion solution for 5 s, (this approximated to the
EC50 for carbachol on this preparation) and the contractions
obtained were demonstrated to be submaximal. It was found
possible to repeat carbachol doses at 15 min intervals and

' Author for correspondence.

still to produce consistent responses. Evoked contractions
were recorded with Grass FTO3 transducers, an amplifier,
and a Kipp & Zonen BD 112 pen recorder.

Either GABA or baclofen dissolved in Krebs solution was
perfused over the muscle strips until the contractile responses
to carbachol reached a new consistent level. Results were
calculated from at least 4 consecutive responses. Administra-
tion of potassium channel antagonists was undertaken for
2min prior to repeated administration of carbachol. Com-
position of Krebs solution was (mM): NaCl 124, KCI 5,
MgCI2 1.3, NaHCO3 26, CaC12 0.8, KH2PO4 1.4 and glucose
10. Potassium-free Krebs solution contained (mM): NaCl 129,
MgCl2 1.3, NaHCO3 26, CaC12 0.8, NaH2PO4 1.4 and glucose
10. Carbachol, (±)-baclofen, 4-aminopyridine, and tetraethyl
ammonium chloride were obtained from Sigma, Poole,
Dorset, U.K. Barium chloride and caesium chloride from
BDH Ltd., Poole, Dorset, U.K. Remaining reagents were of
Analar grade.
Data are presented as mean values ± standard error of the

mean and significance of differences calculated with Student's
t test. Differences were regarded as significant when
P <0.05.

Results

Detrusor muscle strips were stimulated to contract by the
superfusion of carbachol (1 x 10-M) for 5 s. Doses were
repeated at 15 min intervals until consistent responses were
obtained. When the detrusor strips were similarly challenged
with carbachol, but in the presence of various concentrations
of GABA (between 1 x 10-7M and 3 x 10-4M) GABA
caused a dose-dependent reduction in the magnitude of the
contractile responses (Figure 1). Addition of tetrodotoxin
(1 x 10-' M) abolished neither the contractions due to car-
bachol nor the inhibition due to GABA (n = 6). This concen-
tration of tetrodotoxin has previously been shown to abolish

. 1995 Stockton Press All rights reserved 0007-1188/95 $12.00 00BrRish Journal of Pharmacology (1995) 115, 81-83



D.R. Ferguson & J.S. Marchant GBA actions on urinary bladder

bladder muscle contractions induced by electrical field
stimulation of intrinsic autonomic nerves (Chen et al., 1992).
The superfusion of increasing concentrations of baclofen
(between 1 x 10-0M and 1 x 10-4M) produced a similar
sized inhibition of carbachol-induced contraction.
The inhibition produced by both GABA and baclofen was

not demonstrable in all detrusor muscle strips tested; approx-
imately 60% of the detrusor strips from any one animal
responded in this way. Intramural nerve stimulation (30 V,
0.2 ms duration, 3 s trains at 1 to 50 Hz) evoked contractions
in potassium-free Kerbs solution which were smaller in amp-
litude than those in normal Krebs solution. In contrast,
superfusion with potassium-free Krebs solution had an
insignificant effect on the amplitude of carbachol-induced
contractions (data not shown). Whereas potassium-free
Krebs solution does not affect the magnitude of the contrac-
tile responses induced by carbachol alone, the inhibitory
actions of both GABA and baclofen (Figure 2a and b) were
demonstrated to occur at much lower concentrations than in
control experiments. In the absence of potassium in the
bathing solution, the concentrations of GABA or baclofen
required to produce maximal inhibition are at least three
orders of magnitude lower than in its presence.
Four compounds, tetraethyl ammonium chloride (TEA),

caesium chloride (Cs2"), barium chloride (Ba2") and 4-
aminopyridine (4-AP), all known to be potassium channel
blockers, were used to determine their effects on the GABA
or baclofen-mediated inhibition of carbachol-induced con-
tractions. Prior application of TEA (1-5 mM), Cs2+
(0.5-3 mM) or Ba2+ (0.2-2.5 mM) to individual strips was
able to block, in a dose-dependent manner, the GABAB
receptor-mediated inhibition previously demonstrated in each.
strip with 10-4 M baclofen. The highest concentration of each
potassium channel blocker used was able to reverse fully the
maximal demonstrable inhibition (Table 1). However,
although increasing concentrations of 4-AP were able to
attenuate the inhibitory effects of baclofen in a similar man-
ner to the other antagonists, complete reversal of the inhibi-
tion was unattainable even at 5 mM 4-AP (Table 1).

Discussion

In cultured chick sensory neurones, GABAB receptor stimula-
tion was reported by Dunlap & Fischbach (1981) to decrease
conductance to calcium ions. However, in guinea-pig hip-
pocampal slices Inoue et al. (1985) demonstrated that the
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Figure 1 Inhibitory action of GABA on carbachol-induced contrac-
tions of urinary bladder muscle strips. Carbachol (1 x 10-5 M) was
superfused for Ss, whereas GABA was continuously perfused at the
concentrations shown. Results are expressed as a percentage of the
muscle contraction elicited by carbachol alone. Means of at least 6
observations ± s.e.mean. The data were fitted to a hyperbolic func-
tion. The inhibition obtained at 5 x 10-4 M GABA was significantly
different from control P<0.001, by t test.

GABAB receptor action was mediated by an increase in
potassium conductance. These experiments were complicated
by the presence in the experimental preparation of both
GABAA and GABAB receptor types. In rat cultured dorsal
root ganglion cells, Dolphin & Scott (1986) using a whole cell
patch-clamp technique, demonstrated the inhibition by bac-
lofen of voltage-dependent inward calcium currents, of the
calcium-dependent slow outward potassium current and of a
calcium-independent, voltage-dependent outward potassium
current. Evidence from patch-clamp experiments (Premkumar
et al., 1990) in which potassium channels isolated from
GABA or baclofen in the surrounding medium by the recor-
ding pipette still opened when the inhibitors were present,
indicated the presence of a second messenger system rather
than directly coupled ion channels. The fact that these ion
channels did not open in membranes treated with pertussis
toxin demonstrated the requirement for a pertussis toxin-
sensitive G-protein in the second messenger system.
The present experiments investigate the direct inhibitory

action of GABA on detrusor smooth muscle contraction,
with particular reference to the nature of the downstream
effector targets directly coupled to GABAB receptor activa-
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Figure 2 Comparison of the actions of GABA (a) and baclofen (b)
on carbachol-induced bladder muscle strip contractions in the
presence (solid and hatched columns) and absence (open columns) of
potassium in the Krebs solution. Contractions were produced by a
5 s application of 1 X 10-5M carbachol in each case. These contrac-
tions were taken as 100% and shown by the hatched column, and
responses in the presence of GABA or baclofen were expressed as a
percentage of these values, means ± s.e.means of at least 6 observa-
tions were calculated. Responses to GABA or baclofen which are
significantly different from control values in the presence of potas-
sium are indicated by *, responses significantly different from control
in the absence of potassium are indicated by t. It is clear that while
neither I x 10-7M GABA nor 1 x 10-7M baclofen produce
significant inhibition of the response to carbachol in normal Krebs
solution, they both produce maximal inhibitory actions in the
absence of potassium.

82



D.R. Ferguson & J.S. Marchant GABA actions on urinary bladder 83

Table 1 Reversal of inhibitory actions of baclofen by potassium channel blockers

Effect of Contraction size as % of control in the presence of both baclofen and
Antagonist baclofen potassium channel blocker, concentration of latter given as mm

expressed as %
of control
contraction 0.5 1.0 1.5 2.0 2.5 3.0 4.0 5.0

Ba2+ 81.3±4.4 84.3±1.6 90.3±2.4 99.6±2.3 99.1±0.9
NA NS NS 1 (4) 1 (4)
1 (4) 1 (4) / (2) NS NS

Cs2+ 76.4 ± 4.6 89.3 ± 2.7 84.5 ± 1.6 92.5 ± 3.0 97.9 ± 2.8 101.1 ± 4.4 99.2 ± 1.3
NA NS NS 1 (2) 1 (4) 1 (4) 1 (4)
1 (4) 1 (5) 1 (4) NS NS NS NS

TEA 76.4 ± 4.6 84.5 ± 1.4 87.3 ± 3.2 89.8 ± 5 94.8 ± 3.2 98.1 ± 3.5
NA NS J (1) j (1) J (3) J (3)
1 (3) 1 (3) 1 (2) NS NS NS

4-AP 76.4 ± 4.6 79.1 ± 4.0 82.2 ± 4.3 87.6 ± 1.2 91.5 ± 0.6 90.6 ± 1.7
NA NS NS 1 (2) J (3) J (2)
1 (4) 1 (4) 1 (3) 1 (4) 1 (3) 1 (2)

Results are expressed as % of control contraction to carbachol in the presence of baclofen with or without potassium channel
blockers. Values are + s.e.mean, n = 4. The first row beneath the experimental data shows the statistical significance of differences
between the responses to carbachol in the presence of K+ channel antagonists and those to baclofen alone. The second row shows the
statistical significance of differences between the responses to carbachol in the presence both of baclofen and K+ channel antagonists
and the responses of control muscle strips to carbachol alone. Probability levels are: (1) P<0.05, (2) P<0.025, (3) P<0.01, (4)
P<0.005; NS, not significant.

tion. The results of the protocol employing potassium-free
Krebs solution and those using potassium channel
antagonists provide complementary data consistent with
potassium channel activation following GABAB receptor
stimulation. It might be anticipated that the absence of
potassium from the bathing solution might affect the func-
tion of bladder muscle stips, for example by reducing the
activity of the sodium-potassium activated ATP-ase in cell
membranes; our findings show that although electrical
stimulation of the autonomic nerves in the strips show
reduced responses, the responses to added carbachol were

unaffected at least over a relatively short time. Activation of
potassium channels has been demonstrated in neurones by a
wide variety of inhibitory neurotransmitters in addition to
GABA including adenosine, noradrenaline, dopamine and
5-hydroxytryptamine. The characteristics of such potassium
channels have been found to be similar to those of voltage-
sensitive, inward-rectifying potassium channels designated IKI
(Halliwell, 1990). Although we have identified the presence of
GABA-operated potassium channels in smooth muscle cells
our experimental evidence does not allow us to identify them
more closely.
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The anti-emetic effects of CP-99,994 in the ferret and the
dog: role of the NK1 receptor
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1 The selective NK, receptor antagonist, CP-99,994, produced dose-related (0.1-1.0 mg kg-', s.c.)
inhibition of vomiting and retching in ferrets challenged with central (loperamide and apomorphine),
peripheral (CuS04) and mixed central and peripheral (ipecac, cisplatin) emetic stimuli.
2 Parallel studies with the enantiomer, CP-100,263 (1 mg kg-', s.c.), which is > 1 000 fold less potent
as a NK1 antagonist, indicated that it was without significant effect against CuS04, loperamide, cisplatin
and apomorphine-induced emesis. Against ipecac, it inhibited both retching and vomiting, expressing
approximately 1/10th the potency of CP-99,994.
3 The 5-HT3 receptor antagonist, tropisetron (1 mg kg-', s.c.) inhibited retching and vomiting to
cisplatin and ipecac, but not CuSO4 or loperamide.
4 CP-99,994 (1 mg kg-', i.v.) blocked retching induced by electrical stimulation of the ventral
abdominal vagus without affecting the cardiovascular response, the apnoeic response to central vagal
stimulation or the guarding and hypertensive response to stimulation of the greater splanchnic nerves.

CP-99,994 (1 mg kg-', i.v.) did not alter baseline cardiovascular and respiratory parameters and it failed
to block the characteristic heart rate, blood pressure and respiratory rate/depth changes in response to
i.v. 2-methyl-5-HT challenge (von Bezold-Jarisch reflex).
5 Using in vitro autoradiography, [3H]-substance P was shown to bind to several regions of the ferret
brainstem with the density of binding in the nucleus tractus solitarius being much greater than in the
area postrema. This binding was displaced by CP-99,994 in a concentration-related manner.

6 In dogs, CP-99,994 (40 gkg-' bolus and 300jgkg-'h-', i.v.) produced statistically significant
reductions in vomiting to CuS04 and apomorphine as well as retching to CuS04.
7 Together, these studies support the hypothesis that the NK, receptor antagonist properties of
CP-99,994 are responsible for its broad spectrum anti-emetic effects. They also suggest that CP-99,994
acts within the brainstem, most probably within the nucleus tractus solitarius although the involvement
of the area postrema could not be excluded.

Keywords: Substance P; NKI antagonist; CP-99,994; vagal stimulation; emesis in dog; emesis in ferret; area postrema; nucleus
tractus solitarius

Introduction

Identification of the anti-emetic effects of the 5-hydroxy-
tryptamine3 (5-HT3) receptor antagonists (e.g. granisetron,
ondansetron and troprisetron) has transformed the clinical
management of nausea and vomiting induced by cytostatic
anti-cancer therapy (Aapro, 1991). However, the anti-emetic
effects of the 5-HT3 receptor antagonists are relatively cir-
cumscribed, with major effects being confined to the acute
phase of emesis induced by cytotoxic drugs (e.g. cisplatin,
cyclophosphamide, doxorubicin, see Aapro, 1991; Andrews,
1994 for reviews) and radiation (Priestman, 1989; Andrews et
al., 1992a; Rabin & King, 1992). Some anti-emetic effects
have been reported for some 5-HT3 receptor antagonists
against post-operative emesis, muscarinic receptor agonists
and erythromycin (for review see Andrews, 1994), but to date
the efficacy appears much less than against the cytostatic
stimuli.

Identification of the site and mechanism of the anti-emetic
effects of the 5-HT3 receptor antagonists has stimulated
research into the area of emesis. At present it appears that
the induction of emesis by cytostatic drugs is mediated
predominantly through activation of abdominal visceral
afferents (mainly vagal) by 5-HT released from entero-
chromaffin cells in the mucosa of the upper gut. Because the

' Author for correspondence at: Pfizer Central Research, Groton, CT
06340, U.S.A.

vagus appears to play a critical role in emesis induced by
cytostatic drugs in a range of species (ferret, Suncus, dog, and
monkey) (Andrews & Davis, 1993, for review) the possibility
that drugs targeted at other vagal afferent transmitter
systems (e.g. substance P, acetylcholine, CCK-8) could have
anti-emetic actions has been considered (Leslie, 1985; Dock-
ray & Sharkey, 1986; Dockray et al., 1989). In addition, as
5-HT3 receptor antagonists do not block all components of
the emesis induced by cytotoxic drugs (Aapro, 1991) or all
vagally-dependent emesis, e.g. copper sulphate and hyper-
tonic saline (Bhandari & Andrews, 1991) or emesis induced
by centrally acting emetic stimuli, e.g. motion, loperamide,
morphine or apomorphine (Stott et al., 1989; Bermudez et
al., 1989; Bhandari et al., 1992; Thompson et al., 1992) other
transmitters were implicated in these responses.
A number of pieces of evidence, including the location of

substance P and the induction of emesis by substance P
(reviewed in the discussion) suggested that investigation of
the anti-emetic potential of a substance P receptor antagonist
would be worthwhile. Because substance P was the most
likely endogenous ligand and in view of the relative neuronal
versus non-neuronal distributions of neurokinin, (NKI) and
neurokinin2 (NK2) receptors, an NK, receptor antagonist was
selected as the candidate test agent. The highly selective and
potent NKI receptor antagonist, CP-99,994 (McLean et al.,
1992) and its > 1 000 times less potent optical enantiomer,
CP-100,263, provided the opportunity to test directly the
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degree of involvement of the NKI receptor in emesis. The
usefulness of CP-99,994 for investigation of the possible
involvement of NKI receptors in emesis has also been recog-
nized by others (Bountra et al., 1993; Tattersall et al., 1993;
1994).
The results of this extensive investigation into the anti-

emetic and related effects of CP-99,994 suggest that this
compound may provide a novel approach to the blockade of
emesis provoked by a wide variety of stimuli. The potential
sites of drug action are discussed in the context of the
insights they provide into the neuropharmacology of central
emetic pathways.

Methods

Emesis in the ferret

Adult male ferrets (Marshall Farms, 750 to 1445 g) were
housed individually in a temperature, light and humidity
controlled environment for one to two weeks before
experiments. They were given a standard pelleted diet and
water ad libitum. They were fasted overnight prior to
administration of intra-gastric copper sulphate and ipecac.
The prototype NKI selective, substance P receptor

antagonist, CP-99,994 (0.1, 0.3 or 1.0 mg kg- 1), or its
> 1 000 times less active (2R,3R) enantiomer, CP-100,263
(1 mg kg-') was administered subcutaneously at 30 min and
5 min prior to intra-gastric administration of copper sulphate
(0.5mg ml -', 12.5 mg kg-'), ipecac syrup (1 mg kg'-l of ether
soluble alkaloids of ipecac) or subcutaneous administration
of apomorphine (200 lAg kg- 1) or 30 min prior to sub-
cutaneous injection of loperamide (250fg kg-'). The latency
to emesis after cisplatin (10mg kg-', i.p.), is about 75 min in
the ferret. Therefore, CP-99,994 or its enantiomer was given
subcutaneously 45 min after the cisplatin. For each emetogen
the doses used had previously been reported to induce emetic
responses in this species. For comparison to the NK, recep-
tor antagonist, the 5-HT3 receptor antagonist, tropisetron
(ICS 205-930) (1 mg kg-', s.c.), was also tested for its ability
to block each of the emetogens (apomorphine excepted)
using a 30 min pretreatment time.

Following administration of the emetic substance, ferrets
were observed continuously in individual polycarbonate cages
for 60-120 min. Previous studies have demonstrated that
these intervals are adequate for characterization of the re-
sponse to the above emetic stimuli. The timing and number
of retches and vomits observed were recorded for each
animal. As in previous studies (e.g. Bhandari & Andrews,
1991) retching was quantified by counting rhythmic
abdominal contractions. Vomits were scored for each oral
expulsion of liquid or solid upper gastrointestinal tract con-
tents. An individual animal was tested no more than three
times with at least 7 days between experiments.

In order to establish drug exposure, blood samples were
taken via cardiac puncture in some animals anaesthetized
(6 mg kg-' Rompun and 20 mg kg' Ketamine, s.c.) at the
end of a 1 h emesis observation period. The samples were
spun to obtain plasma then stored at - 20C until the day of
assay. Analysis of CP-99,994 and CP-100,263 was by gas
chromatography with electron capture detection.

Emesis in the dog

Six mongrel dogs, which had been trained to stand in a sling,
were fasted overnight and cannulated percutaneously in the
cephalic vein for drug administration and external jugular
vein for sampling of blood. Dogs to be given apomorphine,
but not copper sulphate, were fed 450 g of canned meat just
prior to the start of the experiment. CP-99,994 or saline
vehicle at an equal volume was infused as a slow push to
deliver 40 jg kg-' over 6 min, followed immediately by an
infusion of 300glg kg-' h-' for 54 min. The dogs were then

given either apomorphine HCI (101Mgkg-') i.v. or copper
sulphate (6 mg kg-') p.o. The infusion of CP-99,994 or
vehicle continued for an additional 30 min. Using a complete
cross-over design, the same six dogs received, in random
order, CP-99,994 or vehicle with both emetics. A minimum
three-day washout period was provided between studies with
dogs that received CP-99,994. The frequency and latency of
responses were noted for vomiting and retching. Although
most responses occurred within the first 5 min, observations
were continued for 2 h after emetic challenge.

Site of anti-emetic effect

As it was likely that any anti-emetic effects of an NK1
receptor antagonist involved the nucleus tractus solitarius, it
was decided to study the effect of CP-99,994 on a number of
reflexes mediated via this nucleus to gain an insight into the
selectivity of the antagonist for the emetic reflex.

The von Bezold-Jarisch reflex Ferrets were anaesthetized
with urethane (1.5 g kg-', i.p.). Arterial blood pressure was
monitored with a Gould fluid-filled pressure transducer con-
nected to a cannula inserted into the common carotid artery.
Respiration was monitored from a catheter inserted orally
into the mid-thoracic portion of the oesophagus. After a
stable heart rate and blood pressure were established,
30Lg kg-' of 2-methyl-5-HT was rapidly injected through a
cannula in the external jugular vein. The prompt, profound
decreases in heart rate and blood pressure evoked by this
procedure in the ferret, are blocked by 5-HT3 receptor
antagonists or cervical vagotomy (Andrews & Bhandari,
1992b; Andrews et al., 1992). After evoking the response
twice by injection of 2-methyl-5-HT at 15 min intervals,
1 mg kg-' CP-99,994 was given as a slow bolus i.v. injection
and S min later (15 min after previous 2-methyl-5-HT
challenge) the response to 2-methyl-5-HT was redetermined.
The results from this study were quantified by measuring the
fall in heart rate and change in rate and depth of respiration
following 2-methyl-5-HT. In addition, arterial blood pressure
was measured prior to injection and after the initial
bradycardia when pressure rises due to reflex cardiovascular
effects.

Gag reflex The gag reflex is mediated by mechanoreceptors
in the superior laryngeal nerve, which projects to the NTS
(Mifflin, 1993). In these experiments the gag reflex was
evoked in conscious ferrets by gentle tactile stimulation of
the pharynx and larynx and was recorded as an all or none
event before and after s.c. injection of CP-99,994, 1 mg kg-',
given at 30 and again 5 min before testing the reflex.

Vagal afferent stimulation In the ferret, retching can be
induced under urethane anaesthesia by electrical stimulation
of abdominal vagal afferents (Andrews et al., 1990). This
response provides a convenient method for directly inves-
tigating the effect of CP-99,994 on centrally (AP and NTS)-
mediated responses to vagal afferent drive. Ferrets were
anaesthetized with urethane (1.5 g kg-', i.p.) and cannulae
placed in the external jugular vein (drug administration),
common carotid artery (blood pressure) and the mid-thoracic
oesophagus (intra-thoracic pressure). The dorsal or ventral
abdominal vagus was isolated and ligated and the central
cut-end stimulated before and 15 min after administration of
CP-99,994 (I mg kg', i.v.) using parameters (25 V, 0.5 ims,
40 Hz, 30 s) that have previously been shown to reliably
evoke retching (Andrews et al., 1990). In two animals the
response to vagal stimulation was retested 90 min after CP-
99,994, a time at which, based on other in vivo experiments,
it was expected that the drug would have lost its effect. The
cervical vagus was also stimulated (S s, 40 Hz, 25 V, 0.5 ms)
to evoke a reflex apnoea, a component of the Hering-Breuer
inflation reflex that is mediated via the nucleus tractus
solitarius. In addition the central cut end of the left greater
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splanchnic was stimulated (5 s, 40 Hz, 25 V, 0.5 ms) to evoke
a reflex increase in blood pressure and a 'guarding' response
characterized by contraction of the skeletal muscle of the
ipsilateral anterior abdominal wall. Both the cervical vagus
and the greater splanchnic nerve were stimulated before and
after CP-99,994. These stimuli were performed after stimula-
tion of the abdominal vagus.

Autoradiographic evaluation of [3H]-substance P
binding in ferret brainstem

Ferret brains were frozen in isopentane (- 20C) and stored
at - 650C. The brains were sectioned at 20 1Am thickness,
thaw mounted on gelatin-coated slides, and dried under
vacuum. The resulting sections were pre-incubated for 15 min
at room temperature in 50 mM Tris-HCl, 5 mM MgCl2,
0.02% bovine serum albumin, 20 ltg ml-' bacitracin,
4 Agml-1 leupeptin, and 2ftgml-' chymostatin, adjusted to
pH 7.3. They were then incubated for 30 min at room
temperature in the above buffer containing 2 nM [3H]-
substance P. with or without various concentrations of CP-
99,994. Nonspecific binding was defined by the addition of
2 AM CP-96,345, a well characterized potent and selective
NK, antagonist (Snider et al., 1991). Sections were selected
based on reference to previously published accounts of ferret
brainstem histology (Reynolds et al., 1991; Strominger et al.,
1994). All sections were washed twice in ice-cold buffer for
5 min each, dipped briefly in distilled water to remove salts
and dried under a stream of compressed air. The sections
were placed in standard X-ray cassettes, and apposed to
tritium-sensitive film (Amersham Hyuperfilm) for 3-4
months. Quantitative determination of binding levels was
done on the resulting films with a MCID Ml image analysis
system (Imaging Research Inc.). The data are reported as
mean optical density values.

Receptor binding assays

NK, receptor binding NK, receptor binding was assessed
using human lymphoblasts (IM-9 cells), and various tissue
homogenates. IM-9 cells were obtained from American Tis-
sue Culture Corporation (Rockville, MD). The IM-9 cells
were cultured according to previously described methods
(Payan et al., 1984). The IM-9 cells were harvested by cent-
rifugation, washed twice in buffer (50 mM Tris-HCl, pH 7.4
at 4°C, 1 mM MnCl2) and resuspended in binding buffer
(50mM Tris-HCl, pH7.4 at 22C, 501gml-l chymostatin,
10 pg ml-' bacitracin, 20 lAg ml1 phosphoramidon,
40 fig ml-' leupeptin, 1 mM MnC12, 1 mM MgCI2 and 0.02%
BSA). Assays were initiated by adding 3 x 105 IM-9 cells to
250 p1l of buffer containing 0.1 nM '25I-labelled Bolton Hunter
conjugate of substance P ([251I]-BH-SP, specific activity =
2200 Ci mmolh', New England Nuclear) and various concen-
trations of CP-99,994 or other inhibitors and allowed to
incubate for 30 min at 22°C. Nonspecific binding was defined
as the radioactivity remaining in the presence of 1 1AM sub-
stance P.

Ferret brain membrane substance P binding assay Ferret
forebrains were homogenized with 10 strokes of a teflon
homogenizer in 0.32 M sucrose and spun 8 min at 3 200
r.p.m. The supernatant was decanted and centrifuged at
17,000 r.p.m. for 25 min. The resulting pellet was lysed in
5 mM Tris HCI, pH 7.4 for 10 min at 4°C, then spun at
17,000 r.p.m. for 20 min. The pellet was washed twice and
resuspended in 5 mM Tris HCl, pH 7.4 and stored at - 80C
for later use. Frozen membranes were diluted with an equal
volume of 5 mM Tris HCI pH 7.4 (100 gg final protein con-
centration) and added to an incubation mixture containing
1.4 nM [3H]-substance P (New England Nuclear, 29.7
Ci mmol'1) in 50 mM Tris HCl, pH 7.4, 1 mM MnCl2, 1 mM
MgCI2, 50 1g m1' chymostatin, 10 pg ml-' bacitracin, 40 Ig
ml1' leupeptin, 20 Ag mlh' phosphoramidon, and 0.02%

BSA. CP-99,994 at 1 1AM was used to determine nonspecific
binding. Following incubation at 220C for 30 min, the reac-
tion was terminated by cold wash with 50 mM Tris HCl
pH 7.4, 1 mM MnCl2 through a Skatron cell harvester (set-
ting 555) and harvested onto 0.3% PEI-soaked Schleicher &
Scheul No. 30 filters. Filterdiscs were soaked in 4 ml of liquid
scintillation cocktail, and the radioactivity allowed to extract
overnight. The samples were counted on a Wallac 1410 liquid
scintillation counter, and data analysed with Lundonl or
Lundon2 software.

Statistics

Results are expressed as mean ± s.e.mean, n = number of
animals. ANOVA followed by Dunnett's multiple com-
parison test was used to test statistical significance. In cases
where a data set did not exhibit a normal distribution, the
Wilcoxon sign rank test was used to determine statistical
significance. A P< 0.05 value was considered statistically
significant.

Reagents

Ipecac syrup was obtained from Barre-National Inc., Bal-
timore, MD, U.S.A. Note that this syrup contains 1.4
mg ml-' of ether-soluble alkaloids of ipecac, 1.5% alcohol,
and unspecified concentrations of de-ionized water, glycerin,
sucrose syrup and the preservatives, methylparaben and pro-
pylparaben. Copper sulphate pentahydrate (copper sulphate),
apomorphine, loperamide HCl (loperamide), 2-methyl-5-HT
and cis-platinum(II) diamine dichloride (cisplatin) were pur-
chased from Sigma Chemical Company, St. Louis, MO,
U.S.A. Loperamide was dissolved in distilled water contain-
ing 7% propylene glycol. Apomorphine and cisplatin were
dissolved in 154 mM NaCl. The following compounds were
synthesized by the Medicinal Chemistry Department at Pfizer
Inc: ICS 205-930 (troprisetron), CP-99,994 (dihydrochloride
salt) ((+ )-(2S,3S)-3-(2-methoxybenzylamino)-2-phenylpiperid-
ine) and CP-100,263 (dihydrochloride salt) the 2R,3R enan-
tiomer of CP-99,994.

Results

Binding data

CP-99,994 displaced ['251J-Bolton Hunter-substance P from
ferret brain membranes with an IC50 of 1.97 ± 1.2 nM (n = 4).
Using the same compound lot used in the in vivo
experiments, CP-100,263 failed to displace ['25l-Bolton
Hunter-substance P from IM-9 cell membranes
(IC5o> 101M, n = 4), a preparation in which CP-99,994 exp-
ressed an IC50 of 0.45 nM (n = 24).

Behavioural effects of CP-99,994

No overt changes in behaviour were observed in ferrets
following administration of CP-99,994 or its enantiomer (CP-
100,263) even at the highest doses (1 mg kg-', s.c.). In
addition, no overt changes in behaviour were observed in
dogs receiving an infusion of CP-99,994 (total dose of
310pg kg-' over 60 min). Most importantly, neither the fer-
rets nor dogs showed signs of sedation.

Anti-emetic effects of CP-99,994 in conscious ferrets
In ferrets, CP-99,994 decreased the frequency of copper sul-
phate (Table 1), loperamide (Table 2), cisplatin (Table 3),
and ipecac-induced (Table 4) retching and vomiting in a
dose-dependent manner. CP-99,994 also completely blocked
apomorphine-induced retching and vomiting at a dose of
1 mg kg-' (Table 5). Administration of CP-99,994 at doses
that did not completely block the emetic responses was with-
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Table 1 Effects of CP-99,994, CP-100,263 and ICS 205-930 (tropisetron) on copper sulphate-induced (12.5 mg kg', p.o.) emesis in
the ferret

Dose
Emetogen Treatment (mg kg-') RAT V/T Retches Vomits

Copper sulphate Saline 20/21 20/21 24.9 ± 3.7 4.4 ± 0.5
(0-69) (0-8)

CP-99,994 0.1 3/5 4/5 7.4 ± 3.7 2.6 ± 1.0
(0-19) (0-6)

0.3 2/5 3/5 1.4± 1.0*** 1.0±0.5**
(0-5) (0-2)

1.0 0/8 0/8 0*** 0***

CP-100,263 1.0 5/5 5/5 21.4 ± 6.0 3.4 ± 0.6
(9-40) (2-5)

Tropisetron 1.0 5/5 5/5 38.6± 6.4 5.4± 1.0
(26-58) (2-8)

CP-99,994 and CP-100,263 were injected s.c. 30 min and 5 min prior to intragastric administration of the emetogen. ICS-205,930 was
administered as a single s.c. injection 30 min prior to copper sulphate. Animals were observed for 60 min. R/T = number of animals
that showed retching compared to the number of animals tested. V/T = number of animals that showed vomiting compared to the
number of animals tested. Mean values were based on all animals tested. Statistically significant difference from control indicated by
***P<0.0001, **P<0.001. Values are mean ± s.e.mean; range in parentheses.

Table 2 Effects of CP-99,994, CP-100,263 and ICS 205-930 (tropisetron) on loperamide-induced (250 jg kg-', s.c.) emesis in the ferret

Dose
Emetogen Treatment (mg kg-') R/T V/T Retches Vomits

Loperamide Saline 24/25 22/25 51.9 ± 5.2 4.4 ± 0.6
(0-96) (0-12)

CP-99,994 0.1 7/7 6/7 36.1 ± 7.1 2.7 ± 0.7
(18-57) (0-5)

0.3 6/7 2/7 13.9 ± 2.9** 0.7 ± 0.5***
(0-22) (0-3)

1.0 3/10 2/10 2.60± 1.4*** 0.2±0.1***
(0-11) (0-1)

CP-100,263 1.0 7/7 5/7 50.1 ± 11.6 3.0 ±0.8
(9-93) (0-5)

Tropisetron 1.0 9/10 9/10 37.4± 7.8 5.4± 1.2
(0-83) (0-12)

All compounds were administered as a single s.c. injection 30 min prior to administration of the emetogen. Animals were observed for
90 min. R/T = number of animals that showed retching compared to the number of animals tested. V/T = number of animals that
showed vomiting compared to the number of animals tested. Mean values were based on all animals tested. Statistically significant
difference from control indicated by ***P <0.0001, **P <0.001. Values are mean ± s.e.mean; range in parentheses.

Table 3 Effects of CP-99,994, CP-100,263 and ICS 205-930 (tropisetron) on cisplatin-induced (10mg kg', i.p.) emesis in the ferret

Dose
Emetogen Treatment (mg kg-') R/T V/T Retches Vomits

Cisplatin Saline 4/5 4/5 31.6 ± 10.4 4.6 ± 1.4
(0-58) (0-7)

CP-99,994 0.1 5/5 5/5 17.4 ± 4.7 3.0 ± 0.3
(7-33) (2-4)

0.3 2/5 2/5 9.0 ± 6.8* 1.6 ± 0.3*
(0-35) (0-6)

1.0 0/5 1/5 0 ±0* 0.6 ± 0.6*
(0-0) (0-3)

CP-100,263 1.0 8/10 8/10 31.5 ± 8.4 4.3 ± 1.2
(0-73) (0-11)

Tropisetron 1.0 0/5 0/5 0± 0* 0± 0*
(0-0) (0-0)

Both CP-99,994 and CP-100,263 were dosed once s.c. 45 min after cisplatin challenge. ICS 205-930 was injected once s.c. 30 min before
cisplatin challenge. Animals were observed for 120 min. Mean values were based on all animals tested. Statistically different from
control group indicated by *P<0.05. Values are mean ± s.e.mean; range in parentheses.

87



J.W. Watson et al Anti-emetic effects of CP-99,994

Table 4 Effects of CP-99,994, CP-100,263 and ICS 205-930 (tropisetron) on ipecac syrup-induced (I mg kg-', p.o.) emesis in the
ferret

R/T V/T

10/10 10/10

Retches

31.7 ± 3.4
(18-51)

4/5 4/5 19 ± 7.8
(2-40)

3/5 3/5 8.4 ± 3.6***
(0-18)

3/5 3/5 4.0 ± 2.0***
(0- 10)

0/5 0/5 0 + 0
(0-0)

5/5 5/5 20 ± 7.8
(5-47)

3/5 3/5 10.8 ± 5.6***
(0-32)

0/5 0/5 0(0***
(0-0)

Both CP-99,994 and CP-100,263 were given 30 min and 5 min prior to ipecac. ICS 205-930 was injected once s.c. 30 min before ipecac.
Animals were observed for 60 min. Mean values were based on all animals tested. Statistically significant difference from control
indicated by ***P<0.0001. Values are mean ± s.e.mean; range in parentheses.

Table 5 Effects of CP-99,994 and CP-100,263 on apomorphine-induced (200 lgkg-1, s.c.) emesis in the ferret

Dose
(mg kg- ')

Vehicle

CP-99,994

CP-100,263

RIT V/T

20/25 16/25

0/25 0/25

13/25 11/25

Retches

11.5 ± 2.0
(0-33)

0+0***
(0-0)

8.3 ± 2.6
(0-39)

Vomits

1.4 ± 0.3
(0-5)

0 + 0***
(0-0)

0.92 ± 0.27***
(0-5)

Both CP-99,994 and CP-100,263 were given 30 min and 5 min prior to apomorphine. Animals were observed for 60 min. Mean values
were based on all animals tested. Statistically significant difference from control indicated by ***P <0.0001. Values are

mean ± s.e.mean; range in parentheses.

out significant effect on the latency of the retching response
to cisplatin and copper sulphate. Both ipecac and loperamide
showed a trend towards increased latency with increasing
doses of the CP-99,994 (ipecac control: 23.3 ± 1.5 min
[n=10], 0.03 mg kg-': 26.0+ 7.7 min [n 4], 0.1 mg kg-l:
30.3 ± 1.4 min [n = 3], 0.3 mg kg-': 33.0 + 3.8 min [n = 3];
loperamide control: 12.7 ± 1.4 min [n = 24], 0.1 mg kg-I:
11.9 ± 1.4 min [n =7], 0.3 mg kg- : 14.7 + 2.5 min [n = 6],
1.0 mg kg-': 31.7 +4.3 min [n = 3]).
CP-99,994 produced a 50% reduction in retches at doses

between 0.03 and 0.1 mg kg ' for both ipecac and copper
sulphate. In contrast both cisplatin and loperamide were

slightly less sensitive to the effects of CP-99,994, which pro-
duced a 50% reduction in retching at doses between 0.1 and
0.3 mg kg-'. At a dose of 1 mg kg-', CP-99,994 blocked
apomorphine, ipecac and copper sulphate-induced vomiting
and retching completely; reduced retching and vomiting in
loperamide-treated animals by 96% and reduced cisplatin-
induced retching by 100% and vomiting by 87%.

CP-100,263, the (2R,3R) enantiomer of CP-99,994, given at
1 mg kg-', did not significantly reduce the frequency of
retching or vomiting in response to loperamide, cisplatin,
apomorphine or copper sulphate. In contrast, both retching
and vomiting were significantly reduced by CP-100,263 in
animals challenged with ipecac with the magnitude of the
effect being similar to that of 0.1 mg kg-' of its enantiomer,
CP-99,994. In addition, there was a trend towards increased
latency to retch from the control values of 23.3 ± 1.5 min
(n = 10) to 30.4 ± 3.9 min at 0.3 mg kg-1 (n = 5) and to
37.0 ± 6 min (n = 3) at 1 mg kg-'. Although the magnitude

of the emetic response to apomorphine was not affected by
CP-100,263 the latency to retch increased (P<0.0001) from
9.5 ± 1.0 min (n = 25) in vehicle-treated animals to 39.0 ± 1.2
min (n = 13) after 1 mg kg-' CP-100,263. The latency to the
onset of retching was unaffected by CP-100,263 (1 mg kg-,
s.c.) in animals which had received copper sulphate
(3.9 ± 0.2 min, n = 20 vs 5.0 ± 0.8 min, n = 5) or loperamide
(12.7 ± 1.4 min, n = 24 vs 11.9 ± 2.3 min, n = 7).

Plasma drug levels

Plasma samples collected from animals dosed s.c. 90 and
again 65 min before blood sampling with either 1 mg kg-'
CP-99,994 or 1 mg kg-' CP-100,263 contained 119 ± 30
(n = 5) or 142 ± 20 (n = 5) ng drug ml-' plasma, respectively.

Anti-emetic effects of tropisetron in ferrets

The 5-HT3 receptor antagonist, tropisetron, given at 1 mg

kg-' s.c., totally blocked vomiting and retching in response
to cisplatin and ipecac while it produced no significant
changes in the incidence, latency or frequency of the emetic
responses to copper sulphate or loperamide (Tables 1, 2, 3,
4).

Anti-emetic effects of CP-99,994 in the dog

In the dog, CP-99,994 significantly (P<0.05) reduced the
vomiting response to both copper sulphate and apomorphine
(Table 6). Complete protection was obtained against copper

Emetogen

Ipecac syrup

Dose
(mg kg- ')Treatment

Vehicle

CP-99,994 0.03

0.1

0.3

1.0

0.3CP- 100,263

1.0

Tropisetron

Vomits

4.1 ± 0.4
(2-6)

2.6 ± 0.9
(0-5)

1.6 ± 0.68***
(0-3)

0.8 ± 0.37***
(0-2)

0 + 0***
(0-0)

2.4 ± 0.6
(1-4)

1.2 ± 0.73***
(0-4)

(0 0***
(0-0)

1.0

Emetogen

Apomorphine

Treatment
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Table 6 Effects of CP-99,994 on apomorphine (1Opg kg-', i.v.) and CuSO4 (6mg kg', p.o.)-induced emesis in the dog

R/T V/T

4/6 6/6

2/6 2/6

Retches

4.2 ± 2.3
(0-15)

0.7 ± 0.5
(0-3)

6/6 6/6 10.6 ± 3.6
(3-27)

2/6 0/6 0.5 ± 0.3*
(0-2)

CP-99,994 was injected i.v. as a 40 pg kg- dose over 6 min followed by an infusion of 300 pg kg- ' for 54 min. Animals were observed
for 120 min. Mean values were based on all animals tested. Statistically significant difference from control indicated by *P<0.05.
Values are mean ± s.e.mean; range in parentheses.

sulphate-induced vomiting in all 6 animals and in 4 out of 6
animals receiving apomorphine. In the remaining two
animals only a single vomit occurred. Retching was also
completely blocked for copper sulphate. Although CP-99,994
produced a reduction in apomorphine-induced retching, it
failed to reach statistical significance because of the highly
variable frequency of the control response.

Effects of CP-99,994 on the von Bezold-Jarisch reflex

At a dose of 1 mg kg-', CP-99,994 had no significant effect
on the resting blood pressure, respiration rate or depth or the
modulation of blood pressure by respiration. It was without
effect on the resting heart rate (basal 1: 32 ± 0.2 beats 5 s-,
basal 2: 32 ± 0.3 beats 5 s-l, after CP-99,994: 32 ± 0.6 beats
5 s-l) or on the reflex bradycardia induced by bolus in-
travenous injection of 30 jg kg-I of 2-methyl-5-HT (Figure
1). The transient reflex increase in blood pressure which
follows the bradycardia was not significantly affected by
CP-99,994 (Figure 1). In addition, the stimulation of re-

spiratory frequency and depth which is an additional charac-
teristic of the response to 2-methyl-5-HT in the ferret
(Andrews et al., 1992b) was not significantly affected by
CP-99,994 (Figure 2).

The gag reflex and retching response to abdominal vagal
afferent stimulation.

In the conscious ferret, the gag reflex was unaffected by
CP-99,994 at a dose (1 mg kg-', s.c.) that had pronounced
anti-emetic effects in the above studies (n = 4). In the anaes-
thetized ferret, the retching response evoked by electrical
stimulation of the abdominal vagal afferents was blocked
after administration of 1 mg kg-' CP-99,994 i.v. (n = 4)
(Figure 3). The retching response to abdominal vagal afferent
stimulation is usually preceded by licking and swallowing
(Andrews et al., 1990), but these epiphenomena were not seen

in animals which had been treated with CP-99,994. However,
the increase in blood pressure, which also precedes retching,
appeared unaffected by CP-99,994. In the same animals, the
apnoeic response to cervical vagal stimulation was unaffected
as were the guarding and hypertensive responses to central
greater splanchnic nerve stimulation. In 2 animals, retesting
the response to abdominal vagal afferent stimulation 90 min
after administration of CP-99,994 showed that the retching
response had returned. An additional animal retested 45 min
after CP-99,994 showed a partial recovery with a delayed
response starting 30 s after the start of stimulation in con-

trast to the usual latency of 15 s. In an additional animal,
the initial 1 mg kg-l dose of CP-99,994 delayed but failed to
block the response; however, increasing the dose to
3 mg kg-' did block the response. At this higher dose, the
reflex responses to cervical vagal and greater splanchnic
stimulation were not blocked.
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Figure 1 The heart rate and systolic blood pressure response to
CP-99,994 and to 2-methyl-5-HT with and without CP-99,994 is
shown. 2-Methyl-5-HT (30 pig kg-') was administered i.v., 3 times to
ferrets anaesthetized with urethane. CP-99,994 (1 mg kg-', i.v.) was

administered between the second and third 2-methyl-5-HT challenge.
In (a): (U) 1st control; (0) 2nd control and (A) post-CP-99,994.
CP-99,994 did not alter baseline heart rate (a) or systolic blood
pressure (b) nor did it alter the statistically significant reduction in
heart rate or subsequent compensatory increase in systolic blood
pressure following 2-methyl-5-HT (*P<0.05, **P<0.01). In (b),
open columns represent values before 2-methyl-5-HT challenge;
hatched columns represent values after 2-methyl-5-HT. Data are

mean ± s.e.mean, n = 5.

Emetogen

Apomorphine

Treatment

Saline

Dose
(mg kg- ')

CP-99,994

CuSO4 Saline

40opg kg- I +
5 pg kg- ' min-'

CP-99,994 40 fig kg- ' +
5 jg kg-' minI

Vomits

1.8 ± 0.3
(1-3)

0.3±0.2*
(0- 10)

2.5 ± 0.6
(1-5)

0*
0
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Figure 2 The pulmonary response to CP-99,994 and to 2-methyl-5-
HT with and without CP-99,994 is shown. 2-Methyl-5-HT (30
#g kg-') was administered i.v. 3 times to ferrets anaesthetized with
urethane, only the second and third challenges are shown. CP-99,994
(I mg kg-', i.v.) was administered between the second and third
2-methyl-5-HT challenge. While 2-methyl-5-HT challenge produced
statistically significant elevations in Pesoph (a) and respiratory rate
(b), CP-99,994 did not alter baseline values for either, nor did it
alter elevations produced by 2-methyl-5-HT challenge (*P<0.05,
**P<0.005). Open columns represent values before 2-methyl-5-HT
challenge; hatched columns represent values after 2-methyl-5-HT.
Data are mean ± s.e.mean, n = 5.
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Figure 3 A representative strip chart recording of intra-thoracic
pressure (ITP) and blood pressure (BP) responses to ventral
abdominal vagus stimulation (vs) before (upper, Control), 15min
following (middle, CP-99,994) and 90min after (lower, Recovery)
administration of I mg kg-' CP-99,994, iLv.

Autoradiographic studies of the brainstem distribution of
[3H]-substance P and the displacement by CP-99,994

Visual inspection and densitometric analysis of representative
sections of the dorsal brainstem including the area postrema
and the nucleus tractus solitarius revealed the following dis-
tribution of [3H]-substance P binding (Figure 4 and Table 7).
Dense binding was present in the dorsal motor nucleus of the
vagus, along the dorsal edge of the hypoglossal nucleus and
in a band along the ventromedial aspect of the fourth ven-
tricle (NTS). The binding along the edge of the ventricle may
be associated with ventricular ependymal cells; however, in
several sections the binding was clearly associated with a
band of cells corresponding to the subnucleus gelatinosus. A
lower binding density was present in the rest of the nucleus
of the solitory tract and the area postrema. No specific
binding was detected in the medial lemniscus. The binding of
[3H]-substance P was displaced by incubation with CP-99,994
in a concentration-dependent manner over the range of
0.1 nM to 100 nM (Figure 4b, c and d). CP-99,994 at 100 nM
displaced [3H]-substance P binding to levels of nonspecific
binding as defined by 2 jAM of the specific NKI antagonist
CP-96,345 (Snider et al., 1991) (Figure 4e).

Discussion

For convenience the results from this study will be discussed
firstly in terms of the spectrum of anti-emetic activity and
secondly the possible site(s) of the anti-emetic effect of CP-
99,994.

Spectrum of anti-emetic activity

This study is the first to demonstrate that the selective NK,
receptor antagonist, CP-99,994, is a potent, broad spectrum
anti-emetic in both the dog and the ferret. It blocked or
significantly reduced vomiting and retching in ferrets given
loperamide, copper sulphate, cisplatin, syrup of ipecac and
apomorphine. It also blocked retching in anaesthetized fer-
rets following electrical stimulation of abdominal vagal
afferents. Similarly, we have shown it to be a potent inhibitor
of the retching and vomiting response to copper sulphate and
apomorphine in dogs. In a previous preliminary study

Bountra et al. (1993) demonstrated that CP-99,994 reduced
retching in ferrets challenged with cisplatin, copper sulphate,
cyclophosphamide, ipecac, morphine, and radiation. In con-
trast to the present study, Bountra et al. (1993) investigated
only one dose of a racemic mix containing CP-99,994
administered intraperitoneally or subcutaneously. Also in the
ferret, Tattersall et al. (1993, 1994) demonstrated a dose-
related (0.3-3 mg kg-', i.v. or i.p.) reduction in emesis
induced by cisplatin and apomorphine. Together the data
from all these studies indicate that CP-99,994 is a broad
spectrum anti-emetic which is active when given by sub-
cutaneous, intravenous or intraperitoneal routes.

This broad spectrum of anti-emetic activity is unique
among selective receptor antagonists, although agonists at
5-HTIA, ft-opioid and perhaps vanilloid receptors have been
shown to have similar broad spectrum anti-emetic effects in
the ferret (Lucot & Crampton, 1989; Barnes et al., 1991;
Rudd et al., 1992; 1993; Andrews & Bhandari, 1993).
Previous studies have indicated, and we have in part
confirmed using tropisetron (ICS 205-930), that 5-HT3 recep-
tor antagonists can block emesis triggered by cisplatin (Miner
& Sanger, 1986; Costall et al., 1986; Fitzpatrick et al., 1990;
Bhandari et al., 1989; Yoshida et al., 1992) and ipecac (Cos-
tall et al., 1990) but not emesis triggered by apomorphine
(Bermudez et al., 1989; Costall et al., 1990; Fitzpatrick et al.,
1990; Yoshida et al., 1992), loperamide (Bhandari et al.,
1992), or copper sulphate (Costall et al., 1990; Fitzpatrick et
al., 1990; Bhandari & Andrews, 1991). Similarly, dopamine
receptor antagonists block emesis triggered by apomorphine
(Costall et al., 1990), but are much weaker inhibitors of
cisplatin and ipecac-induced emesis (Costall et al., 1990)
while having no effect on the emetic response to loperamide
(Bhandari et al., 1992), copper sulphate (Costall et al., 1990)
and X-ray or gamma radiation (Andrews et al., 1992a; Cor-
dts et al., 1987). Similarly limited, the muscarinic receptor
antagonists reduce emesis induced by emetine, one of the
main emetic constituents of ipecac (Roylance et al., 1989),
but have no significant effects on the emetic responses to
apomorphine (Lang & Marvig, 1989), copper sulphate
(Roylance et al., 1989; Lang & Marvig, 1989; Makale &
King, 1992), cyclophosphamide (Roylance et al., 1989) or
radiation (Roylance et al., 1989).
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Figure 4 Autoradiogram showing distribution of [3H]-substance P binding to coronal sections of the ferret brainstem in the
absence (a) and presence of CP-99,994 at 0.1 nM (b), 10 nM (c), and 100 nM (d). Dark areas correspond to regions of dense binding.
Nonspecific binding was determined in the presence of 2 pM CP-96,345 (e). The corresponding cresyl-violet-stained section is shown
in (f). Abbreviations are as follows: ap - area postrema, X - dorsal motor nucleus of vagus, XII - hypoglossal nucleus.

The broad anti-emetic profile of CP-99,994 does not
appear to be explained by nonspecific actions or a combina-
tion of 5-HT3, dopamine or muscarinic receptor antagonist
activity. The data indicate both in vitro and in vivo receptor
specificity of this compound. In vitro, CP-99,994 has no
appreciable affinity (IC50> 1 gM) for NK2, NK3, dopamine
(D, and D2), 5-hydroxytryptamine (5-HTIA, 5-HTIB, 5-HT1c,
5-HTID, 5-HT2, 5-HT3), opiate (is), noradrenaline (aM, a2, and
0), histamine (HI), acetylcholine (muscarinic and nicotinic),
glutamate (AMPA, kainate, glycine), benzodiazepine, GABA,
cholecystokinin (A and B), calcitonin-gene related peptide or
corticotropin releasing hormone receptors (McLean et al.,
1993). However, CP-99,994 is a potent antagonist at the
ferret and human NK, receptor. CP-99,994 displaced 1251.
labelled Bolton Hunter conjugate of substance P from ferret
brain membranes and human fibroblast (IM9) membranes
with IC50s of 1.97 nM and 0.45 nM, respectively. In vivo,
CP-99,994 had no effect on the von Bezold-Jarisch reflex in
anaesthetized ferrets, a model sensitive to the phar-

Table 7 Relative optical density units read from film
autoradiograms of [3HI-substance P binding to coronal
sections of ferret brainstem

Brain area

Area postrema
Nucleus tractus solitarius
Dorsal motor nucleus of vagus
Hypoglossal nucleus

Relative optical density

0.033 ± 0.01
0.125 ± 0.032
0.181 ± 0.036
0.155 ± 0.033

The data representing specific binding are derived from 4-5
sections per brain from 3 animals. Non specific binding
ranging from 0.08 to 0.11 optical density units has been
subtracted.

macological actions of 5-HT3 receptor antagonists and an
observation which supports the above result from the binding
study.
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Enantiospecificity is demonstrated by CP-99,994 at the
NKI receptor. The (2R,3R) enantiomer of CP-99,994, CP-
100,263 is > 1 000 times less potent than CP-99,994 at dis-
placing ['251J-Bolton Hunter-substance P binding to ferret
brain membranes and IM-9 cells (IC50> 10 "M). CP-100,263,
at doses and blood exposures equal to or exceeding those
observed in animals dosed with CP-99,994, did not
significantly reduce vomiting or retching in response to
apomorphine, cisplatin, copper sulphate or loperamide.
These results are consistent with those presented by Tattersall
et al. (1993, 1994) who studied cisplatin and apomorphine-
induced emesis and with the anecdotal comments made by
Bountra et al. (1993) who studied a wider range of emetic
stimuli. In the present study however, there was a significant
dose-related reduction in ipecac-induced emesis with a con-
comitant increase in latency. The potency of CP-100,263 in
this test was estimated to be about 10 times lower than
CP-99,994. The activity of CP-100,263 in this assay was not
due to contamination with CP-99,994 as binding studies on
IM-9 membranes confirmed the inactivity (IC50> 101M) of
this lot of compound. The only other significant effect of
CP-100,263 was a 4 fold increase in the latency of
apomorphine-induced emesis in the ferret, although the
number of emetic episodes was unaffected. This result was
consistent with previous work (Tattersall et al., 1994) show-
ing a small nonsignificant increase in the latency of
apomorphine-induced emesis when CP-100,263 was given
intraperitoneally. Further, the recent study of Gardner et al.
(1994) showed that the anti-emetic effect of 10 lag CP-100,263
was similar to that of 1 jig CP-99,994 when both were
injected into the dorsal brainstem of ferrets receiving cisp-
latin. These observations on the enantiomer suggest that it
may have some anti-emetic activity; however, it is far less
potent than CP-99,994 and of greater interest, does not
appear to have a wide spectrum of activity. Although, under
limited conditions CP-100,263 expresses anti-emetic activity
that would not be predicted by its potency as an NKI
antagonist, taken together, both the present and previous
studies (Tattersall et al., 1993; 1994; Bountra et al., 1993)
support the hypothesis that the broad spectrum anti-emetic
activity of CP-99,994 is mediated through the specific
blockade of NK1 receptors. The pharmacological properties
of the enantiomer merit further investigation.

Involvement of substance P in emesis

Prior to this and the other preliminary studies it was sug-
gested that substance P neurotransmission was a promising
target for the development of new anti-emetics.

(i) Substance P or substance P-like immunoreactivity (SP-
li) has been demonstrated in significant levels in two areas of
the brainstem intimately involved in emesis namely, the
nucleus tractus solitarius and the area postrema (Gillis et al.,
1980; Armstrong et al., 1981; 1982; Newton et al., 1985;
Leslie, 1985; Baude et al., 1989). In addition SP-li has been
demonstrated in axons and varicosities making synaptic con-
tact with neurones in the NTS and area postrema. The cell
bodies of some vagal afferents located in the nodose ganglion
contain substance P immunoreactivity (Dockray & Sharkey,
1986; Baude et al., 1989) although it is thought that the
majority of these cell bodies are the nuclei of thoracic rather
than abdominal vagal afferents. In man, substance P-li has
been demonstrated in the abdominal vagus and it was
presumed to be present in the afferent axons (Lundberg et
al., 1976): More recent studies in the cat have demonstrated
that the majority of vagal fibres in the brainstem containing
substance P were unmyelinated, an observation of potential
significance as the majority of unmyelinated afferent fibres in
the vagus supply the abdominal viscera (Andrews, 1986;
Martini et al., 1992).

(ii) Studies initially performed in the dog and more
recently in the ferret, have shown that systemic administra-
tion of substance P can induce emesis (Carpenter et al., 1984;

Knox et al., 1993). In the urethane-anaesthetized ferret,
topical application of substance P to the region of the area
postrema induced retching after a latency of about 30s
(Andrews, 1994). Recordings from neurones of the area
postrema in the anaesthetized dog have demonstrated that
iontophoretic application of substance P, induced firing in
about 48% of neurones tested (Carpenter et al., 1983).

(iii) A study of the ultrapotent capsaicin analogue,
resiniferatoxin, demonstrated that this agent, when given sub-
cutaneously to ferrets, markedly reduced or abolished the
emetic response to both peripherally (vagally dependent: cop-
per sulphate, 'low' dose X-radiation) and centrally (area
postrema-dependent: loperamide) acting stimuli in the ferret
(Andrews & Bhandari, 1993). Based on several pieces of
circumstantial evidence, these authors suggested that the
most likely mechanism was a 'depletion of a neurotransmit-
ter, possibly substance P or CGRP, at a central site in the
emetic pathway'.

Site of action of CP-99,994

The emetic agents were selected to typify emetic stimuli
acting through predominantly central (area postrema) or
peripheral (abdominal visceral, predominantly vagal afferent)
pathways (see Andrews & Davis, 1993, for review). Apomor-
phine, a dopamine (D2) receptor agonist, and loperamide (a
p-opioid receptor agonist), are thought to trigger emesis cen-
trally at the level of the area postrema (Borison & Wang,
1953; Bhandari et al., 1992). In contrast, it has previously
been established that cisplatin and copper sulphate trigger
emesis by activation of abdominal visceral afferents with the
vagi making the predominant contribution (Andrews et al.,
1990). Ipecac appears to act acutely at both central and
peripheral sites in the ferret (Leslie & Reynolds, 1992).
While the site of anti-emetic action of CP-99,994 has not

been completely elucidated, a central site of action is
presumed from its ability to block emesis induced by both
centrally and peripherally acting agents and an agent such as
ipecac, which it is thought, acts at both sites. In addition,
CP-99,994 blocked the retching response to abdominal vagal
afferent stimulation. As the first synapse in this pathway is
within the brainstem, a central site of action has been pro-
posed. The NK1 receptor antagonist thus differs from 5-HT3
receptor antagonists that appear to block emesis mediated by
vagal afferent pathways activated by the local release of
5-HT in the gut wall (see Andrews, 1994, for review). The
contribution of a central site to the anti-emetic effect of
5-HT3 receptor antagonists is unclear, as for example, they
do not affect emesis induced by central stimuli such as
apomorphine (Bhandari et al., 1989; Bermudez et al., 1989;
Costall et al., 1990) or motion (Stott et al., 1989) and do not
block the emetic response to electrical stimulation of
abdominal vagal afferents (Milano et al., 1990). However,
cisplatin induced emesis can be reduced by central adminis-
tration of some but not all 5-HT3 receptor antagonists (Hig-
gins et al., 1989; Fukui et al., 1992). Within the CNS, there
are two possible sites for CP-99,994's anti-emetic action.

(i) The 'vomiting centre' Because CP-99,994 can affect
emesis from a variety of causes it is possible that it affects the
region of the brainstem that has been termed the 'vomiting
centre'. Although no anatomical correlate has been identified,
this region is regarded as the area that integrates all the
disparate emetic inputs and coordinates them to generate the
sensory, visceral and somatic outputs that comprise nausea
and emesis. Both parallel and sequential models have been
proposed (Davis et al., 1986) and the NK1 receptor
antagonist could work equally well in either. As there is no
anatomical site yet identified, this site cannot be formally
investigated; however, if any emetic agent (e.g. motion) were
to induce emesis in the presence of a fully potent NK1
receptor antagonist then it would suggest that this is not the
main site of action. It is of interest that a recent paper
examining the connectivity of the dorsal vagal complex in the
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ferret suggested that the motor emetic centre was located in
the nucleus tractus solitarius (Strominger et al., 1994).

(ii) The nucleus tractus solitarius From the present study
it appears that the NTS is the most likely site of action of
CP-99,994 because, this region of the dorsal brainstem is the
major site of termination of abdominal vagal afferents and
efferents from the area postrema. Thus, it appears to be the
first convergence point of the two inputs known to be
activated by the various emetic stimuli used in this study. In
addition, the dorsal vagal complex, NTS, and in particular
the subnucleus gelatinosus were shown to exhibit dense bind-
ing of [3H]-substance P, which is displaceable by CP-99,994
in the nmolar to ftmolar range. This conclusion is supported
by the results in a recent abstract by Gardner et al. (1994)
showing a dose-related blockade of cisplatin-induced emesis
by CP-99,994 injected into the region of the nucleus tractus
solitarius in the ferret.

It must be emphasized that the selective nature of CP-
99,994's in vivo effects rules out a dominant role of NKI
receptors in a number of other homeostatic neural pathways
known to be mediated through the NTS. The reason for this
conclusion is that other reflexes which involve the NTS are
unaffected by CP-99,994. These include the von Bezold-
Jarisch reflex, vago-vagal bradycardia, the subsequent reflex
increase in blood pressure and the stimulation of respiration,
which involves sympathetic afferents (Andrews et al., 1992b);
the swallowing and gag reflexes evoked by pharyngeal
stimulation, involving glossopharyngeal, laryngeal and vagal
afferents and efferents to the diaphragm (phrenic nerve),
abdominal muscles, pharyngeal (hypoglossal, glossopharyn-

geal) and oesophageal muscles (vagus); and the transient
apnoea involving vagal pulmonary afferent inhibition of the
phrenic nerve. In contrast, the retching and associated licking
and swallowing induced by electrical stimulation of ab-
dominal vagal afferents were blocked by CP-99,994 as were
the emetic responses evoked by cisplatin, copper sulphate and
ipecac, all of which have been shown to be affected by
abdominal vagotomy (Andrews et al., 1988).

Further studies using electrophysiological techniques are
required to define more precisely the site of action of NKI
receptor antagonists and in particular the effects of the
antagonists on transmission in the nucleus tractus solitarius
and the area postrema.

In conclusion, this study is the first full description of the
anti-emetic properties of an NK1 receptor antagonist (CP-
99,994) in two species. In addition a body of evidence is
presented from physiological studies of visceral reflexes and
autoradiography of the medullary distribution of [3H]-SP
which, taken together with the broad spectrum of the anti-
emetic activity of CP-99,994, suggests that the main site of
action is in the nucleus tractus solitarius although this does
not exclude an involvement of a peripheral site (e.g. vagal
afferents responding to mucosally released SP, Andrews et
al., 1988) for some stimuli (e.g. copper sulphate).

We gratefully acknowledge the technical contributions of D.K.
Bryce, M.J. DePasquale, L. Ringer, R.L. Winslow, M. Monroe, G.
Antognoli, Ruani Beck and C.A. Ashton.
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Effect of 5-hydroxytryptamine on the membrane potential of
endothelial and smooth muscle cells in the pig coronary artery
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Switzerland

1 Many endothelium-dependent vasodilators hyperpolarize the endothelial cells in blood vessels. It is
not known whether these hyperpolarizations are linked to nitric oxide synthesis or to an endothelium-
derived hyperpolarizing phenomenon, since most of the vasodilators release both factors. In this context,
we first verified that the endothelium-dependent relaxations induced by 5-hydroxytryptamine (5-HT) on

pig coronary arteries are due only to the activation of the nitric oxide pathway. Then we studied the
effects of 5-HT on membrane potential of endothelial and smooth muscle cells.
2 In the absence of endothelium, 5-HT caused a concentration-dependent contraction of coronary

artery strips. No change of the smooth muscle cell membrane potential was observed during contraction
to 1 LLM 5-HT.
3 In the presence of I tLM ketanserin to suppress the contractile effect of 5-HT, 5-HT induced
concentration-dependent relaxation of endothelium-intact strips precontracted by 10 tM prostaglandin
F2a (PGF2a). These relaxations were suppressed by 1 JLM NG-nitro-L-arginine, an inhibitor of nitric oxide
synthesis, showing that they were produced predominantly by nitric oxide.
4 In the presence of 1 ltM ketanserin, 1 jiM 5-HT did not change the smooth muscle cell membrane
potential of strips precontracted by either 1OtM PGF2X or by 10 JM acetylcholine (ACh). In the same

conditions, 1 fLM 5-HT caused a weak 2.6 ± 0.4 mV hyperpolarization, of the endothelial cells.
5 In conclusion, the fact that 5-HT did not change the membrane potential of smooth muscle cells and
only weakly hyperpolarized the endothelial cells during relaxations, suggests that in both cell types no

electrical events accompany activation of the nitric oxide pathway. This is in contrast to the hyper-
polarizations observed in endothelial and smooth muscle cells when the endothelium-derived hyper-
polarization factor (EDHF) pathway is activated.

Keywords: Electrophysiology; endothelial cells; 5-HT; nitric oxide; pig coronary artery; membrane potential

Introduction

Many endothelium-dependent vasodilators relax vascular
smooth muscles by inducing the release of endothelial agents
such as nitric oxide, prostacyclin and the putative endo-
thelium-dependent hyperpolarizing factor (EDHF) (Rubanyi
& Vanhoutte, 1990). These agents are produced in different
proportions by the endothelial cells, depending on the blood
vessel and the vasodilator inducing their release.

In pig coronary arteries, the two kinins substance P (SP)
and bradykinin (BK), relax the smooth muscle in an endo-
thelium-dependent manner by releasing nitric oxide from the
endothelium, and by triggering the phenomenon known as
EDHF (Pacicca et al., 1992). During these endothelium-
dependent relaxations caused by kinins, the membrane poten-
tial of endothelial and of underlying smooth muscle cells
simultaneously hyperpolarizes in the same manner, even
when the synthesis of nitric oxide is inhibited (Beny et al.,
1986; 1987; Brunet & Beny, 1989; Beny, 1990a,b; Pacicca et
al., 1992). However, it is not known whether the two hyper-
polarizations are cause-effect related. In addition, exogenous
nitric oxide does not hyperpolarize the smooth muscle cells
of pig coronary artery (Bony & Brunet, 1988), or of canine
mesenteric artery (Komori et al., 1988). Unlike the kinins,
which stimulate nitric oxide synthesis and EDHF phenome-
non, 5-hydroxytryptamine (5-HT) releases only nitric oxide
from the pig coronary artery endothelium and probably no
or very little EDHF (Vanhoutte, 1987; Richard et al., 1990;
Bruning et al., 1993). Our purpose in the present study was
to determine the role of membrane potential changes in
endothelium and smooth muscle cells when nitric oxide, but
not the EDHF pathway, is activated.

Author for correspondence.

In pig coronary arteries, at least two types of 5-HT recep-
tors are present. The 5-HT1, characterized as 5-HTID-subtype
by Schoeffter & Hoyer (1990), is located on the endothelial
cells. Its activation leads to vascular relaxation (Cocks &
Angus, 1983; Cohen et al., 1983) via the release of nitric
oxide (Richard et al., 1990). The 5-HT2 receptor is located on
smooth muscle cells and produces vasoconstriction when
activated by 5-HT (for review see Vanhoutte et al., 1984).
This effect is inhibited by the selective 5-HT2 receptor
antagonist, ketanserin (R 41468) (Van Neuten et al., 1981;
Leysen et al., 1981).
We first verified that, with our methodology, 5-HT relaxes

pig coronary arteries in an endothelium-dependent manner
only via the nitric oxide pathway. Then we observed the
membrane potential changes in endothelial or smooth muscle
cells during contraction or relaxation of coronary artery
strips induced by 5-HT.

Methods

Preparation of tissues

Anterior descending branches of pig coronary arteries were
obtained at the slaughterhouse. The coronary lumen were
rinsed by injection of cold, oxygenated (95% 02, 5% C02)
Krebs solution (mM: NaCl 118.7, KCI 4.7, CaCl2 2.5,
KH2PO4 1.2, NaHCO3 24.8, MgSO4 1.2, glucose 10.1; pH
7.3-7.4). Segments of the coronary artery were cleaned out
of adherent tissue, and cut into rings of about 2 mm width.
These rings were cut longitudinally to give strips about 5 mm
in length. In some experiments, the endothelium was remov-
ed by rubbing the luminal face of the strip with a cotton-tip.

Brftish Journal of Pharmacology (1995) 115, 95-100
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The lack of response to SP or BK was taken as evidence for
the complete removal of the endothelium (Beny et al., 1986;
1987).

Electrophysiology of endothelial and smooth muscle cells

Mechanical isometric tension and transmembrane potential
of the smooth muscle or the endothelial cells were simul-
taneously recorded as previously described (Beny et al.,
1986). The strip was incubated in a 200 pil Perspex bath
continuously perfused with oxygenated Krebs (3.7 ml min-1)
at 360C with a peristaltic pump. Peptides and drugs were
delivered to the preparations by diluting them directly in the
plastic beaker containing the perfusion solution. This avoided
any perturbation in the perfusion flow rate.
One extremity of the strip was pinned on a silicon rubber

surface with the intimal surface facing up. The other extrem-
ity was fixed horizontally to a force transducer. Changes in
tension were measured isometrically with a transducer (Grass
FT03C, USA), amplified (Lectromed) and recorded on a
polygraph (W&W Electronics, USA). A force of about 10 mN
was first applied to the strip by pulling the transducer with a
micromanipulator. The tension stabilized to about 5 mN. In
experiments studying relaxation to 5-HT, 1OgM prostaglan-
din F2a (PGF2X) or 10 fM acetylcholine (ACh) were then
added throughout the experiment to the perfusion fluid to
produce a reproducible state of initial tension of the
strip.
The membrane potential was measured with a conven-

tional glass microelectrode (60-80 MCI) filled with 3 M KCl.
Cells were impaled near the fixed points of the tissue in order
to reduce problems due to muscle movements. The criteria
for accepting a record were a stable membrane potential and
a sharp rise to 0 mV when the electrode was withdrawn from
the recorded cell.
The technique for determining which cell type is impaled

was the following. We slowly advanced the microelectrode to
the intimal face of the strip. It first penetrated an endothelial
cell, and then touched the internal elastic lamina which pre-
sented a mechanical resistance, visible as an erratic change in
the potential measured by the electrode. After crossing the
internal elastic lamina the electrode penetrated smooth mus-
cle cells. The efficiency of this technique was proved by
microiontophoretic injection of the lucifer yellow dye through
the recording electrode, followed by examination with a
fluorescence microscope.

Lucifer yellow injection

By injection of lucifer yellow we verified that the experimen-
tally selected cells were actually endothelial cells. This identi-
fication was performed in approximately 50% of the cases.
The method has already been described in detail (Beny &
Gribi, 1989; Beny & Connat, 1991). Briefly, the cell mem-
brane potential was measured with a glass microelectrode
with its tip filled with a lucifer yellow solution (5% in water),
back-filled with 150mM LiCl. The microiontophoretic injec-
tion of the fluorescent dye was achieved by passing a direct
current of 0.35 nA through the electrode for 0.5-5 min. To
identify the injected cells, the tissue was fixed with 4%
paraformaldehyde. The luminal face of the strip was examin-
ed with a fluorescence microscope (Nikon diaphot; excitation
wavelength, 450-490 nm). The injected endothelial cells
appeared as a cluster of fluorescent, ellipsoidal cells, whereas
the smooth muscle cells appeared as a bundle of fluorescent,
fusiform cells (Beny & Connat, 1991).

Establishment of concentration-response curve

When only mechanical tension was measured to obtain con-
centration-response curves, ligatures were attached to both
ends of the strips, which were mounted with a resting iso-
metric tension of about 10 mN in a 85 AlI tissue bath as

previously described (Beny et al., 1986; 1987). To establish
concentration-response curves for 5-HT, strips, contracted by
1O fLM PGF2,, were superfused with a Krebs solution contain-
ing each concentration of 5-HT in an ascending, non-cumula-
tive manner, with sufficient time between each challenge to
allow full relaxation (a 20-40 min wash-out period was per-
formed between successive concentration). 5-HT was admini-
stered to the preparations by diluting it directly in the plastic
beaker that contained the perfusion solution. Where indica-
ted in the results section, different inhibitors were used:
10 fLM indomethacin to block cyclo-oxygenase, 1 ILM
ketanserin to suppress the contracting effect of 5-HT2 recep-
tors, and 1 f.M NG-nitro-L-arginine (L-NOARG) for
inhibiting nitric oxide synthase. These inhibitors were
administered to the strips in the perfusion fluid for at least
25 min before the first application of 5-HT.

Preparation ofpeptides and chemicals

The peptides, BK and SP, were prepared at a concentration
of 1 mg ml-' in 0.25% acetic acid. They were stored in 50 IlI
aliquots and kept frozen at - 20°C until use. The PGF2, was
prepared at a concentration of 1 mg ml-' in 75% ethanol.
L-NOARG was prepared at a concentration of 10 mg ml-' in
0.02% HCl, and indomethacin at a concentration of 2 mg
ml-' in >99.8% ethanol. Ketanserin was prepared at a
concentration of 3.95 mg ml-' in N-N dimethyl formamide
(DMF) and aliquots of 200 .tl were kept frozen at - 20°C
until use. 5-HT was prepared at a concentration of 0.4 mg
ml-' in water. PGF2,, peptides and inhibitors were diluted
subsequently to the desired concentrations with Krebs solu-
tion.

Drugs

PGF2,, ACh, indomethacin and lucifier yellow were obtained
from Sigma (St. Louis, MO, U.S.A.). SP and BK were
obtained from Bachem Feinchemikalien (AG, Budendorf,
Switzerland). L-NOARG was obtained from Aldrich (Stein-
heim, Germany). 5-HT and ketanserin were obtained from
Fluka (Buchs, Switzerland).

Statistical analysis

For electrophysiological experiments, n corresponds to the
number of impalements. The number of coronary arteries
used to obtain this value of n is specified in the results
section. For the other experiments, n corresponds to the
number of coronary arteries, each of which originates from a
different pig heart. Data were calculated as the mean ± stan-
dard error of the mean (s.e.mean). Student's test was used to
compare results. A P value <0.05 was taken as significant.
The effective concentrations of 5-HT that provoked 50% of
maximal effect (inhibitory concentration 50; IC50 or
excitatory concentration 50; EC50) was calculated for each
concentration-response curve by interpolation between two
points on either side of the half maximal response and fol-
lowed by reading the corresponding concentration on the
logarithmic scale. The mean ± s.e.mean of these readings was
calculated.

Results

Dual effects of5-HT on coronary strip isometric tension

These experiments were performed with an intact endo-
thelium. Strips were continuously, tonically contracted by
10 M PGF2o, in the presence of 1OgM indomethacin to sup-
press prostacyclin synthesis. 5-HT relaxed strips from a con-
centration of 10 nM up to a maximal relaxation that occurred
at 30 nM. At higher concentrations of 5-HT, the relaxation
diminished. Starting at a concentration of I riM, 5-HT con-
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tracted strips, thus producing a biphasic concentration-
response curve. The contraction reached a maximum at 3 AM
5-HT. This maximum represents an additional contraction of
about 45% above the tonic contraction caused by PGF2,
(n = 4, Figure 1).

Contractile effect of5-HT on strips without endothelium

Strips without endothelium. were concentration-dependently
contracted by 5-HT. We observed this effect when 5-HT was
applied to strips already contracted by 10gM PGF2. as well
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Figure 1 Concentration-response curves to 5-hydroxytryptamine
(5-HT): (0) strip with an intact endothelium and tonically con-
tracted by 10 1AM prostaglandin F2,, (PGF2,), in the presence of 10 1AM
indomethacin and without ketanserin (n = 4); (0) strip without
endothelium and tonically contracted by 10 1AM PGF2, (n = 4).
Values are mean ± s.e.mean.
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as on non-precontracted strips. The two concentration-
response curves so obtained were superimposable. The con-
traction began in response to a concentration of about 20 nM
5-HT, and reached a maximum at about 20 LM. The excita-
tory concentration giving half maximal contraction was
680± 72 nM (n =4) when strips were precontracted, and
795 ± 270 nM (n = 4) when not precontracted (Figure 1). In
contrast, to the ACh provoked contractions, which begin
with a phasic contraction followed by a weaker tonic con-
traction (Ito et al., 1979), the 5-HT contractions are sus-
tained as long as the agonist is present.

Endothelium-dependent relaxant effect of5-HT
In the presence of 10 jAM indomethacin to inhibit cyclo-
oxygenase activity, and 1 JAM ketanserin to suppress the con-
tractile effect mediated by 5-HT2 receptors, 5-HT relaxed
precontracted strips (10 jaM PGF2.) with an intact endothe-
lium. The relaxation began at 3 nM 5-HT and reached a
maximum at 0.3 tiM (corresponding to an inhibition of about
70% of the contraction caused by PGF2), with an ICm of
21.3 ± 2.7 nM (n = 5, Figures 2a, b). Endothelium-dependent
relaxation was suppressed by inhibition of nitric oxide syn-
thase with 1 JAM L-NOARG (n = 6, Figure 2b).

Effect of5-HT on smooth muscle cell membrane
potential in strips without endothelium

In the absence of endothelium and ketanserin, the smooth
muscle cell membrane potential was - 47 ± 2 mV (n = 1 1; 9
arteries). 5-HT (1 1aM) contracted the strip without any effect
on smooth muscle cell membrane potential, which remained
at -46.4 ± 2.4 mV (n = 1 1; P> 0.4) during the onset of con-
traction (Figure 3). Because of the strong strip contraction,
the microelectrode was generally dislodged after the contrac-
tion had reached approximately 20% of its maximal value.
Consequently, membrane potential was also measured in cells

O
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Figure 2 (a) Original recording of mechanical activity of a strip
tonically contracted by 101AM prostaglandin F2. (PGF2,,) in the
presence of I AM ketanserin and 101AM indomethacin. Relaxations
produced by graded concentrations of 5-hydroxytryptamine (5-HT)
are shown. (b) Concentration-response curve for 5-HT applied to
strips tonically contracted by 101AM PGF2a in the presence of 1 1AM
ketanserin and 101AM indomethacin; with (0; n =6) and without
(-; n = 5) N0-nitro-L-arginine (L-NOARG), an inhibitor of nitric
oxide synthase. Values are mean ± s.e.mean.
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Figure 3 Simultaneous recording of smooth muscle cell membrane
potential (upper trace) and isometric tension of the strip (lower
trace) without endothelium. The strip was not precontracted. 5-
Hydroxytryptamine (5-HT) 1 1AM, did not change the membrane
potential during the onset of the contraction. The arrow indicates
when the microelectrode was withdrawn from the cell.
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Figure 4 (a) Simultaneous recording of endothelial cell membrane potential (upper trace) and isometric tension of the strip (lower
trace). The strip was tonically contracted by IO JM prostaglandin F2,, (PGFu,) in the presence of 10 M indomethacin and I JAM
ketanserin. 5-Hydroxytryptamine (5-HT) I JAM, had no significant effect on the membrane potential; by comparison, the effect of
substance P (SP) 370 nm proved that the recorded cell and the strip were functional. For technical reasons, recording was
interrupted during the lucifer yellow injection. (b) Fluorescent microscope image of the intimal face of the pig coronary artery strip.
The endothelial cell in the middle of the photograph was injected with the fluorescent dye lucifer yellow during the membrane
potential recording (a). The photograph shows clearly that the endothelial cells were dye coupled.

impaled after contraction reached a stable maximal value. In
this condition, membrane potential was -43.9 ± 1.6 (n = 12;
4 arteries), which was not significantly different from the
membrane potential (P>0.15) measured before the applica-
tion of 5-HT.
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Effect of5-HT on the membrane potential of endothelial
cells

These experiments were achieved in strips contracted by
10 JM PGF2,,, in the presence of 10 JM indomethacin and
1 JAM ketanserin. The endothelial cell membrane potential was
-42.4 ± 2 mV (n = 10; 7 arteries). 5-HT (1 AM) caused a
weak change in the membrane potential of endothelial cells
to -45 ± 2 mV, which corresponds to a hyperpolarization of
2.6 ± 0.4 mV. In comparison, SP (370 nM) hyperpolarized
these cells by 28.8 ± 2.1 mV (n = 5, Figure 4a). The impaled
cells were identified as endothelial cells by injection of lucifer
yellow after application of 5-HT (n = 4, Figure 4b).
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Endothelium-dependent effect of5-HT on smooth muscle
cell membrane potential
The membrane potential was recorded in strips with an intact
endothelium, tonically contracted by 10 JM PGFk, in the
presence of 10 JM indomethacin and 1 JM ketanserin. The
smooth muscle cell membrane potential was - 45.2 ± 2.9 mV
(n = 9; 8 arteries). 5-HT (1 JM) had no significant effect
(P> 0.4) on this potential, -46.1 ± 3.2 mV (n = 9), (for up
to 90 s following the application of 5-HT). These results were
obtained by continuous recording of the membrane potential

___ I_ SP370 nM

5-HT 1 gM
Figure 5 Simultaneous recording of smooth muscle cell membrane
potential (a) and isometric tension of the strip (b). The strip was
continuously contracted by acetylcholine (10 JM) in presence of I JM
ketanserin and 10 AM indomethacin. 5-Hydroxytryptamine (5-HT)
I AM, had no effect on the membrane potential; by comparison, the
effect of substance P (SP) 370 nm proved that the recorded cell and
the strip were functional.

98



M. Frieden & J.-L. Beny Effect of 5-HT on pig coronary artery cells 99

before and during the application of 5-HT. We verified the
responsiveness of these cells by applying 370 nM SP, which
hyperpolarized the cells by 15.3 ± 1 mV (n = 7) in an endo-
thelium-dependent manner. The relaxation caused by the
application of 5-HT, recorded simultaneously with the mem-
brane potential, proved that the strip was physiologically
functional.

In our past publications, ACh was used as the contracting
agent. To be able to compare the present results with those
already obtained on this tissue, we also studied the effect of
5-HT on a strip continuously contracted by 10 gM ACh
instead of PGF2.. The smooth muscle cell membrane poten-
tial was then - 44.8 ± 1 mV (n = 6; 3 arteries). 5-HT (1 g4M)
did not change the membrane potential, which remained at
-45.1 ± 0.9 mV (n = 6; P> 0.4). SP (370 nM) induced a
transient hyperpolarization of 13.4 ± 1.8 mV (n = 5, Figure
5).

Discussion

The biphasic aspect of the concentration-response curve for
5-HT reflects the existence of two receptor types in this tissue
(Cocks & Angus, 1983; Cohen et al., 1983; Vanhoutte et al.,
1984; Houston & Vanhoutte, 1986; Angus, 1989). The
biphasic curve results from the algebraic sum of the contrac-
tile effect of 5-HT (as displayed by the concentration-
response curve obtained without endothelium), and the endo-
thelium-dependent relaxant effect (in the presence of ketan-
serin that inhibits the 5-HT2 receptors). The ICm (about
20 nM) and EC50 (about 700 nM) of dual 5-HT effects are
compatible with those already determined for pig coronary
arteries (Molderings et al., 1989; Richard et al., 1990;
Schoeffter & Hoyer, 1990), and for human or bovine coron-
ary arteries (Ratz & Flaim, 1985; Bax et al., 1993).
The fact that L-NOARG suppressed the relaxation

indicates that the only endothelium-dependent relaxant factor
released by 5-HT is nitric oxide. The effect of L-NOARG on
the endothelium-dependent relaxation induced by SP or BK
is rather different, since L-NOARG inhibits relaxation by
only 30% (Pacicca et al., 1992).

All the smooth muscle cell membrane potentials measured
were of the same order of magnitude (range -38 to
-62 mV) as those already published for the pig coronary
arteries (Ito et al., 1979; Beny et al., 1986; Beny & Pacicca,
1994). This relatively depolarized state set the membrane
potential far from the K+ equilibrium potential, and thus
would favour hyperpolarization and then vasodilatation.

In the basilar artery, Garland (1987) showed that contrac-
tion of smooth muscle cells caused by 5-HT is accompanied
by a synchronized depolarization, even if contraction seems
mainly due to other mechanisms. In our model, we did not
observe any depolarization during the onset of contraction
nor during the plateau of the tonic contraction. The fact that
5-HT can contract the smooth muscle cells without changing
their membrane potential is not so surprising in this tissue.
These cells are silent and usually never exibit action poten-

tials. They fire only when their potassium channels are
inhibited by a blocker such as tetrabutylammonium (Von der
Weid & Beny, 1993). Moreover Ito et al. (1979) demon-
strated that ACh causes a phasic contraction followed by a
smaller tonic plateau without any change in the membrane
potential of the smooth muscle cells. The phasic contraction
is caused by the release of sarcoplasmic reticulum into the
cytosol, whereas the entry of extracellular calcium into the
cells is responsible for the weak tonic phase that follows (for
review see Itoh, 1991). Interestingly, the 5-HT induced con-
traction is not biphasic and the force developed by the
muscle lasts as long as 5-HT is applied. The mechanisms
responsible for these distinct contractions remain to be estab-
lished.
BK causes a hyperpolarization in the endothelial cells. It

has been proposed that this hyperpolarization is necessary to
maintain the electrochemical gradient that ensures the entry
of extracellular calcium (Schilling, 1989; Luckhoff & Busse,
1990). This imported calcium allows the calcium-calmodulin-
dependent synthesis of nitric oxide. But BK not only releases
nitric oxide, it also triggers the phenomenon described by the
acronym EDHF. Consequently, the exact role played by the
hyperpolarization is difficult to assess. Our results using a
pure nitric oxide releaser do not confirm the above-mention-
ed theory, at least in our model, since 5-HT induces nitric
oxide production without hyperpolarizing the endothelial
cells. In addition, use of a high potassium solution to
separate nitric oxide-induced relaxations from EDHF-induc-
ed relaxations already indirectly showed that hyperpolariza-
tion is not necessary for nitric oxide synthesis (Kilpatrick &
Cocks, 1994). Indeed, in a high potassium solution, endothe-
lial cells cannot hyperpolarize, but are nevertheless able to
release nitric oxide that relaxes smooth muscle cells (Kilpat-
rick & Cocks, 1994). This could indicate that an endothelial
cell hyperpolarization induced by an agonist is the marker
for the EDHF phenomenon and not for nitric oxide synthe-
sis. However, this remains to be confirmed by other studies
involving EDHF versus nitric oxide release in distinct tissues.
In conclusion, the present study constitutes first observations
of the effect on membrane potential of a pure nitric oxide
releaser compared to substances like BK or SP that release
both nitric oxide and EDHF. The difference we observed is
that 5-HT, which releases only nitric oxide, does not mark-
edly hyperpolarize the endothelial cells, whereas releasers of
EDHF do. The observation that the endothelium-dependent
relaxation of the smooth muscle cell is not accompanied by a
hyperpolarization confirms previous findings showing that
nitric oxide released by endothelial cells (in pig coronary and
canine mesenteric arteries) is not responsible for endothe-
lium-dependent smooth muscle cells hyperpolarization
observed in these tissues during relaxation caused by SP or
BK (Beny & Brunet, 1988; Komori et al., 1988).
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Regulation of cytosolic calcium by collagen in single human
platelets

'Alastair W. Poole & Stephen P. Watson

University Department of Pharmacology, Mansfield Road, Oxford OXI 3QT

1 There is controversy in the literature as to whether collagen is able to induce directly a rise in
cytosolic calcium concentration ([Ca2+]i) in human platelets. We have addressed this question by
observing the cytosolic calcium response of single fura-2-loaded human platelets settling onto a

collagen-coated surface using dynamic fluorescence ratio imaging.
2 Following a short lag phase after adherence to collagen fibres, platelets underwent a rapid rise in
cytosolic calcium from basal values of 80 ± 13 nM (n = 24) to a peak of 475 ± 42 nM (n = 24) which was

sustained for the remaining period of the experiment.
3 The tyrphostin protein tyrosine kinase inhibitor, ST271, reduced substantially the proportion of
platelets which exhibited a rise in [Ca2]i on adherence to collagen and transformed the response in
remaining cells to one of oscillations.
4 In contrast, and as a control for collagen, laminin-coated surfaces induced adherence of human
platelets without elevating intracellular [Ca2+]; the cells however remained responsive to ADP.
5 We conclude that collagen directly induces a rise in cytosolic calcium in single human platelets
through a tyrosine kinase-mediated pathway.

Keywords: Human platelet; collagen; protein tyrosine kinase; staurosporine; tyrphostin; calcium; video imaging; single cell; Fc
gamma

Introduction

Collagen is an adhesion molecule important in the primary
activation of platelets during haemostasis. Despite this cent-
ral role, its molecular basis of action remains unclear and its
receptor is not defined although several candidates have been
proposed. Among those put forward as the collagen receptor
are the integrin M2A1 (Niewenhuis et al., 1985; Santoro, 1986;
Coller et al., 1989), glycoprotein IV (CD36) (Tandon et al.,
1989), Clq (or collectin) receptor (Peerschke et al., 1993) and
several uncharacterized surface proteins including p62
(Sugiyama et al., 1987), p47 (Chiang et al., 1993) and p65
(Chiang & Kang, 1982). None of these is known to possess
the seven-transmembrane domain architecture associated
with G protein-coupled receptors. It may be that signalling
through these receptors requires clustering, in a manner
similar to that for the low affinity IgG receptor on platelets
(King et al., 1990), FcyRIIA, which signals after receptor
cross-linking (Anderson & Anderson, 1990).

It has become clear over recent years that many adhesion
molecules mediate signal transduction from the extracellular
matrix using non-receptor tyrosine kinases (for review see
Shattil & Brugge, 1991). It is now also understood that
protein tyrosine phosphorylation may play a role in calcium
signalling through activation of phospholipase CT isoforms
with subsequent formation of the Ca2" mobilising messenger,
inositol 1,4,5-trisphosphate (Ins 1,4,5-P3; for review see Rhee
& Choi, 1992). From our own work and that of others it has
been shown that PLCy2, but not PLCyl, becomes, phos-
phorylated on tyrosine upon stimulation of platelets by col-
lagen and antibody-mediated cross-linking of FcyRIIA
(Blake et al., 1994; Daniel et al., 1994). Consistent with this,
we have previously shown that collagen-induced formation of
inositol phosphates in platelets is blocked by the nonselective
inhibitor of tyrosine and serine/threonine kinases, stauro-
sporine (Blake et al., 1993).
Although collagen induces formation of inositol phos-

phates in platelets (Watson et al., 1985), there is controversy

' Author for correspondence.

as to whether this is associated with elevation of [Ca2+]i. In
the presence of cyclo-oxygenase inhibitors, concentrations of
collagen up to 20 g ml-' do not induce a measurable rise in
cytosolic calcium in platelets loaded with the fluorescent
indicators, fura-2 or quin2 (Rink et al., 1983; Watson et al.,
1985; Pollock et al., 1986), despite the fact that these are
sufficient to induce activation of the phosphoinositide path-
way. On the other hand, if the concentration of collagen is
increased to 50 lg ml-' a rise in cytosolic calcium is observed
in the presence of a thromboxane receptor antagonist, ADP-
scavenger system and fibrinogen antagonist (Smith et al.,
1992); however, despite the inclusion of these inhibitors, the
possibility remains that other released substances underlie
this response. In order to demonstrate definitively whether
collagen induces elevation of [Ca2+]i in platelets, we have
performed studies in single cells which have undergone
adhesion to collagen fibres. Part of this work has already
been presented in abstract form (Poole et al., 1993).

Methods

Platelet preparation

Human platelet suspensions were prepared as previously des-
cribed (Watson et al., 1985). Briefly, blood was drawn from
volunteers who had denied taking medication in the previous
two weeks, anticoagulated with acid-citrate-dextrose
(ACD:blood, 1:7 by volume; to achieve a final citrate con-
centration of 22 mM) and platelet-rich plasma (PRP)
prepared by centrifugation. The cyclo-oxygenase inhibitor,
indomethacin (10PM), was added during all subsequent
stages of experimentation. PRP was incubated with fura-2-
AM (4 tiM) for 45 min at 30°C, washed by centrifugation
(500 g, 15 min) and resuspended to a cell density of
2 x 108 ml-' in a modified Tyrode-HEPES buffer (composi-
tion in mM: NaCl 134, NaHCO3 12, KCl 2.9, Na2HPO4 0.34,
MgCI2 1, HEPES 20, glucose 5; buffered to pH 7.4).
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Measurement of [Ca2+]j in cell suspensions

[Ca2+]i was calculated after measurement of the fluorescence
ratio (R) at excitation wavelengths of 340 nm and 380 nm
with emission at 510 nm, using a spectrofluorimeter with
filter-wheel attachment (Perkin-Elmer LS5OB). Cytosolic
[Ca2+] was determined using the equation:

[Ca2+]i = Kd.P.[R - Rmi,,n)/(Rmax - R)]
where Kd is the dissociation constant of fura-2 for Ca2` at
room temperature (Kd taken as 115 nM), P is the ratio of
intensities at A. = 380 nm at Rmin and Rmax (IR = Rmin/IR = Rmax),
Rmin is the intensity ratio (140/I38o) in the absence of Ca2' and
Rma, is the intensity ratio in the presence of a saturating
concentration of Ca2 . Studies in which staurosporine was
used demonstrated that this compound emitted a fluorescent
signal within the range of interest for fura-2, and that this
signal remained constant throughout the experiment. The
staurosporine signal was determined for each experiment by
measurement of the difference of both 340 and 380 nm sig-
nals before and after addition of staurosporine, and was
subtracted accordingly. The tyrphostin ST271 absorbed much
of the signal in the working spectrum for fura-2 and
therefore measurements were proportionately normalised to
the levels achieved prior to addition of ST27 1. All
experiments were conducted at room temperature (22° ± 2°C)
in the presence of extracellular Ca2+ (1 nM), indomethacin
(101AM) and apyrase (0.2 units ml-'). In experiments involv-
ing activation of Fc'yRII, platelets were preincubated with
mAb IV.3 for 1 min before cross-linking with anti-mouse-
whole-IgG sheep F(ab')2. Results are shown as representative
traces of at least ten observations from four experiments and
data are mean ± s.e.mean.

Single-platelet [Ca2+/i studies

Glass coverslips were covered with a thin polythene film
('Clingfilm'), so as to provide an inert surface for platelets.
Small droplets of collagen (lOg ml-') or laminin
(1 mg ml-') were pipetted onto the coated coverslip and
allowed to dry at 37°C for 2 h. Fura-2-loaded platelets were

added to the coverslip and allowed to settle onto the surface
over a period of several minutes. Cells were visualised as they
came into contact with the surface using a Zeiss Axiovert 35
microscope. Fluorescence video images were captured at 4 s
intervals using IonVision software (Improvision, Warwick,
U.K.) at excitation wavelengths of 340 nm and 380 nm with
emission at 510 nm. Calculation of [Ca2]i from the 340:380
ratio was performed by use of a previously established calib-
ration curve using standard solutions of various free Ca2"
concentrations (from Molecular Probes, OR, U.S.A.) apply-
ing a viscosity correction factor (Poenie, 1990). Analysis was
performed with a Macintosh Quadra 900 running IonVision
software (ImproVision, Warwick, U.K.). Experiments were
carried out at room temperature (220 ± 2°C) in the presence
of extracellular Ca2+ (1 mM), indomethacin (10AM) and
apyrase (0.2 units ml-').

Materials

All salts were Analar grade from BDH-Merck. Fura-2-AM
was from Molecular Probes (Eugene, OR, U.S.A.), collagen
(derived from equine achilles tendon) from Hormon-Chemie
(Munich, Germany). Monoclonal antibody (mAb) IV.3 was
purchased from Medarex Inc. (New Hampshire, U.S.A.).
ST271 was a gift from Wellcome Foundation Laboratories
(Kent, U.K.). Staurosporine, laminin, the thromboxane-
mimetic U46619 ((1SS)-hydroxy-1 la, 9a-(epoxymethano)
prosta-5z, 1 3E-dienoic acid), thrombin and sheep F(ab')2
anti-mouse-IgG were from Sigma (Poole, U.K.). Myo-[3H]-
inositol was from Amersham International (Cardiff, U.K.).

Results

Populational cell studies

Smith & Dangelmaier (1990) have shown that high concent-
rations of collagen induce a rise in [Ca2J]i in the presence of
inhibitors of secondary mediators. Figure 1 confirms that in
the presence of indomethacin (101AM) and apyrase
(0.2 units ml'), I0g ml-' collagen induces no elevation in
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So 1500- FcyRII
900 -

500 -

250-
100- -

Control

100 Rg ml-'
A

A
+ Staurosporine
(10 gM)
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Figure 1 Tyrosine kinase inhibitors block the calcium response to collagen and Fc'yRII cross-linking in platelet suspensions.
Suspensions of fura-2-loaded platelets were pre-incubated with staurosporine (101M), ST271 (3001pM) or dimethylsulphoxide (1%
v:v) as a control, and stimulated with (a) collagen (l00ug ml-') or (b) FcTRII cross-linking (mAb IV.3, jig ml-' followed 60s
later by F(ab')2 anti-mouse IgG, 30pg ml-') at the point indicated (A). In control platelets, both stimuli induce a marked rise in
[Ca2+]i although the time course for each stimulus differs. Both staurosporine and ST271 substantially inhibited the response,
indicating an essential role for tyrosine phosphorylation in signalling induced by these agonists.
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A
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Figure 2 (a) Pseudo-colour images showing the cytosolic calcium
response of single platelets settling onto collagen fibres. Fura-2-
loaded platelets were allowed to settle onto a polythene-coated
coverslip and images captured every 4s at both 340 and 380 nm
excitation wavelengths. Cytosolic calcium concentration was cal-
culated from the 340/380 ratio and represented in pseudo-colour.
Row (i) shows platelets settling onto the control surface without
collagen. Platelets did not adhere to this surface and showed no signs
of activation; their [Ca2+]i remained at basal levels and under the
light microscope they were seen to maintain a resting discoid shape.
Row (ii) shows platelets settling onto a collagen-coated surface.
Platelets moved over the surface until adhering to a collagen fibre

(nM) (Iv) and, after a variable lag phase (15-120 s), underwent a rapid rise in
[Ca2"i. (b) Pseudo-colour images of single platelets showing the
effect of ST271 upon the calcium response to collagen. Fura-2-loaded
platelets were allowed to settle onto a coverslip for 600 s after which
340 and 380 nm excitation wavelength images were captured and
transformed into the pseudo-colour calcium images shown. (i) and
(ii) are images of platelets on a collagen-free surface; (ii) was treated
with thrombin (1 unit ml- 1) 20 s prior to image capture. (iii) and (iv)
show the response of single platelets to collagen in the absence (iii)
or presence (iv) of ST271 (300gM). ST271 decreases the proportion
of platelets which activate in contact with collagen, although the
adhesive event appears unaffected.
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cytosolic calcium, whereas I00pg ml-' collagen induces a
slow steady rise in [Ca2+]i to a plateau over a period of
10 min. Both collagen and cross-linking of Fc'yRII have been
shown to induce phosphorylation of PLC72 on tyrosine
(Blake et al., 1994; Daniel et al., 1994), an action which may
underlie the elevation in cytosolic calcium. Consistent with
this, Figure 1 shows that inhibitors of tyrosine kinases, the
non-selective staurosporine and the more selective tyrphostin
ST271, inhibit the calcium rise induced by these agonists.

Collagen induces a rise in [Ca2+]i in single platelets

In order to investigate more directly the calcium response
induced in platelets by collagen fibres, we used a single cell
fluorescent imaging technique to visualise the interaction. A
platelet suspension is added just above the collagen coated
surface and as platelets settle onto the collagen-coated
coverslip, an increasing number enter the plane of focus of
the microscope. When visualised in real time it is evident that
platelets move over the surface in an apparently random
fashion until they find an anchor on a collagen fibre at which
moment they become adherent. They remain fixed at this site
throughout the duration of the recording. In contrast,
platelets added to a control uncoated coverslip continue to
move about the surface in a random fashion.

Figure 2a shows a sequence of images from a control
coverslip and one in which the surface was coated with
collagen. The time-dependent accumulation of platelets on
the surface may be seen in both control and collagen-coated
coverslips. On becoming adherent to collagen fibres and after
a variable lag phase of 15-120 s, platelets undergo a rise in
cytosolic [Ca2"] from a basal resting value of 80 ± 12 nM
(n = 24 cells) to a peak of 475 ± 42 nM (n = 24 cells) which is
maintained throughout the recording. The increase in [Ca2+]
consists of an initial rapid peak which, in some cells, is
followed by a slower phase that continues to rise over a
period of 60-120 s. In contrast, platelets settling onto the
control uncoated surface do not undergo a change in [Ca2+]i.
Example traces illustrating the increase in [Ca2+]i on

[Ca2 J
(mM)
500 a

501]

b
501]

adherence to collagen are shown in Figure 3a. In contrast,
addition of thrombin to platelets on the control surface leads
to an immediate increase in [Ca2+]i in all cells in the field of
view (Figure 2b); in many cases, this increase is in excess of
1gM preventing accurate calibration.

The tyrphostin tyrosine kinase inhibitor, ST271,
transforms the sustained [Ca2/]i rise in single platelets
to an oscillatory one and inhibits collagen-induced
formation of inositol phosphates
The tyrphostin tyrosine kinase inhibitor, ST271 (300tM) sub-
stantially reduced the proportion of single cells which under-
went a rise in [Ca2+]i on adherence to collagen (Figure 2b),
but appeared to have no effect upon the number of platelets
that adhered to collagen. The time course of the [Ca2+]i rise
in the small proportion of cells that did exhibit a response on
adhesion to collagen was oscillatory in nature as exemplified
by the traces in Figure 3b. These results are reminiscent of
those seen in other cell types in which low concentrations of
agonists, sufficient to induce only a small degree of activation
of phospholipase C, induce oscillatory rises in [Ca2+],
whereas much higher agonist concentrations generate sus-
tained [Ca2+], increases (for review see Berridge & Galione,
1990). Studies using staurosporine in single platelets were
prevented by the marked fluorescence of this compound.

Laminin induces no change in cytosolic calcium in single
platelets

The results obtained with collagen were compared with those
following adhesion of platelets to another integrin-binding
protein, laminin, the receptor for which is the integrin O6fi
(Sonnenberg et al., 1988). After settling under gravity,
platelets were found to bind rapidly to a laminin-coated
surface and to remain fixed throughout the period of recor-
ding. When observed over a 10min period, however, there
was no increase in [Ca2+], in the vast majority of cells,
although a small proportion (-I%) exhibited a single spike

60 s

Figure 3 Collagen induces a rapid rise in [Ca2+]i in single platelets; in the presence of ST271 collagen induces calcium oscillations.
Three representative time plots are shown of the calcium response in individual platelets, which exhibit an elevation in [Ca2+],
upon adherence to collagen under either control conditions treated with dimethylsulphoxide (1% v:v) (a) or treated with ST271
(300pM) (b). Plots are formed by selecting the area where the platelet finally comes to rest and calculating the calcium
concentration in that area for all time points recorded. The initial flat phase represents the time before the platelet entered the
resting area, so the calculated calcium concentration defaults to zero. After a variable period of time the platelet enters the area of
interest, shown by a rise in [Ca2+], to the resting value. Following a lag phase of 15-120 s the [Ca2+]i rises rapidly to a plateau
which, in control platelets, is sustained until the end of the recording (a), and in platelets treated with ST271 is transient followed
by oscillations with 1-2 min interpeak interval (b).
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Figure 4 Calcium response of platelets adherent to a laminin-coated
surface: response to the addition of ADP. Laminin (1 mg ml-') was
dried onto polythene-coated coverslips. Fura-2-loaded platelets were
added close to the surface as for the collagen experiments described
earlier, and the calcium concentration monitored by capturing
images at 340 and 380 nm excitation wavelength. Platelets rapidly
became bound to the laminin-coated surface, but in contrast to
collagen most platelets underwent no rise in [Ca2"]J over the experi-
mental period (two representative platelet responses are shown in
(a)). ADP (1I M) induced an initial transient spike in all platelets,
and in 43% of cells this was followed by further repetitive spiking.
(b) Shows two representative individual platelet calcium responses
after addition of ADP (A).

event (data not shown). The apparent strong interaction of
platelets to laminin would appear to make this a suitable
surface for investigation of the response of single cells to
other agonists. Figure 4 illustrates the response of single
platelets to ADP (1 tiM) when bound to laminin. ADP
induced an initial transient rise in [Ca2+]j, peaking at
252 ± 23 nM (n = 100), before declining to basal level; in
approximately 50% of cells, this response was followed by
additional transient peaks at irregular intervals (Figure 4).

Discussion

There are several reports of calcium measurements in single
platelets (Nishio et al., 1991; Heemskerk et al., 1992; 1993).
The procedure used in some of these studies involves attach-
ment of cells to a glass coverslip surface coated with
fibrinogen, followed by addition of agonist. This technique
has the drawback that platelets are activated in contact with
glass or immobilised fibrinogen, although in the latter case,
inclusion of apyrase appears to block activation (Heemskerk
et al., 1992; Haimovich et al., 1993). In the present study, we
have coated coverslips with a thin polythene film which did
not interfere with the optics of the microscope but provided
an inert surface to the platelet. Collagen fibres could be dried
on to this surface and adhesion of platelets monitored by
light and fluorescence microscopy. This experimental set up
also has the advantage of providing a more physiological
presentation of collagen to the platelet, i.e. in the form of a
solid surface.
Our results demonstrate that collagen induces a sustained

increase in [Ca2+]i in single platelets that have adhered to
collagen fibres. This observation demonstrates that collagen
is able to elevate [Ca2']i directly in single platelets. As a
control, and for comparison with another adhesion ligand,
we also investigated the effect of platelet adhesion to a
laminin-coated surface. Platelets bind laminin through a
membrane integrin, O6JI (Sonnenberg et al., 1988), and
although platelets adhere to the laminin-coated surface, they
do not become activated over a period of several minutes,

remaining responsive to other agonists, such as ADP.
Laminin may therefore provide a important medium for
single cell calcium studies in platelets using soluble
agonists.
The explanation for the lack of an observed increase (Rink

et al., 1983; Watson et al., 1985; Pollock et al., 1986) in
[Ca2+]i in platelet populations using concentrations of col-
lagen of 20 tg ml-' or less is not known, but a number of
factors are worthy of consideration. There is a much lower
increase in [Ca2+], in single platelets adhered to collagen
compared with the response to thrombin (see Figure 2b);
thus, in a cell population low concentrations of collagen
(< 1I0jg ml-'), which induce less than 10% of cells to adhere
(Smith & Dangelmaier, 1990), the weak signal generated by
collagen may not be detected. It is also possible that forma-
tion of microaggregates of dye-loaded platelets on the col-
lagen surface interferes with the fluorescence signal, similar to
that previously reported for the decrease in fluorescence sig-
nal that occurs during platelet aggregation (Rink et al.,
1983).
The sustained nature of the response to collagen is unusual

in that agonists that have been investigated thus far in single
platelets, namely ADP (present study and Heemskerk et al.,
1992; 1993), thrombin (Heemskerk et al., 1993; also Poole &
Watson, unpublished work) and 5-hydroxytryptamine
(Nishio et al., 1991), induce an oscillatory rise. Several
theories have been proposed to explain the molecular basis of
[Ca2+]i oscillations, the majority of which involve the
repetitive emptying and refilling of intracellular calcium
stores initiated by Ins 1,4,5P3 (Berridge & Galione, 1990;
Berridge, 1990; Harootunian et al., 1991). The maintained
response induced by collagen may therefore reflect a sup-
ramaximal and sustained formation of Ins 1,4,5P3. For indi-
vidual platelets therefore the response to collagen may be
all-or-none, and in this respect collagen may be acting as a
'super-agonist'. This hypothesis may explain why the tyr-
phostin ST271 transforms the sustained response to one of
oscillations. In the presence of ST271, collagen-induced for-
mation of Ins 1,4,5P3 is reduced substantially (data not
shown), possibly to a level that allows regenerative emptying
and refilling of calcium stores. It is also possible that the
calcium stores are unable to refill in the presence of the
tyrosine kinase inhibitor, since several recent reports suggest
that tyrosine phosphorylation may play a role in controlling
store-regulated calcium entry in platelets and other cell types
(Vostal et al., 1991; Sargeant et al., 1993a,b; Lee et al., 1993;
Kruse et al., 1994). In the absence of store refilling, it would
become unlikely that a calcium rise could be sustained, and
that an oscillatory response might be expected.
The underlying molecular mechanism of collagen-induced

platelet activation is beginning to be elucidated. We, and
others, have recently shown that PLCy2 is phosphorylated on
tyrosine in response to collagen (Blake et al., 1994; Daniel et
al., 1994) and here we present evidence that is consistent with
a requirement for tyrosine phosphorylation in collagen-
induced elevation of cytosolic calcium, using two structurally
distinct inhibitors of protein tyrosine kinases. In this paper
we have demonstrated that collagen directly induces a rise in
cytosolic calcium in human platelets through the use of
dynamic video imaging. The single cell approach described
here may prove a valuable technique for the study of platelet-
extracellular matrix interaction.

This work was supported by the Wellcome Trust and British Heart
Foundation. S.P.W. is a Royal Society University Research Fel-
low.
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Characterization and distribution of putative 5-ht7 receptors
in guinea-pig brain

Z.P. To, D.W. Bonhaus, R.M. Eglen & 1L.B. Jakeman

Institute of Pharmacology, Syntex Discovery Research, 3401 Hillview Ave., Palo Alto, CA 94303, U.S.A.

1 In the presence of (-)-cyanopindolol (1.0 LLM) and sumatriptan (1.0 gM), 0.5 nM [3H]-car-
boxamidotryptamine ([3H]-5-CT) labelled a single population of receptors in guinea-pig cerebral cortex
membranes.
2 5-HT-displaceable binding was rapid, saturable and reversible. A high affinity binding site was

characterized both by equilibrium saturation (Kd= 0.76 ± 0.28 nM; Bmax= 68.1 ± 26.7 fmol mg-' pro-

tein) and kinetic (Kd = 0.18 ± 0.05 nM) analysis. The pharmacological profile of this site was similar to
the profile obtained in transfected CHO-KI cells expressing guinea-pig 5-ht7 receptors.

3 Autoradiographic analysis revealed a discrete localization of binding sites in guinea-pig brain, with
the highest density of sites in the medial thalamic nuclei and related limbic and cortical regions.
Moderate levels of binding were detected in sensory relay nuclei, substantia nigra, hypothalamus, central
grey and dorsal raphe nuclei. This distribution corresponded to that observed using in situ hybridization
with [35S]-UTP labelled riboprobes complementary to mRNA encoding the guinea-pig 5-ht7 receptor.

4 In conclusion, under appropriate conditions, [3H]-5-CT labelled a single population of saturable
binding sites that corresponded to an endogenous 5-ht7 receptor in guinea-pig brain. The distribution of
5-ht7 receptors in thalamocortical and limbic brain regions suggests a role for these receptors in sensory

and affective behaviours.
Keywords: 5-Carboxamidotryptamine; 5-hydroxytryptamine; 5-HT receptors; guinea-pig thalamus; guinea-pig limbic system;

5-ht7; autoradiography; in situ hybridization

Introduction

5-Hydroxytryptamine (5-HT) exerts a wide variety of behav-
ioural and physiological effects through actions on multiple
receptor subtypes. Pharmacological and molecular cloning
approaches have identified at least fourteen distinct subtypes
of mammalian 5-HT receptors, classified into seven families
with unique structural, transductional and operational char-
acteristics (Martin & Humphrey, 1994; Hoyer et al., 1994).
Endogenous functional equivalents have been identified for
four major classes (5-HTI, 5-HT2, 5-HT3, 5-HT4). Where
functional correlates have not yet been identified (i.e. 5-ht5,
5-ht6, and 5-ht7), the nomenclature recommendation has been
to use the lowercase appellation (Hoyer et al., 1994).
The 5-ht7 receptor has been cloned from rat, mouse,

guinea-pig and human cDNA (Plassat et al., 1993; Ruat et
al., 1993; Shen et al., 1993; Meyerhof et al., 1993; Lovenberg
et al., 1993; Tsou et al., 1994; Bard et al., 1993). Despite a
high degree of interspecies homology (95%), the receptor
sequence exhibits low amino acid sequence homology
(<40%) with other 5-HT receptors. The cDNA contains
introns and predicts encoding of a seven-transmembrane
receptor with a long carboxyl terminus. Cells transfected with
the cDNA encoding the 5-ht7 receptor express functional
receptors coupled positively to adenylyl cyclase. The pharma-
cological profile of the 5-ht7 receptor is unique but consistent
across species (Eglen et al., 1994b; Boess & Martin, 1994).
5-ht7 receptors exhibit high affinity (pK, 8.1-9.9) for 5-
carboxamidotryptamine (5-CT), 5-HT, and 5-methoxytryp-
tamine (5-MeOT), moderate affinity (pKi 6.4-7.8) for (±)-2-
dipropyl-amino-8-hydroxy-1 ,2,3,4,-tetrahydronaphthalene (8-
OH-DPAT), methysergide, ergotamine, and spiperone, and
low affinity (pKi <6.0) for pindolol, sumatriptan, and
buspirone. The greatest abundance of 5-ht7 mRNA is found
in the brain, where it is localized to the thalamus, hypo-

thalamus, neocortex, olfactory tubercle, brainstem, and lim-
bic regions (Plassat et al., 1993; Ruat et al., 1993; Shen et al.,
1993; Tsou et al., 1994).
An important step for the classification of a cloned and

expressed receptor is the demonstration of endogenous phar-
macological correlates. Functional assays have revealed the
presence of receptors that may correspond to the 5-ht7 sub-
type in guinea-pig hippocampus (Shenker et al., 1987; Tsou
et al., 1994; Alvarez et al., unpublished) and several
peripheral tissues including porcine vena cava (Sumner et al.,
1989), dog coronary artery (Cushing & Cohen, 1992), mar-
moset aorta (Dyer et al., 1994) and guinea-pig ileum (Feniuk
et al., 1983; Eglen et al., 1994a). To date, however, little is
known about the binding characteristics or central nervous
system distribution of endogenous 5-ht7 receptors due, in
part, to the lack of specific ligands.
The aim of the present study was to utilize [3H]-5-

carboxamidotryptamine ([3H]-5-CT), to characterize, locate
and quantify the density of endogenous 5-ht7 receptors in
guinea-pig brain. The binding profile of a pharmacologically
isolated receptor was correlated with the cloned guinea-pig
5-ht7 receptor. The distribution was examined by quantitative
autoradiography and compared to that obtained using in situ
hybridization of mRNA encoding this receptor.
A preliminary report of these data has been presented

(Jakeman et al., 1994a).

Methods

CHO-KJ cell binding studies

CHO-KI cells were cotransfected with 4mg pSW2-7c No. 3
(Tsou et al., 1994) and 1 mg pSV2Neo in 100 mm dishes
using the lipofectin method (Felgner et al., 1987). Cells stably
expressing the cloned guinea-pig 5-ht7 receptor were grown in
F-12 media supplemented with 10% foetal bovine serum
(GIBCO-BRL) and harvested with 0.1% Na2 EDTA diluted

I Author for correspondence at: Department of Neurosciences (MS
S2-127), Institute of Pharmacology, Syntex Discovery Research, 3401
Hillview Ave., Palo Alto, CA, U.S.A. 94303.
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1:10 in phosphate buffered saline. Cells were homogenized
(0.5 million cells ml' of buffer) in Tris-EDTA buffer (com-
position, mM: Tris-base 50, Na2 EDTA 0.5, MgSO4 10, CaCl2
2, pargyline 0.01, ascorbate 0.1%, pH 7.4 at 40C). The cell
homogenate was centrifuged at 45,000 g for 12 min, and the
membrane pellet was washed, rehomogenized, and cent-
rifuged twice.
For saturation experiments, cell membranes were in-

cubated for 2 h at room temperature with 0.03-10 nM [3H]-5-
CT in the above buffer. In competition studies, membranes
were incubated with approximately 0.5 nM [3H]-5-CT for 2 h
at room temperature in the presence or absence of competing
drugs. Nonspecific binding was defined with 1.0 pM 5-HT.
Bound and free radioactivity were separated by rapid filtra-
tion through 0.3% polyethylenimine (PEI) pretreated GF/B
microplates and washed twice with ice-cold 50 mM Tris-HCl
buffer (pH 7.4) on a Packard Filtermate cell harvester. Trap-
ped radioactivity was counted in a Packard Top Count scin-
tillation counter (Downers, Inc.).

Guinea-pig cortical membrane binding studies

Guinea-pig cerebral cortex tissue was dissected from whole
guinea-pig brains (Rockland, Inc.), and homogenized (20 mg
wet tissue ml-' buffer) as described above. The tissue pellet
was rehomogenized and incubated at 370C for 20 min. The
tissue homogenate was then resuspended and rehomogenized
twice. Membranes were incubated with [3H]-5-CT for 2 h in
Tris-EDTA buffer (pH 7.4 at 21 -23C) containing 1.0 ftM
(-)-cyanopindolol and 1.0 IM sumatriptan, and filtered as
described above.
For association studies, cortical membranes were incubated

in 0.5 nM [3H]-5-CT for 0 to 3 h in the absence (total) or
presence (non-specific) of 1.OJM 5-HT, and the binding was
then dissociated with 1.0 pM 5-HT for 0 to 2.5 h. Kinetic
experiments were terminated by rapid filtration with 50 mM
Tris-HCI buffer through 0.3% PEI-pretreated GF/B glass
fibre filters. Bound radioactivity was determined using a
Packard 2500R scintillation analyzer.

Saturation experiments in cortical membranes were per-
formed as described for the cells. Competition studies were
performed using 0.30-0.75 nM [3H]-5-CT. Filtermats were
adhered to Multilex melt-on scintillator sheets and counted
on a 1204 Betaplate TM BS Liquid Scintillation counter
(Wallac Inc.).

Autoradiography

Six adult male Dunkin Hartley guinea-pigs (350-425 g) were
killed by asphyxiation with CO2 and the brains were removed
and frozen on dry ice. Sequential sections of 20 gm thickness
were cut at -20C (2800E Jung Frigocut; Leica, Inc.), thaw-
mounted onto gelatin-coated slides and stored for 1-7 days
at - 20°C. Sections were thawed and dried at room
temperature, preincubated in 50 mM Tris buffer pH 7.4 for
30 min at room temperature, and then incubated for 2 h at
room temperature in Tris-EDTA buffer containing 1.0 nM
[3H]-5-CT in the presence of 3.0 MM (-)-cyanopindolol and
3.0 pM sumatriptan. Higher concentrations of [3H]-5-CT,
(-)-cyanopindolol and sumatriptan were used in these
experiments based on previous studies that have shown a
3-5 fold lower affinity of 5-HT ligands for receptors in tissue
sections as compared with homogenate binding studies
(Jakeman et al., 1994b; Jakeman et al., unpublished observa-
tions). Nonspecific binding was determined on adjacent sec-
tions by the addition of 1.0MM 5-HT. After incubation, the
slides were washed twice for O min in ice-cold 50 mM Tris
(pH 7.4), dipped for 5 s in cold water, and dried quickly
under a stream of cold air. Slides were apposed to
autoradiographic film for 20 weeks and films developed in
Kodak D-19.

In situ hybridization

The distribution of 5-ht7 mRNA was determined in four
separate experiments by in situ hybridization as described
previously (Jakeman et al., 1993; Tsou et al., 1994). Briefly,
[35S]-UTP labelled cRNA probes were prepared from sense
and antisense templates corresponding to the full open
reading frame of the cloned guinea-pig 5-ht7 receptor (Tsou
et al., 1994) using the Gemini II system (Promega Corp.).
Sections were hybridized overnight at 55°C and washed for
1 h at 55°C in 0.1 x saline sodium citrate (SSC). Dried slides
were apposed to autoradiographic film for 7-10 days.

Compounds

[3H]-5-CT (50.4 Ci mmolh') was purchased from Dupont/
New England Nuclear (Boston, MA, U.S.A.). Amoxapine,
atropine sulphate, bufotenine monooxalate, (+)-butaclamol,
5-CT, clozapine, cyproheptadine hydrochloride, epidrine,
haloperidol, histamine dihydrochloride, ketanserin tartrate,
lisuride hydrogen maleate, (+)-lysergic acid diethylamide tar-
trate ((+ )-LSD), mesulergine hydrochloride, metergoline,
methiothepin mesylate, 5-MeOT, methylergonovine maleate,
methysergide maleate, mianserin hydrochloride, naloxone
hydrochloride, octoclothepin maleate, 8-OH-DPAT, oxy-
metazoline hydrochloride, pergolide methanesulphonate, pin-
dobindlA, (-)-pindolol, pirenperone, prochlorperazine dimale-
ate, ritanserin, 5-hydroxytryptamine hydrochloride (5-HT),
spiperone hydrochloride, terguride hydrogen maleate, theo-
phylline, and trifluroperazine dihydrochloride were purchased
from Research Biochemicals International (Natick, MA,
U.S.A.). 5-Benzyloxytryptamine (5-BeOT), dipropyl-5-car-
boxamidotryptamine (DP-5-CT), 5-hydroxy-N-w-methyl-try-
ptamine (5-OH-NwMeT), 5-methody-NN-dimethyltrypta-
mine (5-MeDMT), 6-methoxytryptamine (6-MeOT) and tryp-
tamine hydrochloride were obtained from Sigma Chemical
Co. (St. Louis, MO, U.S.A.). Endo-N-(8-methyl-8-azabi-
cyclo[3.2. 1]oct-3-yl)-2,3dihydro-3-ethyl-2-oxo- 1H-benzimid-
azole-l-carboxamide hydrochloride (BIMU-1), GRl 13808
(([1-[2-methylsulphonyl)amino]ethyl]-4-piperidinyl] methyl 1-
methyl- 1H-indole-3-carboxylate), DuP996 (3,3-bis(4-pyrin-
dinyl methyl)-1-phenylindolin-2-one), ondansetron, and R-
zacopride were synthesized in the Institute of Organic
Chemistry (Syntex Discovery Research). All compounds were
dissolved to 10 mM in 50% dimethyl sulphoxide (DMSO)
and 50% ethanol and stored at - 20°C up to 2 months.
Stock solutions were then serially diluted over the range of
1 pM to 100 JAM in experimental buffer.

Data analysis

The analyses of saturation and kinetic binding data were
performed using non-linear curve fitting programmes by In-
Plot Scientific Graphics (GraphPad, Inc.) to yield Kd and
Bmax estimates. Kinetic data resulted in the observed associa-
tion (KOb,) and dissociation rate constants (K_,) which were
used to calculate K+1 and Kd estimates (Molinoff et al.,
1981). Hill coefficients and IC50 values were obtained from
the analysis of competition studies by use of a 4-parameter,
logistic, iterative curve fitting programme. IC50 values were
then converted to Ki values by the Cheng-Prusoff correction
(Cheng & Prusoff, 1973). Affinity estimates were presented as
the negative log of the Ki (pKi). The correlation plot was
analysed by linear regression (InPlot Scientific Graphics). All
values are reported as mean ± s.e.mean from 3-8 experi-
ments as indicated.

Autoradiographs were analysed by digital image analysis
with the MCID imaging system (Imaging Research, Inc.).
Specific regions of interest were defined on cresyl violet
stained histological sections using a standard rat brain atlas
(Paxinos & Watson, 1986). For receptor binding autoradio-
graphs, the optical density of each region was converted to
fmol radioligand bound mg-' tissue equivalent (fmol mg-'
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t.e.) using 3H standards (Amersham Co.) and a calibration
curve was generated for each film. In situ hybridization
autoradiographs were analysed qualitatively with optical film
density scaled from 0- + + + + for each brain region.

Results

Establishment of radioligand binding conditions

[3H]-5-CT, at 0.5 nM, was predicted to bind to 5-HTlA, 5-
HTD, and 5-ht7 receptors in guinea-pig cerebral cortex (Zifa
& Fillion, 1992; Boess & Martin, 1994). To determine the
appropriate concentrations of ligands required to mask bind-
ing to 5-HTIA and 5-HTD receptors, the competition of
0.3-0.7 nM [3H]-5-CT binding by (-)-cyanopindolol and
sumatriptan was initially investigated. Both compounds
recognized two distinct binding sites in guinea-pig cortical
membranes. Thus, for (-)-cyanopindolol, a high affinity site
accounted for 58% of the specific binding. The estimated
affinity at this site (pKj) was 7.0, which corresponded to its
affinity at 5-HTIA and 5-HTB receptors (Hoyer, 1991). A low
affinity component was also observed, with an approximate
pK, of 5.8. Sumatriptan bound to approximately 20% of sites
with high affinity (pKi = 6.8), that corresponded to its affinity
at 5-HTD receptors (Hoyer et al., 1985; Boess & Martin,
1994). A low affinity component was also observed for
sumatriptan with an approximate pKj of 5.2. Therefore, in
subsequent experiments, 1.0 pM (-)-cyanopindolol and
1.0 JIM sumatriptan were included in the assay buffer to
isolate operationally the (-)-cyanopindolol and sumatriptan
insensitive components of specific [3H]-5-CT binding.

In the presence of these ligands, the binding of 0.5 nM
[3H]-5-CT to guinea-pig cerebral cortex membranes was
specific, heat-sensitive, and proportional with tissue concen-
tration over a wide range (5 to 40mg of wet tissueml1').
Specific (i.e. 5-HT-displaceable) binding accounted for
approximately 75% of total binding and less than 1% of the
total free radioligand bound to filters. The specific binding
was reduced to 17% and 10% following preincubation of
membranes for 20min at 60°C and 90°C, respectively.

Receptor characterization in guinea-pig cortical
membranes and comparison with cloned guinea-pig 5-ht,
receptor

The specific binding of 0.5 nM [3H]-5-CT in guinea-pig cortex
membranes was best fit with monoexponential kinetic equa-
tions (Figure 1). Specific binding reached equilibrium within
90 min and remained stable for at least 3 h. Kinetic analysis
yielded a Kobs value of 0.023 ± 0.003 min-'. The binding was
reversible by 1.0 pIM 5-HT with an estimated dissociation
constant (K_,) value of 6.3 ± 0.8 x I0` min' . Thus, the
kinetic Kd derived from these studies was 0.18 ± 0.05 nm
(n = 3).

[3H]-5-CT binding in guinea-pig cortex membranes was
saturable and best described by a model for a single receptor
population. Less than 10% of the free ligand bound over the
concentration-range used (Figure 2). The mean estimated y(d
and Bmax values were 0.76 ± 0.28 nM and 68.5 ± 26.6 fmol
mg-' protein, respectively (n = 4; Figure 2). The affinity for
[3H]-5-CT was similar to that estimated in CHO-Ki cells
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Figure 1 Kinetics of association (a) and dissociation (b) of [3H]-
carboxamidotryptamine ([3H]-5-CT) binding in guinea-pig cerebral
cortex membranes in the presence of 1.0JIM (-)-cyanopindolol and
1.0 IM sumatriptan. KobS = 0.033; KI = 5.99 x 10-3; Kd = 0.09 nM.

Similar results were obtained in 2 additional experiments (n = 3) as

described in text.
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Figure 2 (a) Saturation analysis of [3H]-5-carboxamidotryptamine
([3H]-5-CT) binding to guinea-pig cerebral cortex membranes in the
presence of 1.0 IM (-)-cyanopindolol and 1.0 pM sumatriptan.
Kd = 0.77 nM; Bmax = 45.8 fmol mg-' protein. Total (0), non-specific
(0), and specific (*) binding. Similar results were obtained in 3
additional experiments (n = 4) to yield Kd = 0.76 ± 0.28 nm and
Bmax = 68.5 ± 36.6 fmol mg-' protein. (b) Scatchard transformation
of specific binding (0) from data in (a).
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Figure 3 Displacement of 0.3-0.75 nM [3H]-5-carboxamidotryp-
tamine ([3H]-5-CT) by selected compounds in guinea-pig cerebral
cortex membranes (a) and membranes from CHO-KI cells expressing
the guinea-pig 5-ht7 receptor (b). Displacement curves are represen-
tative of all compounds listed in Table 1. Representative compounds
included 5-CT (0), 5-HT (-), methiothepin (O), tryptamine (A)
and spiperone (A). Non-linear regression analysis yielded the follow-
ing Ki values for each ligand in cerebral cortex (0.68, 1.05, 62, 65,
125 nM) and CHO-K1 cells (0.26, 0.40, 4.7, 21.6, 48.9 nM). All
compounds displaced [3H]-5-CT to the non-specific level defined in
the presence of 1.011M 5-HT. Mean and s.e.mean of pKi values for
3-8 determinations are listed in Table 1.
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stably expressing the guinea-pig 5-ht7 receptor (0.22 ± 0.02
nM). However, in the presence of masking compounds, the
maximum binding capacity in the cortex was approximately
one fifth that found in the transfected cells, i.e. 68.5 ± 26.6
fmol mg-, protein compared to 393 ± 48 fmol mg'l of pro-
tein.

Several ligands competed for [3H]-5-CT binding in a
monophasic manner, exhibiting a wide range of affinities
(Figure 3). All ligands in Table 1 displaced [3H]-5-CT to the
nonspecific level defined by 1.0 gM 5-HT. Indoles, such as
5-CT, 5-HT, 5-MeOT, and 5-OHMeT, showed the highest
affinity with pKi values ranging from 8.2 to 9.0. Of the
ergots, the two ligands with highest affinity, lisuride and
pergolide, yielded pKi values of 7.73 and 7.75, respectively.
Derivatives of spiperone showed moderate affinity, the
greatest affinity being exhibited by pirenperone with a pKi
value of 7.28. Octoclothepin and methiothepin exhibited
affinity estimates of 7.49 and 7.34, respectively.

Several compounds failed to displace [3H]-5-CT binding
(pKi<5.0) including the derivatives of pindolol, ondanset-
ron, GR113808, BIMU-1, R-zacopride, atropine, histamine,
naloxone, epidrine, theophylline, y-aminobutyric acid and
DUP996.
A comparison of the affinities of ligands at [3H]-5-CT

binding sites in guinea-pig cortex and transfected cells yielded
a statistically significant correlation (Figure 4; r2= 0.96;
P<0.01). The rank order of ligand affinity in both assays
was: 5-CT, 5-HT, 5-MeOT>DP-5-CT, lisuride, pergolide>
(+)-LSD, methiothepin, metergoline, tryptamine> spiperone,
ritanserin, ergotamine, clozapine>>(-)-pindolol and (-)-
butaclamol. All of the compounds in Table 1 showed a
slightly lower affinity in the cortex binding assay than in the
cloned CHO-Ki cell membranes. However, the Hill slope
values (nH) for all compounds were not different from unity.

Receptor distribution in guinea-pig brain

The binding of [3H]-5-CT to guinea-pig brain sections was
specific and heterogeneous (Figures 5 and 6, Table 2). The
specific binding density following incubation with 1.0 nM
[3H1-5-CT ranged from 0.96 to 19.33 fmol mg-', t.e. Specific
binding displaced by 5-HT accounted for more than 70% of
total binding in all regions that bound 4.0 fmol of [3H]-5-
CT mg', t.e. or more.
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Figure 4 Correlation of the affinity of ligands at the [3H]-5-carboxamidotryptamine ([3H]-5-CT) binding site in guinea-pig cerebral
cortex membranes and membranes from CHO-KI cells expressing the 5-ht7 receptor. Least squares linear regression equation
y=0.96x -0.34; r2=0.96; P<0.01.
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The highest receptor density was observed in the medial
nuclei of the thalamus and associated limbic regions. The
paraventricular nuclei of the thalamus (PVA, PV, PVP) dis-
played the greatest density of receptors (17-19fmolmg'1,
t.e.). Other high density regions (>10 fmol mg-', t.e.)
included related midline thalamic nuclei (IMD, CM, and
IAM) and limbic areas including the basomedial, basolateral
and medial amygdala, dentate gyrus (stratum moleculare),
and entorhinal cortex.
Moderate binding densities (> 8 fmol mg-', t.e.) were

observed in superficial cortex (layers 2-4), hippocampal
regions CA1-CA2 (stratum radiatum and stratum mole-
culare), substantia nigra, superior colliculus, and lateral sep-
tum. Slightly lower binding (> 6 fmol mg'l, t.e.) was
detected in medial and lateral portions of the medial
geniculate nucleus, the medial hypothalamic nuclei (VMH,
DMH, MPA), ventral pallidum and globus pallidus, superior
colliculus, midbrain central gray, the parabrachial nuclei and
dorsal raphe nucleus.
Low binding densities (< 5 fmol mg-', t.e.) were observed

in several regions, including the lateral thalamic nuclei (LGN
and LD), the deep layers of cortex, the medial septum,
caudate putamen, midbrain interpeduncular nucleus, and
several brainstem nuclei. Little to no specific binding was
detected in the cerebellum.

S-ht7 mRNA distribution in guinea-pig brain

The distribution of guinea-pig 5-ht7 receptor mRNA was
determined in separate animals using in situ hybridization
(Figures 5 and 6, Table 2). The highest levels of expression
were found in the medial thalamic nuclei (PVA, PV, PVP,
CM, IAD) and hippocampal formation (DG> CA3>
CA2 >CAl). Moderate expression was found throughout
the superficial layers of cortex (2-4), medial geniculate
nucleus, amygdala, and hypothalamus. Low hybridization
was associated with most midbrain and hindbrain regions.
The cerebellar granule cell layer exhibited very high levels of
hybridization with both sense and antisense probes. Hyb-
ridization with sense strand probes in all other brain regions
was not above background.

Discussion

Selective ligands for the newer members of the 5-HT receptor
family, including the 5-ht5, 5-ht6 and 5-ht7 subtypes, have not
yet been identified. While there are reports of endogenous
responses that may correspond to 5-ht6 and 5-ht7 receptors
(Shenker et al., 1987; Cushing & Cohen, 1992; Feniuk et al.,
1993; Shoeffter & Waeber, 1994), endogenous correlates for

Table 1 Affinity of representative ligands competing for [3H]-5-carboxamidotryptamine ([3H1-5-CT) binding sites

CHO-KI cells (1)
PK.

Compound mean s.e.mean

Gu
pK

mean s.e.mean

inea-pig cortex
nH

mean s.e.mean

5-CT
5-HT
5-MeOT
5-OH-ME-Nw tryptamine
DP-5-CT
5-MeOT N,N tryptamine
Tryptamine
Bufotenine
6-MeOT
8-OH-DPAT
5-Benzoloxytryptamine

Lisuride
Pergolide
Metergoline
Terguride
Methylergonovine
(+)-LSD
Mesulergine
Methysergide
Ergotamine
Pirenpirone
Spiperone
Ritanserin
Ketanserin
Haloperidol
Octoclothepin
Methiothepin
Clozapine
Mianserin
Cyproheptadine
Amoxapine
Butaclamol
Trifluoroperazine
Prochlorperazine

Pindobind-5-HTIA
(-)-Pindolol

9.650.09
9.60 0.24
9.28 0.07
8.95 0.02
8.27 ± 0.17
7.88 0.05
7.72 0.03
7.67 + 0.01
7.44 + 0.02
7.39 0.03
6.59 0.06

8.53 0.12
8.53 0.08
8.16 0.11
8.10 0.10
7.96 0.04
7.81 ± 0.03
7.81 0.06
7.65 0.04
7.31 0.01

7.74 0.04
7.32 0.05
7.34 0.05
6.20 ± 0.06
5.48 ± 0.11

8.60 ± 0.20
8.43 0.09
7.32 0.14
6.97 0.10
6.90 ± 0.03
6.73 0.09
6.72 0.01
5.84 ± 0.04

<5

5.72 ± 0.03
<4

9.01 ± 0.07
8.87 ± 0.06
8.80 0.09
8.19 0.06
7.87 0.02
6.97 0.18
7.19 0.10
7.02 0.14
6.44 ± 0.03
6.87 ± 0.09
5.96 0.16

7.73 0.07
7.75 0.09
7.31 ± 0.08
7.38 0.05
7.28 0.08
7.51 0.09
7.18 0.09
7.03 ± 0.07
6.86 ± 0.07

7.28 0.17
6.67 0.07
6.72 0.11
5.54 ± 0.09
5.03 0.12

7.49 0.13
7.34 0.08
6.83 0.12
6.18 ± 0.07
6.30 0.13
5.85 _ 0.05
6.06 0.07

<5
<5
<5
<5

0.93 0.04
1.01 0.10
1.01 ±0.12
0.95 ± 0.09
0.96 0.07
0.92 0.04
0.94 ± 0.06
0.91 ± 0.03
0.86 0.07
1.01 ± 0.05
1.05 0.09

0.92 ± 0.03
0.87 ± 0.04
1.02 ± 0.07
0.95 0.05
1.20 0.12
1.05 0.04
0.96 0.06
0.96 0.05
1.17 0.06

0.88 ± 0.04
0.92 ± 0.07
1.05±0.09
0.94 0.13
1.00 0.15

1.04 ± 0.08
1.06 0.06
0.83 0.04
1.05 0.15
0.92 0.04
0.90 ± 0.05
0.98±0.04

Values represent 3-8 determinations. [H]-5-CT (0.5 nM) binding in the presence of sumatriptan (1.0 jM) and (-)-cyanopindolol
(1.0 JtM). 5-HT (1.0 fiM) was used to define non-specific binding. (1) Affinity values determined in CHO-KI cells expressing guinea-pig
Sht7 receptor. nH values in cloned cells were not different from unity (Alvarez et al., unpublished).
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Figure 5 Distribution of 5-ht7 receptor binding and mRNA in guinea-pig coronal forebrain sections. (a-d) Histological sections
stained with 0.25% Cresyl violet. (e-h) Autoradiographs of total .binding from same sections following incubation in 1.0 nm
[3HJ-5-carboxamidotryptamine ([3H]-5-CT) in the presence of (-)-cyanopindolol and sumatriptan. (i-I) Autoradiographs from
sections adjacent to those in h-n, with non-specific binding defined in the presence of 1.O0M 5-HT. (m-p) Autoradiographs
following in situ hybridization using [35S]-UTP-labelled antisense (m, n, o) and sense (p) strand riboprobes. Darker areas
correspond to higher mRNA levels. Section in panel m from a different experiment from n-p. Hybridization in ventromedial
hypothalamus is dense just lateral to suprachiasmatic nuclei (arrowhead). Hybridization using sense strand probe was not above
background except in hippocampal dentate gyrus (DG**). Abbreviations are defined in Table 2.

these receptor subtypes have not been clearly isolated. In the
present study, a distinct binding site in guinea-pig cerebral
cortex membranes was evaluated. This site has a phar-
macological profile that corresponds closely to the cloned
5-ht7 receptor and a distribution similar to the distribution of
5-ht7 mRNA in guinea-pig brain.

[3H]-5-CT has been used previously to label 5-ht7 receptors
in transfected cells (Plassat et al., 1993; Ruat et al., 1993;
Shen et al., 1993; Bard et al., 1993; Lovenberg et al., 1993).
However, this radioligand exhibits nanomolar affinity at 5-
HT,, 5-HT2, 5-ht5, 5-ht7, and cloned 5-HT4 receptors (Zifa &
Fillion, 1992; Boess & Martin, 1994; Adham et al., 1994). In
contrast, [3H]-5-CT is more selective, since it binds with
nanomolar affinity only to 5-HTIA, 5-HTIB, 5-HT1D and 5-ht7
subtypes (Hoyer et al., 1985; Heuring & Peroutka, 1987;
Hoyer, 1991; Nowak et al., 1993). In the present study, a

single population of receptors was isolated from guinea-pig
cerebral cortex membranes using [3H]-5-CT in the presence of
(-)-cyanopindolol and sumatriptan to occupy 5-HTIA and
5-HT1D receptors. The specific binding under these conditions
was saturable, reversible, and described by a single site recep-
tor model in equilibrium, kinetic and competition analyses.
All compounds displaced the radioligand to the non-specific
level defined by 5-HT, indicating that no non-5-HT sites were

labelled. However, it is likely that not all 5-HT7 receptors
were available for binding, as the masking compounds both
have sufficient affinity for 5-ht7 receptors to occupy a propor-
tion of sites at 1.0 tM.

The affinities of several structurally diverse compounds
that competed for [3H]-5-CT binding sites was compared to
those obtained in CHO-KI cells stably expressing the cloned
guinea-pig 5-ht7 receptor. The rank orders of affinity were

highly correlated, suggesting pharmacological identity. To
verify an absence of other 5-HT receptor subtypes in the
cortex binding assay, several compounds that distinguish
known 5-HT receptors were used. A lack of 5-HT, and 5-ht5
receptors was suggested by the low affinity of 8-OH-DPAT
(5-HTIA), pindolol derivatives (5-HTIA, 5-HTIB) and ergo-
tamine (5-HTIA, 5-HTIB, 5-HTID, 5-ht5A,5sB)- Subnanomolar
concentrations of [3H]-5-CT were not expected to label 5-
HTIE, 5-HTIF, 5-HT2, 5-HT3, 5-HT4 or 5-ht6 receptors (Zifa
& Fillion, 1992; Boess & Martin, 1994). The absence of these
receptors was further suggested by the poor activity of
sumatriptan (5-HTIF), ritanserin and mianserin (5-HT2),
ondansetron (5-HT3) and GRI13808 (5-HT4).
Although the correlation between brain tissue and cloned

receptor binding is very good, all the compounds tested were
weaker in the cortical membranes. The reason for this is not
clear. A possible factor may be that the assay relies on

binding of an agonist radioligand. Large differences have
been reported for agonist binding affinity (Kd) and functional
potency (EC50) in the cloned 5-ht7 receptors (Bard et al.,
1993; Tsou et al., 1994), suggesting that coupling efficiency of
this receptor can greatly affect potency. In addition, some
differences may exist in the relationship between the receptor
and associated G-proteins in the overexpressed conditions as

d
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Figure 6 Distribution of 5-ht7 receptor binding and mRNA in guinea-pig coronal midbrain and hindbrain sections. Sections
labelled as in Figure 5 (a-d) Cresyl violet; (e-h) total binding, autoradiography; (i-I) non-specific binding, autoradiography;
(m-p) in situ hybridization using antisense (m, n, o) and sense (p) strend 35S-labelled riboprobes. Hybridization using sense strand
probe was not above background except in cerebellar granule cell layer (Cb**). Abbreviations are defined in Table 2.

opposed to the endogenous tissues. Such differences might
affect the observed affinity of ligands competing with an
agonist binding site. Further studies using a radiolabelled
antagonist may address this issue directly.
A heterogeneous distribution of [3H]-5-CT binding sites

was identified in guinea-pig brain sections with the highest
binding densities in thalamo-cortical and limbic system areas.
A qualitatively similar distribution was recently reported for
5-ht7 receptors in rat and guinea-pig using [3H]-5-CT in the
presence of 100 nM PAPP (4-[2-[4-[3-(trifluoromethyl)phenyl]-
I-piperazinyl]ethyl]benzene amide) and 160 nM (-)-pindolol
(Branchek et al., 1993).

This distribution corresponded closely to the distribution
of 5-ht7 mRNA, although some differences were observed.
For example, 5-ht7 mRNA in hippocampus was highest in
the dentate gyrus and CA3 region, while [3H]-5-CT binding
was highest in the dentate gyrus and CAI-CA2 regions.
These observations may suggest that 5-ht7 receptors are
located presynaptically on the Shaeffer collaterals and
associational projections of CA3 pyramidal neurones. In con-
trast, receptors on dentate granule cells may be located both
pre- and postsynaptically. The moderate binding density in
brain regions with undetected mRNA levels, including the
substantia nigra, central grey, superior colliculus and
trigeminal nucleus (sp5) may reflect a presynaptic location of
5-ht7 receptors in these brain areas (Branchek et al., 1993).

In many brain areas, the distribution of binding sites was
complementary to that of other 5-HT receptors, particularly
the 5-HT1 subtypes (Waeber et al., 1989; Miquel et al., 1991;
Pompeiano et al., 1992; del Arco et al., 1993; Bruinvels et al.,
1994). Overlapping 5-ht7 and 5-HT1 receptor distributions
were found in lateral septum, entorhinal cortex, CAl-CA2

subfields of the hippocampus, amygdala, substantia nigra,
superior colliculi, and hypothalamus, and claustrum (5-HTlE,
Barone et al., 1993). The areas of similar distribution may
reflect opposing regulation of adenylyl cyclase activity by
5-HT.

Based on their distribution, functional implications of 5-ht7
receptors may be suggested. Thus, binding in midline
thalamic, limbic, and cortical structures suggest a role in
affective behaviours (Paxinos, 1985; Turner & Herkenham,
1991). Moderate receptor densities in the medial geniculate
nucleus, superior and inferior colliculi, central grey, and
spinal trigeminal nuclei are also consistent with a role in the
modulation of sensory information. Finally, receptors in
substantia nigra and ventral pallidum would be consistent
with possible actions of 5-ht7 receptors in motor behaviours
(Shen et al., 1993; Branchek et al., 1993).

Other roles for 5-ht7 receptors activation can be inferred
from the pharmacological binding profile. For example, 5-ht7
receptors exhibit moderate to high affinity for clozapine,
octoclothepin, pimozide, and risperidone. This has led to the
hypothesis that activity at these receptors may contribute to
the antipsychotic efficacy of these drugs (Roth et al., 1994).
Indeed, the low receptor density in striatum suggests that
novel compounds acting selectively at the 5-ht7 receptor sub-
type would have fewer extrapyramidal side effects.
The moderate affinity of 8-OH-DPAT at 5-ht7 receptors is

also important for proposing functional roles for these recep-
tors. 8-OH-DPAT has been previously classified as a highly
specific 5-HTIA receptor agonist (Gozlan et al., 1983; Boess &
Martin, 1994). However, 8-OH-DPAT also has moderate
affinity for the 5-ht7 receptor. Thus, several behavioural res-
ponses previously ascribed to 5-HTlA receptor activation may
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also reflect involvement of 5-ht7 receptors. For example, In summary, radioligand binding techniques have been
administration of 8-OH-DPAT can mimic 5-HT modulation used to identify a specific [3H]-5-CT binding site in guinea-pig
of circadian rhythms in hypothalamic tissue slices. This effect brain with a pharmacological profile and distribution similar
has now been mimicked by cyclic AMP analogues and to the cloned 5-ht7 receptor. The development of a radioli-
blocked by ritanserin, but not by pindolol, possibly im- gand binding assay may prove useful for characterization of
plicating 5-ht7 receptors in the modulation of circadian 5-ht7 receptors.
rhythms (Lovenberg et al., 1993).

Table 2 Distribution of 5-ht7 receptors in coronal guinea-pig brain sections

Receptor autoradiography In situ hybridization
Specific bound % spec. Optical density

Region (fmol mg-', t.e.) s.e.mean binding (see footnote)

Thalamus
paraventricular n., anterior PVA 19.33 ±2.25 94% ++++
paraventricular n., poster. PVP 17.77 ±1.76 92% + + +
paraventricular n. PV 17.28 ±2.48 88% + + +
intermediodorsal n. IMD 13.05 ± 1.48 87% + +
central medial n. CM 10.67 ±2.01 83% + + +
interanterodorsal n. IAM 11.74 ±1.82 87% +++
medial geniculate n., ventral MGV 8.16 ±1.01 84% + +
medial geniculate n., medial MGM 7.29 ±0.88 84% + +
mediodorsal n. MD 6.96 ±1.52 80% + +
centrolateral n. CL 5.99 ±0.60 80% + +
lateral geniculate n. LGN 4.88 ±0.75 71% +
laterodorsal n. LD 1.70 ±0.40 49% +

Hippocampus
dentate gyrus (mol. layer) DG 14.77 ±1.17 86% ++++**
CAI (all layers) CAI 9.64 ±0.60 77% +

CA2 (all layers) CA2 9.48 ±0.39 80% + +
CA3 (all layers) CA3 5.77 ±0.54 81% + + +

Cerebral cortex
entorhinal cortex Ent 11.79 ±1.12 87% + +
parietal cortex, layers 2-4 Par 10.27 ± 1.19 89% + +
occipital cortex, layers 2-4 Oc 9.91 ± 1.42 84% + +
frontal cortex, layers 2-4 Fr 9.21 ± 0.97 88% + +
temporal cortex, layers 2-4 Te 9.09 ±1.09 84% + +
cingulate cortex Cg 7.29 ±0.87 83% + +
perirhinal cortex PRh 7.06 ±0.91 85% + +
parietal cortex, layers 5-6 Par (5-6) 4.24 ±0.59 76% +

Amygdala
medial amygdala n. MeA 11.42 ±0.87 86% +
basomedial n. BMA 10.72 ±1.84 87% + +
basolateral n. BLA 10.58 ± 1.63 89% + +

Septum and hypothalamus
lateral septum LS 8.68 ± 1.05 85% +
ventromedial hypothal n. VMH 7.15 ±0.96 86% + +*
dorsomedial hypothal n. DMH 6.20 ±0.85 76% +
medial preoptic area MPA 6.03 ±1.04 83% +
medial septum MS 4.16 ±0.99 75%

Basal ganglia
claustrum Cl 9.17 ±0.96 88% +

ventral pallidum VP 7.21 ±1.17 84%
globus pallidus GP 6.83 ±1.04 81%
caudate-putamen CPu 2.85 ± 0.44 68%

Midbrain
substantia nigtra, pars retic. SNR 9.66 ± 1.04 87%
superior colliculus SC 8.87 ±0.76 84%
dorsal inferior colliculus DCIC 6.76 ±0.80 81% + +

central grey CG 6.31 ±1.01 78% +

interpeduncular n. IPDN 4.04 ±0.32 76%
zona incerta ZI 3.12 +0.45 64% +

Hindbrain
dorsal raphe n. DR 7.14 ±0.33 79% +

parabrachial n. PB 6.07 ±0.83 81% +

locus coeruleus LC 5.82 ±0.78 77%
spinal trigeminal n. SpS 5.36 +0.63 81%
prepositus hypoglossal n. PrH 4.38 ±0.41 74%
n. solitary tract Sol 4.23 ±0.35 74% +

hindbrain reticular form. Ret 3.88 ±0.49 72% +

median raphe n. MR 3.80 ±0.40 73%
cerebellum Cb 0.96 ±0.21 41% + ++ +**

Receptor autoradiography values obtained by digital image analysis of [3H]-5-carboxamidotryptamine ([3H]-5-CT) binding for n = 6
brains. Qualitative analysis of 15S-labelled riboprobe in situ hybridization (n = 4) expressed as relative optical density from
autoradiographs. Key: + + + +, very dark; + + +, dark; + +, moderate; +, light; ±, very light; -, none detected over sense

control background.
*mRNA ventrolateral to suprachiasmatic nucleus; **dark hybridization in sense strand control sections.
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Time-dependent fading of the activation of KATP channels,
induced by aprikalim and nucleotides, in excised membrane
patches from cardiac myocytes

'Dominique Thuringer, *Icilio Cavero & Edouard Coraboeuf

HWpital Marie Lannelongue, Departement de Recherche MWdicale, CNRS URA 1159, Laboratoire de Cardiologie
Moleculaire et Cellulaire, 133 Avenue de la Resistance, 92350 Le Plessis Robinson, France and *Rh6ne-Poulenc Rorer
Central Research, CRVA, 13 Quai Jules Guesde, B.P. 14, 94403 Vitry-sur-Seine, France

1 The effects of the potassium channel opener (KCO) aprikalim (RP 52891) on the nucleotide-induced
modulation of ATP-sensitive K+ (KATp) channels in freshly dissociated ventricular myocytes of guinea-
pig heart, were studied by use of the inside-out patch-clamp technique. The internal surface of the
excised membrane patch was initially bathed with a standard solution (Mg2+-free with EDTA), then
sequentially superfused with solutions containing nucleoside diphosphates (NDPs: 200pM ADP and
5011M GDP) and NDPs plus I mM MgCl2 (with EGTA; referred to as Mg-NDP solution).
2 The normalized concentration-response (channel closing) relationship to ATP was shifted to the right
when the standard solution was replaced by the Mg-NDP solution. Hence, the internal concentration of
ATP ([ATP]i) inhibiting the channel activity by half (K,) increased from 56 !AM to 180 JM, with an

apparently constant slope factor (s = 2.37). NDPs in the absence of Mg2' did not decrease the sensitivity
of the channels to ATP.
3 In standard solution, aprikalim (100 JM) activated KATP channels in the presence of a maximally
inhibitory [ATP]i (500 AM). This effect was strongly enhanced when aprikalim was applied to patches
exposed to Mg-NDP solution, as demonstrated by the 9 fold increase in Ki for [A TP]i (from 180 JAM to
1.5mM and s=2.37).
4 The ability of aprikalim to overcome the channel closing effects of ATP in Mg-NDP solution waned
rapidly. Similarly, the NDP-induced activation of ATP-blocked channels was also time-dependent. Both
activation processes disappeared before the channel run-down phenomenon appeared in ATP-free
conditions.
5 In conclusion, aprikalim is much more potent in opening KATP channels in membrane patches bathed
in Mg-NDP solution than in standard solution. However, under the former experimental conditions, the
effect of aprikalim waned rapidly. It is proposed that the waning phenomenon results from changes in
the intrinsic enzymatic activity of the KATP channel protein (possibly linked to the experimental
conditions) which lead to the channel closure.

Keywords: ATP-sensitive K+ channel; aprikalim (RP 52891); patch-clamp; potassium channel opener (KCO); magnesium
(Mg2+); nucleoside diphosphates (NDPs); adenosine triphosphate (ATP); guinea-pig heart; ventricular myocytes

Introduction

Potassium channel openers (KCOs) constitute a class of
chemically diverse compounds (Edwards & Weston, 1990)
which increase cell membrane permeability to K+ in various
tissues (for review see Longman & Hamilton, 1992). The
primary action of KCOs is to overcome the closure of KATP
channels produced by intracellular ATP concentrations
([ATP]i), although these agents may alter other K+ currents
(for review see Ashcroft & Ashcroft, 1990; Longman &
Hamilton, 1992; Quast, 1993). In experiments with excised
inside-out patches, micromolar concentrations of KCOs shift
the [ATP]i-response (closing channel) curve towards the right.
Hence, in the presence of the KCO, RP 49356 (30tiM), the
[ATP]i necessary to close 50% of the KATP channels increases
by approximately 9 fold (from 56 to 500StM; Thuringer &
Escande, 1989). While this provides evidence that KCOs
open KATP channels, it is not immediately evident how, in
isolated heart preparations in which physiological [ATP]i is
5-1O mM (Elliot et al., 1989), RP 49356 and other KCOs at
this concentration can markedly shorten action potential
duration and depress contractile activity. Several proposals
have been made to account for this apparent paradox. Firs-
tly, the activation of a very small fraction of cellular KATP
channels is sufficient to shorten markedly the action potential
duration (Findlay et al., 1989; Carmeliet et al., 1990; Faivre

' Author for correspondence.

& Findlay, 1990; Nichols et al., 1991). Secondly, catabolites
of high energy phosphates, in addition to or independently of
ATP, modulate channel activity in intact cells (for review see
Ashcroft & Ashcroft, 1990; Deutsch et al., 1991; Standen,
1992; Deutsch & Weiss, 1993; Weiss & Venkatesh, 1993);
indeed, cytosolic ADP or GDP increases channel activity in
the presence of Mg2" (Findlay, 1988a; Lederer & Nichols,
1989; Tung & Kurachi, 1991) by shifting towards the right
the concentration-response curve for closing channels
induced by a change in [ATP] (Nichols & Lederer, 1990;
Tung & Kurachi, 1991). Thirdly, there may be an intracel-
lular compartmentalization of ATP. Finally, some unknown
channel regulatory proteins may exist in intact cells, and
these may be lost following patch excision (Noma &
Shibasaki, 1985; Elliot et al., 1989). The identification of any
of these possible modulators might help to understand not
only the paradox that KCOs can open KATP channels at
physiological [ATP]j, but also some discrepant observations
that have been made with inside-out patches, such as that
KCOs do (Escande et al., 1989; Thuringer & Escande, 1989;
Shen et al., 1991; Tung & Kurachi, 1991) or do not (Ripoll et
al., 1990) activate channels following run-down. Thus,
differences in channel response to KCOs might be linked to
some as yet uncontrollable changes in channel modulatory
mechanisms which take place after the membrane is excised
from the cell.
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The purpose of the present work was to analyse the activa-
tion of cardiac KATP channels by aprikalim (the eutomer of
RP 49356) in order to provide new insights into the
mechanisms regulating channel function. We have shown
previously that in Mg2"-free high-K+ solution containing
EGTA, cardiac KATP channels need to be partially closed
either by ATP or by run-down before RP 49356 exerts its
effect (Thuringer & Escande, 1989). Since that time, much
evidence has come to light pointing to the amplification of
KCO-induced channel activation by NDPs and Mg2" (Shen
et al., 1991; Tung & Kurachi, 1991; Larsson et al., 1993). The
Mg2"-dependent activation site proposed for NDPs (Findlay
1988a; Lederer & Nichols, 1989; Shen et al., 1991; Tung &
Kurachi, 1991) has been recently advanced for KCOs in
skeletal muscle (Hussain et al., 1994). The aim of this inves-
tigation was to assess whether the same basal mechanism
might be involved in NDP- and KCO-induced activation of
KATP channels in excised membrane patches from guinea-pig
cardiac myocytes. To this end, we examined drug-channel
interactions for aprikalim in the absence (EDTA with no
MgCl2) or presence of ADP, GDP and Mg2+ (EGTA),
before and during channel run-down.

Methods

Cell isolation

Ventricular myocytes were isolated from hearts of guinea-pig
weighing 200-300 g by a standard dissociation technique.
Briefly, the heart was mounted on a Langendorff-type
apparatus and successively perfused (at 37°C) with Ca2+-free
Tyrode solution (see below) and the digesting Tyrode solu-
tion containing I mg ml- collagenase (Type I, Sigma) plus
0.28 mg ml- protease (Type XIV, Sigma). The ventricles
were then separated from the heart, cut into small pieces in
standard Tyrode solution containing additional CaCl2
(200 gM). Myocytes were dispersed mechanically, reseeded in
Petri dishes filled with the latter solution and then kept at
room temperature (22°-24°C) until their use.

Solutions and drugs

The Ca2'-free Tyrode solution contained (in mM): NaCl 136,
KCl 5.4, MgC12 1.0, HEPES (N-2-hydroxyethylpiperazine-N'-
2-ethane sulphonic acid) 10, NaH2PO4 0.33, glucose 10,
adjusted to pH 7.3 with NaOH. The composition of the
pipette solution was (in mM): KCl 140, CaCl2 2, MgCl2 1,
HEPES 10, glucose 10, adjusted to pH 7.3 with KOH. Inside-
out patches were formed in the standard solution containing
(in mM): KCI 130, KOH 10, HEPES 10, EDTA
(ethylenediamine tetraacetic acid) 3, glucose 10, adjusted to
pH 7.3 with KOH. The Mg-NDP containing solution was

prepared by adding 20011M ADP and 50 jM GDP in the
form of K+ salts, plus 1 mM MgCl2 to the standard solution
in which 1 mM EGTA (ethylene glycol-bis-(P-aminoethyl
ether)-N,N,N', N'-tetraacetic acid) was substituted for 3 mM
EDTA (Nichols & Lederer, 1990). A flow of solution from
one of a series of five pipette outlets continuously superfused
the inside-out membrane patch. The flow rate of perfusion
solutions was 50-100 fil min-'. Thus, the solution exchange
can be considered quasi-instantaneous in the patch area. In
all experiments, ATP was used as Mg2+-salt. A solution of
2 mM aprikalim in 1% DMSO (dimethyl sulphoxide) was

prepared daily. Nucleotides and drugs were added at various
concentrations to bath solutions. The pH of these solutions
was always adjusted to 7.3 with KOH just before use. All
chemical compounds were purchased from Sigma Chemical
(St. Louis, MO, U.S.A.) except for aprikalim, which was

provided by Rhone-Poulenc Rorer (Vitry-sur-Seine,
France).

Patch-clamp recordings and data analysis

Patch-clamp experiments were performed at room
temperature. Membrane currents were recorded in the inside-
out patch-clamp configuration with a RK300 Bio-Logic
amplifier (Bio-Logic, Echirolles, France). Patch pipettes were
pulled from Pyrex capillaries (Corning 7740) and had resis-
tances ranging between 5 and 8 MC. Current traces recorded
on tapes (Bio-Logic DTR 1202 recorder) were retrieved on a
Brush recorder (TA240, Gould Inc.) and filtered at 300 Hz
using a five-pole Tchebicheff filter (Bio-Logic, Echirolles,
France) or digitalized at a minimum sampling rate of 2 kHz
using software Acquisl (G.Sadoc, CNRS-URA 1121, Orsay,
France). For each period of drug application, the current
flowing through the patch was calculated with respect to the
zero current level determined in the presence of an ATP
concentration high enough to produce complete closure of all
active KATP channels in the patch area. The mean patch
current amplitude per time unit (calculated over periods of
20-30 s) is expressed as a fraction of the current measured in
ATP-free standard solution in order to obtain relative cur-
rent values. Data for the dose-response curve were fitted with
the following general equation:

Relative current = l/[1 + ([ATP]i/Ki)S]
where Ki is the [ATP]i causing half-maximal inhibition (50%)
and s is the slope factor (pseudo Hill coefficient). When
possible, data are given as mean ± standard deviation (s.d.
vertical bar) of n different experiments.

Results

NDPs decrease the A TP sensitivity of channels

In most inside-out patch experiments, inward unitary K+
currents flowing through KATP channels were recorded at
negative potentials. These channels rapidly fluctuate between
open and closed states and are characterized by an elemen-
tary conductance of 76.1 ± 2.5 pS (n = 5) with 140 mM K+
on both sides of the patch membrane. In all experiments, a
patch superfused with the standard solution (NDP- and
Mg2+-free with EDTA) was used as control. Concentrations
of NDPs used are probably in the upper limits of those
proposed to occur during an ischaemic stress (Lederer &
Nichols, 1989; Nichols & Lederer; 1990) because we wanted
to obtain maximal effects on the KATP channel activity.
Indeed, the effects of NDPs are concentration-dependent
(Lederer & Nichols, 1989; Tung & Kurachi, 1991).

In the first series of experiments, the concentration-
dependence of the channel inhibition by internal ATP in
standard solution and solutions containing NDP was inves-
tigated. The effects of two or three short ATP applications
were checked rapidly after patch excision to minimize the
channel run-down normally observed during single-channel
current recordings (Thuringer & Escande, 1989). An example
of current traces from three different patches is shown in
Figure 1. Under ATP-free standard conditions, KATP chan-
nels were fully active (Figure la). The application of 300 gM
ATP rapidly suppressed this activity almost totally and
revealed an additional type of channel activity of smaller
current amplitude (about -0.9pA) with long-lasting open-
ings identified as the inwardly-rectifying K+ current flowing
through iKl channels. The removal of ATP routinely reac-
tivated quickly and completely all KATP channels present in
the patch. For patches bathed in the Mg-NDP solution
(2001M ADP, 50 jM GDP, 1 mM MgCl2 with EGTA),
300 jM ATP also inhibited the KATP channel activity, but did
so only partially (Figure Ib; n = 3 different experiments).
Comparable results were obtained at positive potentials
(n = 10), except that the unitary current amplitudes of both
iKl and KATP channels decreased, probably due to the fast
voltage-dependent block by internal Mg2" (Horie et al., 1987;
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Standard (NDP- and Mg-free)

ATP

StandardU [
NDPs + Mg + ATP - ATP

NDPs + ATP (no Mg)

8 pA

8s

Figure 1 Effects of intracellular nucleotides and Mg2` on single KATP channel currents in inside-out membrane patches. Current
traces recorded from three different patches. The inhibitory effect of 300 iM ATP was tested in standard solution (Mg2"-free with
EDTA; a), in Mg-NDP solution (200 tiM ADP, 50gM GDP, 1 mM MgCl2 with EGTA; b) and in NDP solution (200 tiM ADP,
50pM GDP, Mg2+-free with EDTA; c) as indicated above each trace. The KArp channel activation appears as fast openings
superimposed on slow current fluctuations resulting from iKl channel openings, as observed in both (a) and (c) traces during ATP
exposure. At least 10 simultaneous openings of KATP channels were observable on each trace in ATP-free conditions. Internal
NDPs reduced markedly the blocking effect of ATP on KATP channels only in the presence of Mg2+ (b). In Mg-free solution, NDPs
appear to be slightly inhibitory upon ATP application (c). In this and subsequent figures, the patch membrane potential (Em) was
-30 mV and downward deflections represent inwardly directed unitary K+ currents (symmetrical high K+ conditions). Traces were
filtered at 300 Hz. Dotted lines mark the current level when all channels were closed. Rectangular boxes indicate the kind of
solution used and lines mark drug applications. Experiments were performed at 22'-24'C.

Matsuda, 1991). ADP and GDP activated KATP channels
exclusively in the presence of internal Mg2". In the absence
of this cation (EDTA with no MgCl2), the effectiveness of
ATP in blocking KATP channels was slightly increased by
purine diphosphates, as shown in Figure 1 (c; n = 3 different
experiments), a result that is in line with previous reports
(Findlay, 1988a; Lederer & Nichols, 1989; Nichols &
Lederer, 1990; Nichols et al., 1991; Tung & Kurachi, 1991).
The concentration-response curves for ATP closing KATP
channels in standard and Mg-NDP solutions are illustrated
in Figure 2. In standard solution, the equation fitting data
provided a Ki of 56 gM and a slope value of 2.37 (see
Methods). These results are in good agreement with previous
observations of ventricular myocytes (Findlay, 1988b; Thur-
inger & Escande, 1989). In Mg-NDP solution, data were also
well fitted by the equation which provided a Ki of 180IM
and a slope value of 2.37. Therefore, the inefficiency of
300gM ATP in blocking all channels in the presence of ADP,
GDP and Mg2', as illustrated in Figure 1 (middle trace),
results from a parallel shift towards substantially higher
[ATP]i of the ATP-dependence of channel activity (Figure
2).

Aprikalim counteracts the inhibitory effect ofATP

Under standard conditions, aprikalim was weakly activating
in the presence of ATP (Figure 3). Aprikalim (10 iM) failed
to activate significantly the KATP channel activity in the
presence of 500,M ATP. The iKI channel activity was still
present after ATP had inhibited KATP channels. A modest
activation of KATP channels was observed when the concent-
ration of aprikalim was increased to 100fgM; this activation
was suppressed when the solution was replaced by one con-
taining 10 AM aprikalim. That the level of activity induced by
aprikalim was low cannot be attributed to the run-down of
KATP channels, because the level of simultaneous channel
openings recorded after ATP removal (Figure 3d) was similar
to that recorded at the beginning of the experiment (Figure
3a). Similar results were obtained in six other
experiments.

Because the extent of KCO effects in some circumstances
depends on the degree of channel activity under nucleotide-
free conditions (Thuringer & Escande, 1989; Fan et al., 1990;
Allard & Lazdunski, 1993), we also tested aprikalim in the
absence of internal ATP (Figure 4). A few seconds after the

aL

bi Stand.
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1.0 - patch was formed in standard solution, the high level of
channel activity generally recorded in all patches was neither
increased nor reduced by the internal application of 100 IM

0.8 L i; T T aprikalim (Figure 4a; n = 5 experiments). Moreover, after0.8 -

..several minutes of recording, during which the channel
., 1. activity decreased spontaneously, 100 pM aprikalim did not

c \ \ activate more KATP channels (Figure 4b; n =4
0.6 experiments).

}l Whether aprikalim would open ATP-blocked channels in
> 1\ patches maintained in the Mg-NDP solution was also tested
X~ 0.4 . '^'in the presence of 500 1M ATP, which reduces channel

It ] activity by ;90% (see Figure 2). As shown in Figure 5a,
., j only one KATP channel briefly opened during ATP super-

1' T Ifusion. Returning to ATP-free standard conditions invariably
0.2 reactivated KATP channels present in the patch area to a

maximal extent (13 simultaneous openings). This high level
of activity persisted when the patch was superfused with

.01 102 . Mg-NDP solution containing 100 11M aprikalim. Under the
100 101 102 103 104 latter conditions, exposing the patch to 500 jIM ATP reduced

ATP concentration (giM) channel activity only slightly (10-12 simultaneous openings;
Figure Sb). Decreasing the concentration of aprikalim to

Figure 2 Concentration-response relationships for the closing of 10JiM was accompanied by a substantial decrease in activity
KATP channels by ATP in standard solution (Mg2+- free with EDTA; and channels attained a new steady-state level (1-3 levels of
0) and in Mg-NDP solution (200pM ADP, 50 M GDP, I mM activity) in approximately 15 s (Figure Sc). The removal of
MgCI2 with EGTA; A). The relative current represents the mean aprikalim but not ATP resulted in a rapid and almost com-
patch current in the presence of ATP as a fraction of that in plete loss of KATP channel activity (only one channel opened
ATP-free solution. Values are mean ± s.d. (n = 3 to 5 in each case). from time to time). The maximal sustained activity of KATP
The dashed lines are fitted by regression analysis with K, = 56 AM channels could be restored by removing ATP and adding(standard) or 180 Jm (NDPs + Mg) and a slope factor s = 2.37. 100 JM aprikalim, indicating that no run-down occurred dur-

aL Standard (NDP- and Mg-free)

Aprikalim (10 AM) + ATP

b Standard (NDP- and Mg-free) I

Aprikalim (100 gM) + ATP
. Li.............. .....J1AA-_zv77_r

c |Standard (NDP- and Mg-free)l

Aprikalim (10 gm)
+ ATP

4 pAI -_
2 s_

d Standard (NDP- and Mg-free) + ATP
..,............................... ................................................................................................ ........._......._

....1L .11 .

Figure 3 Effect of aprikalim on KATP channels in NDP- and Mg2"-free conditions. Continuous current traces recorded from one

inside-out patch containing at least four KATP channels. Patch was perfused with standard solution (NDP- and Mg2"-free, EDTA)
initially, then both ATP (500 tiM) and aprikalim (10 JiM then 100 JM) were added, before returning to standard solution. Aprikalim
(10 JM) did not induce KATP channel activity in presence of ATP. Increasing the dose of aprikalim (100 JM) caused a slight and
reversible activation of ATP-blocked channels. Comparison of channel activity in drug-free standard solution at the beginning (a)
and at the end (d) of current recording indicates the absence of channel run-down.
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a

Standard (NDP- and Mg-free)

Aprikalim (100 gM)

4 pA
4 s

pw _w- -

b

Standard (NDP- and Mg-free)

Aprikalim (100 gM)

4 s

Figure 4 Effect of aprikalim on KATP channels in nucleotide-free standard conditions. Current traces recorded from two separate
inside-out patches continuously superfused with the standard solution (NDP- and Mg2"-free, EDTA). The effect of 100 AM
aprikalim added to the standard solution was tested in a patch with high activity (a; few seconds after its excision) and in a patch
with low activity (b; after 5 min of recording). In ATP-free conditions, aprikalim did not affect the KATP channel activity.

Standard (NDP- and Mg-free) NDPs + Mg I
Aprikalim (100 pM)

bi NDPs + Mg
Aprikalim (100 gM) I Aprikalim (100 gM)

V +ATP
...................................................................... ................................. .....................................................................

........... .......................................................................................

. I I L

c NDPs + Mg

Aprekalim (10 pM) I- Aprikalim (100 gM)
+ ATP i ATP A

P............... .,t ................................................ .................

8 pAL
2 s G i1lA

Figure 5 Effect of aprikalim on KATP channels in the presence of NDPs and Mg2+. Current traces recorded from one inside-out
patch. Patch was excised in standard solution (NDP- and Mg2+-free; not shown), then superfused with Mg-NDP solution
containing 500 ;IM ATP, before returning to standard solution. Aprikalim (100 jIM then 10 fIM) was added to the Mg-NDP solution
(200 jM ADP, 50 (IM GDP, 1 mM MgCI2 with EGTA) with or without 500 jM ATP. Change of successive drug applications is
marked by arrow. At least fifteen simultaneous openings of KATP channels can be detected in the standard solution as in the
Mg-NDP solution containing aprikalim.

NDPs + Mg

ATP
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ing the course of this experimental procedure. Similar results
were obtained with four additional inside-out membrane pat-
ches from different myocytes. Therefore, aprikalim activated
KATP channels despite the continued presence of almost max-
imally inhibitory [ATP]j.

In subsequent experiments, the effects of 100 fAM aprikalim
on KATP channels were more extensively studied by determin-

1.0 .........

0.8

0.6

.)0.4

0.2

0.0.
1o0 102 1o3 lo4

ATP concentration (gmM)
Figure 6 Concentration-response relationships for the closing of
KATP channels by ATP in Mg-NDP solution in the absence (dotted
curve redrawn from Figure 2) and the presence of 100 pM aprikalim
(@ and continuous curve). The relative current represents the mean
patch current in test [ATP] as a fraction of that in ATP-free condi-
tions. Values are mean ± s.d. (n = 3 to 7 in each case). The con-
tinuous line is fitted by regression analysis (Ki = 1.5 mm and
s = 2.37).

ing a concentration-response curve to [ATP]j. The results
obtained from 3 to 7 experiments for each [ATP]i are shown
in Figure 6. The aprikalim-induced activation of KATP chan-
nels occurred at millimolar [ATP]j. Fitting of experimental
data obtained by superfusing the patch with Mg-NDP solu-
tion containing 100gIM aprikalim yield a Ki for [ATP]i of
1.5mM with a slope value of 2.37 (unbroken line; Figure
6).

Activating action of aprikalim depends on time after
patch excision

In preliminary experiments, we observed that the activating
effect of aprikalim, which was strong during the first few
minutes that the patches were bathed in Mg-NDP solution,
tended to vanish rapidly with time. Specific experiments
(n = 10) were then carried out to determine whether this
decay differed from the run-down process. Just after inside-
out patch formation, the channel activity in standard solu-
tion was briefly recorded, then the standard solution was
replaced by the Mg-NDP solution in which 100 LM aprikalim
were added alone or with ATP (at one or several concentra-
tions). This protocol was repeated several times and the
channel run-down estimated by returning the patches to stan-
dard solution after each drug application. To quantify these
effects more precisely, we calculated the current through the
patch as the ratio of the mean current amplitude to a time
unit (averaged over 20-30 s after reaching a steady level).
This ratio was determined both for patches in test solutions
and for patches in the standard solution at the onset of the
current recording. A typical experiment is illustrated in
Figure 7, where 100 gM aprikalim was applied in the absence
of ATP and then in the presence of 1 mM ATP. Excision of
the patch in the standard medium maximally activated KATP
channels present in the patch area (9-10 levels of activity,
patch current taken as unity; Figure 7a). The internal app-

NDPs + Mg + aprikalim (100 gM)Standard I

ATP (1 mM)

cl NDPs +. Mg + aprikalim (100 gM) I Standard

ATP (1 mM)

Figure 7 Time-dependent decline of aprikalim-induced channel activity. Current traces recorded from one inside-out patch. Trace

(a) started 20 s after patch excision in standard solution (NDP- and Mg2+-free) whereas trace (b) was obtained 4 min later. Traces

(b) and (c) represent a continuous recording. ATP (1 mM) was added to Mg-NDP solution (200 gM ADP, 50 jM GDP, 1 mM
MgCl2) containing aprikalim (100 FM), as indicated above each trace. Comparison of channel activity in standard solution at the

beginning (a) and at the end (c) of the current recording indicates the absence of channel run-down.

NDPs + Mg + aprikalim (100 gM)

I .. .. I--- 11 I
I I I

ATP O MM)
.................. ......................................... ......................................................................................................... . ..... ..... ..................
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lication of 100 juM aprikalim (in Mg-NDP solution) did not
affect this sustained channel activity; further addition of
1 mM ATP inhibited it partially and reversibly (3-10 simul-
taneous channel openings; relative current = 0.724). How-
ever, after ATP was removed, the number of active channels
progressively decreased despite the presence of aprikalim
(4-8 levels of activity about 4 min following the patch
excision; relative current = 0.797; Figure 7b), and a second
addition of 1 mM ATP further reduced the channel activity
to 0-4 levels (relative current = 0.145). This gradual loss of
aprikalim-induced activation might be attributed to a concur-

rently arising run-down phenomenon which routinely occurs
in isolated patches with kinetics depending on the patch
tested. However, this was clearly not the case, since, when
patches were returned to standard solution, the channel
activity attained a new steady-state level of 9 simultaneous
openings (relative current = 0.908), as shown in Figure 7c.
Although the kinetics of this time-dependent process varied
greatly from patch to patch, a comparable lack of effect of
aprikalim on ATP-blocked channels was observed after a few
minutes in all the patches (n = 9), even in the presence of
micromolar [ATP]. A more complete example of such a

a
Standard NDPs + Mg NDPs + Mg + aprikalim (100 gM)

ATP (500 gM) ATP (500 gM)

_ _ _ _ ATP (500_jM) _____ ATP (50 * LM)

(i)4 I JI I

Standard NDPs + Mg NDPs + Mg + aprikalim (100 gM)
ATP (500 AM) ATP (500 AM)

_ -i _--

| Standard |NDPs + Mg |NDPs + Mg + aprikalim (100 gm)
- ~~ATP (500 gm) - ,ATP (5X0 gm)

(iii) I
LA 8pAL

8 s

b
14

c

0.

C-

CR

0

Time (min)

Figure 8 Comparative evolution with time after patch excision of aprikalim-induced channel activity and channel run-down. (a)
Current traces recorded from one inside-out patch: 30 s after patch excision (i), 5 min later (ii), and 10 min later (iii). Just after
patch excision, the KATP channel activity was recorded in standard solution, then in Mg-NDP solution in which aprikalim (100 ;M)
and/or ATP (500pM) were added, as indicated. After each series of drug applications, the channel run-down was estimated by
returning to standard solution. (b) Time course of the relative current measured during repetitive applications of 100 gM aprikalim
(A) and 100 gM aprikalim plus 500 gM ATP (A) in Mg-NDP conditions, and during exposure to standard solution (A). Relative
current is the mean patch current measured in the different conditions expressed as a fraction of that measured in standard solution
immediately after patch excision. Data in (i), (ii) and (iii) are obtained from the corresponding traces in (a).
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gradual decrease in the effectiveness of aprikalim, different
from the run-down process, is shown in Figure 8: diminishing
responses to successive applications of 100 gM aprikalim were
observed in the presence of 500 gM ATP. The maximal level
of channel activity normally recorded for patches in the
standard solution (11 simultaneous openings) during the first
minutes after inside-out patch formation (upper trace) was
the same as that observed for patches in Mg-NDP solution
containing aprikalim. Applying ATP alone to patches in
Mg-NDP solution drastically inhibited KATP channel activity
(1 level of activity), whereas applying ATP in the presence of
aprikalim only slightly inhibited it (8-9 levels of activity), as
already described (see Figures 4 to 6). Five minutes after
patch excision (Figure 8a(ii)), all KATP channels were max-
imally activated upon returning the patches to standard solu-
tion (11 levels of activity), and the subsequent application of
ATP in Mg-NDP solution still strongly reduced channel
activity (1 level of activity). The second application of
aprikalim did not reactivate all KATP channels (8-10 simul-
taneous channel openings) and the concomitant addition of
ATP even more drastically reduced channel activity (1-4
levels of activity). Ten minutes after patch excision (Figure
8a(iii)), a modest run-down of KATP channel activity was
noted when patches were returned to standard solution (5-8
levels of activity). A stronger inhibition of this activity was
induced by ATP alone in Mg-NDP solution, probably as a
consequence of the spontaneous loss of active channels (one
opening). The subsequent application of aprikalim partially
activated the channels (3-6 levels of activity), an activation
which was almost entirely suppressed by ATP (1-2 brief
openings). Quantitative analysis of the data (Figure 8b)
indicated that, despite the presence of aprikalim, the patch
current fell rapidly upon successive ATP applications during
the first 10 min of recording (by 11.5% at the first applica-
tion and by 69% at the second) whereas its value was
reduced in the absence of ATP only slightly and only at the
second application by 8%. Thereafter, the channel activity
recorded in standard solution waned (run-down; reduction of
22% at the third application) at a rate somewhat slower than

a I Standard

that found for patches in Mg-NDP solution containing
aprikalim (reduction of 38.5% at the third application).
Aprikalim lost its ability to overcome ATP inhibition much
faster, since ATP almost completely inhibited the patch cur-
rent within 14min (reduction of 96% at the third applica-
tion), whereas reductions of 54% and 69% were subsequently
observed for patches bathed in standard solution and in
Mg-NDP solution containing aprikalim, respectively.
Therefore the progressively developing ineffectivenwss of
aprikalim in counteracting the inhibitory effect of At was
faster than, and different from, the spontaneous loss of chan-
nel activity due to run-down.

Activating action ofMg-NDPs wanes rapidly

The time-dependence of KATP channel activation induced by
NDPs was also tested on inside-out patches (n = 7) succes-
sively superfused with standard solution then with Mg-NDP
solution containing ATP at various concentrations. Before
studying low [ATP], the patch was exposed to 1 mM ATP for
at least 20-30 s to delay channel run-down. As observed in
Figure 9a, 1 mM ATP inhibited strongly KATP channel
activity when applied together with Mg2" and NDPs. This
basal activity was enhanced by decreasing the [ATP] to
200 JLM, as already illustrated in Figure 2. Following a 5 min
period of recording, during which a loss of four levels of
channel activity was observed in the standard solution
(Figure 9b), an inhibition of channel openings, much
stronger than that shown in the upper trace, was produced
by 200 gM ATP. Some rare single-channel openings could
still be detected in the presence of 1 mM ATP. The run-down
of channel activity took place 3 min later under standard
conditions. The time-course of the NDP-induced modulation
of KATP channel activity recorded from another inside-out
patch is illustrated in Figure 10. After patch formation in
standard solution, the membrane was exposed to 1 mM,
200pM, 100 M then 50 M ATP in Mg-NDP conditions,
before being re-exposed to the standard solution. It can be
seen that (i) some channel activity persisted throughout the

NDPs + Mg

ATP (1 mM) ATP (0.2 mM)

4 pAL
4 sec

bi Standard NDPs + Mg

/......................................

jiA£Liz

Figure 9 Time-dependent decline of NDP-induced channel activity. Current traces recorded from one inside-out patch at different
times after patch excision: 10 s (a), 5 min (b) and 8 min (right part of b). Just after patch excision, the KATP channel activity was
recorded in standard solution initially, then in Mg-NDP solution containing ATP at two different concentrations (I mM then
200 JiM) as indicated. Change of [ATP] is marked by arrow. After each series of ATP applications, the channel run-down was
estimated by returning to standard solution.
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Figure 10 Comparative evolution with time after patch excision of
NDP-induced channel activity and channel run-down. Data were
obtained from one inside-out patch repeatedly exposed to various
[ATP]: 1 mM (0), 2OOLM (b), 100 1M (A) and 50tM (0) in
Mg-NDP solution, and then patch was re-exposed to standard solu-
tion (@) in order to estimate channel run-down. Ordinate scale
shows patch current relative to the current recorded in standard
solution immediately after patch excision.

experimental procedure when 1 mM ATP was applied to the
patch under Mg-NDP conditions, (ii) the inhibitory effect of
moderate ATP concentrations increased markedly as a func-
tion of time, and (iii) the channel activity recorded in the
standard solution was consistently lower than that recorded
prior to inhibition by a series of successive ATP applications.
For instance, the patch current declined from 1 to 0.482 (i.e.,
51.8%) 10 min after patch excision. Repeated applications of
micromolar [ATP] also caused progressively smaller res-
ponses, i.e. from 0.567 to 0.1 in 200 gM ATP (82.4%), from
0.699 to 0.234 in 100gpM ATP (66.5%) and from 0.786 to
0.257 in 50gM ATP (67.3%) after a comparable period of
time. Although the kinetics of this time-dependent process
varied from patch to patch, a comparable lack of effect of
NDPs on ATP-blocked channels was observed in the six
other experiments. Thus, the NDP-induced activation of
ATP-blocked channels waned faster. than the channel run-
down appeared.

Discussion

Our study provides two major pieces of information about
the electrophysiological profile of aprikalim (RP 52891, the
eutomer of RP 49356), as observed with inside-out memb-
rane patches from guinea-pig ventricular myocytes. First,
aprikalim is much more potent in opening ATP-blocked KATP
channels in the presence than in the absence of internal
Mg-NDPs. Second, this channel activation induced by
aprikalim wanes more rapidly than can be accounted for by
channel run-down.
Many features of the interaction between aprikalim and

KATP channels reported here are common to other KCOs (for
review, see Ashcroft & Ashcroft, 1990): (i) the internal app-
lication of aprikalim reduced, in a concentration-dependent
manner, the ATP sensitivity of cardiac KATP channels; (ii) the
aprikalim-induced activation of KATP channels occurred even
in the absence of internal Mg2"; and (iii) this effect was

markedly enhanced by NDPs in the presence of Mg2". The
ability of aprikalim and some other KCOs (Shen et al., 1991;
Tung & Kurachi, 1991; Allard & Lazdunski, 1993; Larsson et
al., 1993) to facilitate the opening of KATP channels and to
hasten strongly their recruitment once this has been initiated
by an endogenous event (i.e. increases in [ADP]i from 10 to
200fgM; Allen et al., 1985) may be of a particular relevance
for the therapeutic potential of this class of compounds
protecting the heart against an ischaemic/perfusion injury
(Richer et al., 1990; Auchampach et al., 1991; Anderson,
1992; Escande & Cavero, 1992; Gross & Auchampach, 1992;
Lynch et al., 1992; Opie, 1993). Through the additional

stimulating effects of H' (Fan & Makielski, 1993), lactate
(Han et al 1994) and adenosine (Li et al., 1993), KCOs might
even further accelerate the opening of KATP channels when
[ATP]i is higher than that generally required for such an
opening to occur in the absence of a KCO. The beneficial
consequence which may be expected from this effect of KCOs
is to prolong cell viability during oxygen deprivation, since
the cardiac myocyte can rapidly adopt a strategy of defence
against ischaemia/reperfusion damage before the drastic fall
of its [ATP]J (Auchampach et al., 1991).
The mechanism of action of aprikalim seems to be some-

what different from that of the racemic compound, RP 49356
(Thuringer & Escande, 1989; Weik & Neumcke, 1990), since
aprikalim required the presence of internal ATP for its effects
and only weakly activated KATP channels in patches bathed in
Mg2"-free solution. Similar differences have also been
reported for other KCOs (Escande et al., 1989; Kozlowski et
al., 1989; Fan et al., 1990; Takano & Noma, 1990; Shen et
al., 1991; Tung & Kurachi, 1991; Larsson et al., 1993; Hus-
sain et al., 1994). The exact reason for these observations
remains unclear. However, it is difficult to be sure that, for
aprikalim and RP 49356, such discrepancies are entirely
independent of the experimental conditions, since we did not
study these two compounds at the same time. In the present
experiments, the continuous and direct superfusion of the
patch with Mg2"-free standard solution containing EDTA
very likely washed out any Mg2" bound to the internal
surface of the excised membrane. Levcromakalim (formerly
called lemakalim; the eutomer of cromakalim) has been
recently proposed to have a Mg2"-dependent mechanism of
KATP channel activation in skeletal muscle (Hussain et al.,
1994); intracellular Mg2", therefore, may also be required for
channel activation by KCOs in the heart. However, the
possibility that aprikalim-induced channel activation is
mediated through a Mg2"-dependent binding site can be
discarded in view of the observation that a high concentra-
tion of aprikalim still activated ATP-blocked channels in
Mg2"-free conditions, as also reported for pinacidil in cardiac
myocytes (Fan et al., 1990). A simple interpretation of these
results would be that the inhibitory nucleotide binding site
and the site for KCOs allosterically interact, as proposed for
pinacidil in skeletal muscle cells (Allard & Lazdunski, 1993).
Such an interaction could also account for the strongly
facilitating effect of NDPs on aprikalim action in the
presence of Mg2+.
One interesting observation we made is that aprikalim or

NDPs in Mg2+-containing solutions can lose their effects
against the inhibitory action of ATP faster than KATP chan-
nels run down. Previous reports have shown that in cardiac
myocytes KCOs alone (Escande et al., 1989; Thuringer &
Escande, 1989; Takano & Noma, 1990; Ashford et al., 1994)
or co-applied with Mg-NDPs (Shen. et al., 1991; Tung &
Kurachi, 1991) can temporarily restore channel activity after
complete run-down. However, the experimental conditions
used in these studies differ substantially from ours, since we
analysed the progressive inability of aprikalim to counteract
the inhibitory action of internal ATP over time. In agreement
with out results, Ripoll et al. (1990) have observed that
cromakalim in NDP-free solution no longer counteracts the
inhibitory action of ATP after the run-down process has
taken place. In addition, diminishing responses to repeated
applications of levcromakalim in nucleotide-free solutions
have also been reported to occur in skeletal muscle cells
(Hussain et al., 1994). Therefore, the time-dependent fading
of the aprikalim-induced activation of KATP channels is prob-
ably not linked to the presence of NDPs. Like aprikalim,
Mg-NDPs failed to activate partially run-down KATP chan-
nels in the presence of micromolar (ATP]i. Such an increase
in channel sensitivity to micromolar [ATP]i as channel
activity runs down is in line with previous observations
(Thuringer & Escande, 1989; Nichols & Lederer, 1991;
Deutsch & Weiss, 1993). That the channel activity after the
removal of Mg-NDPs and ATP was consistently lower than
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the control activity prior to inhibition by ATP suggests that
no phosphorylation occurred under our experimental condi-
tions. In apparent contrast with our results, Ashford et al.
(1994) have recently shown that, like native cardiac KATP
channels (Shen et al., 1991; Tung & Kurachi, 1991), the
cloned cardiac channel (rcKATP-1) undergoing run-down can
be reactivated by NDPs, exclusively at very high concentra-
tions (10 mM) in the presence of 2 mM Mg2" and that this
effect is drastically increased when micromolar [ATP]i is co-
applied with Mg-NDP. However, it is possible that the high
[NDPs]i used by these authors triggered an additional
mechanism of channel opening. Indeed, the channel reactiva-
tion following run-down requires energy necessarily derived
from high energy phosphates (Furukawa et al., 1994). It may
be speculated that millimolar [NDPs]j can also supply this
energy to restore the channel protein to its active conforma-
tional state.
We have difficulties in offering a satisfactory interpretation

for the time-dependent fading of KATP channel activation by
aprikalim or NDPs for which the same basal mechanism
(different from the run-down due to channel dephosphoryla-
tion; Findlay, 1988b; Furukawa et al., 1994) may be respons-
ible. Our data exclude the possibility that channel phos-
phorylation may be part of the mechanism underlying the
action of aprikalim or NDPs in the presence of internal
Mg2". This, however, does not mean that the degree of
channel phosphorylation and the potency of aprikalim or
NDPs in activating channels are fully independent and can-
not exert reciprocal influences. Interestingly, Shen et al.
(1991) have reported that other KCOs (except nicorandil) can
activate cardiac KATP channels only if the channels are not
completely dephosphorylated. Our data, which are quite
similar to theirs, perhaps could be explained on the basis of
variable degrees of channel phosphorylation resulting from
our experimental conditions. It may be speculated that, in
our experimental conditions, KATP channels would become
dephosphorylated over short periods of time (5-10 min)
because the continuous superfusion of the patch with Mg-
free standard solution (EDTA) would wash out any

superficial membranous ATP, Mg2" or other regulatory
molecules, such as kinases, associated with the channel pro-
tein (Larsson et al., 1993; Hussain et al., 1994). Whether any
activating substances are actually lost during patch excision
is still unknown. It is tempting to suggest that one of the G
proteins proposed to prevent the ATP-dependent closure of
KATP channels (Terzic et al., 1994) might be involved in
transducing the signal generated by the KCO or NDP bind-
ing to the channel protein. Presumably, this G protein could
be washed out from the excised patch during the experiment-
al procedure. Further studies are necessary to elucidate such
possible regulatory mechanisms which are hinted at by our
inside-out patch experiments.

In summary, we have shown that aprikalim is much more
potent in opening ATP-blocked KATP channels in the
presence than in the absence of internal Mg-NDPs, although
its action wanes rapidly in excised membrane patches. This
fading, like channel run-down, appears to be linked to the
excised patch itself as well as to the experimental conditions.
Therefore, the failure of aprikalim to produce in our
experiments a sustained KATP channel activity cannot be
considered an intrinsic property of the compound since it is
not observed with intact tissues (Richer et al., 1990; Aucham-
pach et al., 1991; Escande & Cavero, 1992). In conclusion,
our results favour the hypothesis that cardiac myocytes
suffering a transient ischaemic stress and treated with
aprikalim (or more generally with KCO) are likely to adopt
much sooner a strategy of protection and resume their con-
tractile function more easily, upon timely reperfusion, than
untreated cells (Cavero & Premmereur, 1994).
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Involvement of tachykinins in plasma extravasation induced
by bradykinin and low pH medium in the guinea-pig
conjunctiva
Michela Figini, Panthea Javdan, Fabio Cioncolini & 'Pierangelo Geppetti

Institute of Internal Medicine and Therapeutics IV, Laboratory of Clinical Pharmacology, University of Florence, Viale
Pieraccini 6, 50139 Florence, Italy

1 The effect of bradykinin, capsaicin, substance P and low pH medium on plasma extravasation in the
guinea-pig conjunctiva has been studied. Evans blue dye was measured in the conjunctiva after local
instillation of the agents into the conjunctival sac.
2 Bradykinin (2-50nmol), capsaicin (20-50nmol) and substance P (0.5-5mnmol) caused a dose-
dependent increase in plasma extravasation with the following order of potency: substance P> brady-
kinin = capsaicin. The effect of capsaicin (50 nmol) and substance P (5 nmol) was abolished by the
tachykinin NKI receptor antagonist, CP-99,994 (8 pmol kg-', i.v.) (P<0.01), whereas CP-100,263
(8 pmol kg-', i.v.) the inactive enantiomer of CP-99, 994 was without effect. CP-99,994 inhibited by 70%
(P<0.01) the effect of bradykinin.
3 The kinin B2 receptor antagonist, Hoe 140 (icatibant, 10 nmol kg-', i.v.) abolished the response to
bradykinin (50 nmol) (P <0.01), but did not affect the responses to capsaicin (50 nmol) or substance P
(5 nmol). Plasma extravasation induced by low pH medium (pH 1) was abolished by CP-99,994
(P<0.01) and by Hoe 140 (P<0.01).
4 The present findings suggest that: endogenous or exogenous tachykinins increase plasma extravasa-
tion in the guinea-pig conjunctiva by activation of NKI receptors; bradykinin-induced plasma extravasa-
tion is mediated by tachykinin release from sensory nerve endings; low pH media cause plasma
extravasation via release of kinins that by activation of B2 receptors release tachykinins from sensory
nerve endings.

Keywords: Neurogenic inflammation; conjunctiva; substance P; capsaicin; tachykinin NKI receptors; bradykinin; kinin B2
receptors; low pH

Introduction

A subpopulation of primary sensory neurones is characteriz-
ed by the ability to release neuropeptides from their peri-
pheral endings, thus causing a series of effects collectively
referred to as neurogenic inflammation. In most tissues these
effects consist of arterial vasodilatation, leakage of plasma
proteins and recruitment of inflammatory cells. The neuro-

peptides released from primary sensory neurones include cal-
citonin gene-related peptide (CGRP) and the tachykinins,
substance P and neurokinin A. CGRP mediates vasodilata-
tion in certain tissues and organs, whereas the tachykinins
increase plasma protein extravasation and promote leukocyte
adhesion to the vascular endothelium (Holzer, 1988; Maggi
et al., 1989). These effects of tachykinins are mediated, with a

few exceptions (Tousignant et al., 1993), by activation of
tachykinin NKI receptors (Eglezos et al., 1992), probably
located on the endothelial cells of postcapillary venules
(Bowden et al., 1994).
The conjunctiva is innervated by peptide-containing sen-

sory nerves (Elsas et al., 1994). These nerves are sensitive to
the excitatory action of capsaicin, the pungent principle con-

tained in the plants of the genus Capsicum. Early studies by
N. Jancso and coworkers reported that capsaicin or other
congeners of capsaicin cause oedema or interendothelial gap
formation in the venules in the conjunctiva of the rat and
guinea-pig (Jancso, 1955; Jancso et al., 1968). More recently,
Saria and coworkers (1983) showed that a variety of exogen-
ous or endogenous agents, including the proinflammatory
peptide, bradykinin, induce plasma extravasation in rodent
conjunctiva. The kinins, bradykinin and kallidin, are formed
during injury and inflammation from plasma or tissue pre-

' Author for correspondence.

cursor, respectively (Regoli & Barabe, 1980). Kinins acting
directly on effector cells or indirectly by releasing other
inflammatory mediators increase and sustain the inflammatory
response.
The aim of the present paper was to investigate the mech-

anism and possible pathophysiological implications of the
bradykinin-induced plasma extravasation in the guinea-pig
conjunctiva. Because in other tissues the increase in plasma
extravasation induced by bradykinin is mediated by activa-
tion of a neurogenic inflammatory mechanism (Lundberg &
Saria, 1983; Ichinose et al., 1990; Bertrand et al., 1993a;
Geppetti, 1993), this possibility was explored in the guinea-
pig conjunctiva. To determine whether kinin B2 receptors
mediate the response to bradykinin the peptide B2 receptor
antagonist, Hoe 140 (icatibant) (Wirth et al., 1991) was used.
To determine whether the action of kinin and capsaicin was
due to tachykinin release, the NKI receptor antagonist, CP-
99,994 (McLean et al., 1993) was used. Finally, the involve-
ment of kinin formation and of neurogenic inflammatory
mechanisms in the plasma extravasation induced by acid
media was investigated.

Methods

Animals and experimental procedure
Male albino Hartley guinea-pigs (Rodentia, Bergamo, Italy)
were used in this study. They were kept in a temperature-
controlled environment with standard laboratory food and
water freely available. The animals (body weight, 350-450 g)
were anaesthetized with sodium pentobarbitone (45 mg kg'-,
i.p.) and the jugular vein was cannulated. Deep anaesthesia
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was monitored throughout the experiment and additional
anaesthetic administered as required. Evans blue dye (3%
solution in 0.9% NaCl; Sigma, St. Louis, MO, U.S.A.) was
used to measure plasma extravasation, which was injected
(30 mg kg-', i.v. over 5 s) via the jugular vein. Immediately
after Evans blue administration, agents were given by local
instillation (dissolved in 10 g1 of saline) into the conjunctival
sac by means of a micropipette. The solution was applied
uniformly throughout the conjunctival surface. One single
conjunctiva, chosen at random, was treated with the stimulus
in each animal. Local application of drugs or agents to the
conjunctiva did not cause any adverse reaction of any aver-
sive behavioural response.

Terminal anaesthesia (pentobarbitone, 40 mg kg- 1, i.v.)
was always administered 30 s before terminating the experi-
ments. At this time it is assumed that the increase in vascular
permeability is already completed. Experiments were termin-
ated by opening of the chest 5 min after injection of the
tracer, inserting a cannula into the ascending aorta through
the left ventricle, and perfusing the circulation for 2 min with
phosphate buffer (pH 5; Sigma Chemical, St. Louis, MO) at
a pressure of 130 mmHg. The conjunctiva adherent to either
the palpebra or the sclera was removed. Tissues were blotted
on paper and weighed. All tissues were incubated in 1 ml of
formamide (Merk, Darmstadt, Germany) at 60C for 18 h to
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extract the extravasated Evans blue dye (Lundberg & Saria,
1983).
Capsaicin (50 nmol) was dissolved in a solution containing

10% ethanol, 5% Tween 80 and 85% 0.9% NaCl. Further
dilutions were in 0.9% NaCl. All the other drugs were dis-
solved in 0.9% NaCl. CP-99,994 and CP-100,263 were given
5 min before the stimulus, and Hoe 140 15 min before the
stimulus by i.v. administration through the jugular vein. Low
pH media were obtained by adding HC1 to the saline solu-
tion until the desired pH was obtained.

Measurement ofplasma extravasation

The extravasation of Evans blue dye-labelled macromolecules
from the microcirculation in the tissue was quantified by
measuring the optical density of the formamide extracts at a
wavelength of 620 nm with a spectrophotometer (Model
UV1204, Shimatzu Scientific Instruments, Inc., Japan). The
amount of Evans blue dye extravasated in the tissues, ex-
pressed in ng mg-' of wet weight, was interpolated from a
standard curve of Evans blue concentrations (0.1 to 5 jig
ml-').

Drugs

CP-99,994 (+ )-(2S,3S)-3-(2-methoxybenzyl-amino)-2-phenyl-
piperidine) and CP-100,263 (-)-(2R,3R)-3-(2-methoxyben-
zyl-amino)-2-phenylpiperidine) were kind gifts from Dr J.A.
Lowe III (Pfizer Inc., Groton, CT, U.S.A.), and Hoe 140
(D-Arg-[Hyp3, Thi5, D-Tic7, Oic8]-bradykinin) was a kind gift
from Dr K.J. Wirth (Hoechst, Germany). Substance P and
bradykinin were purchased from Peninsula Laboratories, Inc.
(Merseyside, UK); capsaicin was obtained from Sigma
Chemical Co. (St. Louis, MO, U.S.A.).

Statistical analysis

All data are expressed as mean ± s.e.mean. Mean values of
spectrophotometric measurements of Evans blue dye extra-
vasation were analysed by one-way analysis of variance.
Comparisons between means in each condition were per-
formed by Bonferroni's multiple range test. Student's t test
for paired or unpaired data was used when applicable.
Differences of P< 0.05 were considered significant.

Results

Effect of bradykinin, capsaicin and substance P

Baseline Evans blue dye extravasation in untreated conjunc-
tiva of guinea-pigs was 11.2 ± 1.3 ng mg-' (n= 6). Instilla-
tion of 10 t1 of saline into the conjunctiva contralateral to
the untreated side did not increase plasma extravasation
significantly (12.4 ± 1.1 ng mg-', n = 6). Instillation of brady-
kinin and substance P caused a dose-dependent increase in
Evans blue dye extravasation (Figure 1). The vehicle of
50 nmol capsaicin (10% ethanol, 5% Tween 80 and 85%
0.9% NaCl) did not induce any increase in the extravasation
of the Evans blue dye (9.7 ± 1.1 ng ml', n = 5) as compared
with the effect of saline (10.9 ± 1.6 ng ml-', n = 5) applied to
the contralateral eye. Capsaicin caused a dose-dependent in-
crease in plasma extravasation (Figure 1). Substance P was
approximately 10 times more potent in increasing the extra-
vasation of the Evans blue dye in the conjunctiva than
capsaicin and bradykinin. Bradykinin and capsaisin were
virtually equipotent.

Figure 1 Effect of increasing doses of substance P. bradykinin and
capsaicin (hatched columns) on the Evans blue dye extravasation in
the conjunctiva of guinea-pigs. Drugs were applied in a volume of
10 I to the conjunctiva. Open columns indicate the Evans blue dye
extravasation produced by the vehicle of each drug (10 #tl). Columns
are mean ± s.e.mean of at least 4 experiments.

Effect of tachykinin and kinin receptor antagonists

Both CP-99,994 (8 gmolkg'1, i.v.) and CP-100,263 (8fLmol
kg-', i.v.), the inactive enantiomer of CP-99,994 did not
affect baseline Evans blue dye extravasation (data not
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shown). Pretreatment with CP-99,994 (8 jimol kg-', i.v.)
abolished the response to substance P (5 nmol), whereas
pretreatment with 8 imol kg-' of CP-100,263 (i.v.), did not
affect the response to substance P (Figure 2). Pretreatment
with CP-99,994 (8 pmol kg-', i.v.) abolished the increase in
Evans blue dye extravasation induced by capsaicin (50 nmol)
and reduced by about 70% the response to bradykinin
(50 nmol) (Figure 2).
Hoe 140 (10nmolkg-', i.v.) did not affect basal plasma

extravasation in the guinea-pig conjunctiva (data not shown).
Pretreatment with Hoe 140 abolished the Evans blue dye
extravasation caused by bradykinin (50 nmol), but did not
affect the response induced by substance P (5 nmol) (Figure
3).

Effect of low pH media

Application of low pH media (101l4) to the conjunctival
surface increased Evans blue dye extravasation in a manner
inversely related to the pH of the medium. Media at pH
higher than 2 did not affect plasma extravasation. A medium
at pH 1.5 increased Evans blue dye extravasation to 24.3 ±
3.5 ng mg-' (n = 4). Medium at pH I caused an increase in
Evans blue dye extravasation (43.7 ± 6.8 ng mg-', n = 5),
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Figure 2 Effect of pretreatment with the tachykinin NK, receptor'
antagonist, CP-99,994 (8 gimol kg-1, i.v.), or its enantiomer CP-
100,263 (8 gimol kg-T, i.v.), on the Evans blue dye extravasation
evoked by the instillation of substance P (5 nmol), capsaicin
(50 nmol) or bradykinin (50 nmol) in the guinea-pig conjunctiva.
Open column indicates the Evans blue dye extravasation induced by
0.9% saline (10 1g). Drugs were applied in a volume of 10 gl to the
conjunctiva. Columns are mean ± s.e.mean of at least 4 experiments.
*P <0.01 versus vehicle.
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Figure 3 Effect of pretreatment with the kinin B2 receptor antago-
nist, Hoe 140 (10 nmol kg-', i.v.), on the Evans blue dye extravasa-
tion evoked by the instillation of substance P (5 nmol) or bradykinin
(50 nmol) in the guinea-pig conjunctiva. Open column indicates the
Evans blue dye extravasation induced by 0.9% saline (10 gil). Drugs
were applied in a volume of 10 gi to the conjunctiva. Columns are

mean ± s.e.mean of at least 4 experiments. *P<0.01 versus vehicle.

that was comparable to that induced by submaximal doses of
substance P or bradykinin (Figure 4), without causing any
macroscopical damage to the conjunctiva. Media at pH 0.5
or lower caused macroscopical damage of the conjunctiva
and therefore were not further investigated. Pretreatment
with CP-99,994 (8 Jnmol kg-', i.v.) or pretreatment with Hoe
140 (10 nmol kg-', i.v.) abolished the extravasation induced
by pH 1 medium (Figure 4).

Discussion

The stimuli used in the present investigation were all able to
cause plasma extravasation in the guinea-pig conjunctiva.
Substance P. capsaicin and bradykinin induced a dose-
dependent increase in plasma extravasation. Low pH media
increased plasma extravasation in a manner inversely related
to the pH value of the medium. Plasma extravasation evoked
by substance P was completely abolished by the tachykinin
NKI receptor antagonist, CP-99,994. This compound exhibits
a lesser calcium antagonist property than the parent molecule
CP-96,345 (McLean et al., 1993). In addition, the observation
that CP-100,263, the enantiomer of CP-99,994, which is in-
active on tachykinin NKI receptors, did not show any effect
on the substance P-induced response indicates that CP-99,994
acted selectively to inhibit the NK1 receptor. Therefore, the
present data suggest that the plasma extravasation caused by
exogenously applied substance P to the guinea-pig conjunc-
tiva is entirely mediated by activation of NK1 receptors.
Capsaicin excites sensory nerves causing the release of
tachykinins and CGRP from the peripheral endings of these
nerves. The finding that CP-99,994 blocked the plasma extra-
vasation induced by capsaicin suggests that the plasma extra-
vasation mediated by the release of endogenous tachykinins
is also due to the activation of NK1 receptors. This con-
clusion is in agreement with recent data reporting that
plasma extravasation caused by capsaicin i.v. in the guinea-
pig conjunctiva was abolished by the tachykinin NK, recep-
tor antagonist, RPR 100893 (Lee et al., 1994). CGRP is
released with tachykinins from sensory nerve endings, and
regulates blood flow in various organs of different species.
The present findings, do not exclude the possibility that
CGRP by regulating conjunctival blood flow may modulate
plasma extravasation induced by stimulation of sensory
nerves. However, they exclude the possibility that CGRP
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Figure 4 Effect of pretreatment with the tachykinin NK, receptor
antagonist, CP-99,994 (8 limol kg-', i.v.), and the kinin B2 receptor
antagonist, Hoe 140 (10 nmol kg-', i.v.), on the Evans blue dye
extravasation evoked by the instillation of a medium at pH 1 in the
guinea-pig conjunctiva. Open column indicates the Evans blue dye
extravasation induced by 0.9% saline (10gIl). Drugs were applied in
a volume of 10 gil to the conjunctiva. Columns are mean ± s.e.mean
of at least 4 experiments. *P<0.01 versus vehicle.
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plays a direct role in neurogenic plasma extravasation in the
conjunctiva.
The effects of bradykinin are mediated by stimulation of B.

and B2 receptors (Regoli & Barabe 1980). Since the selective
kinin B2 receptor antagonist, Hoe 140 (Wirth et al., 1991)
abolished plasma extravasation induced by locally applied
bradykinin, it is concluded that this effect of bradykinin is
mediated by activation of B2 receptors. This antagonist did
not affect substance P-induced plasma extravasation, which
indicates that kinin release is not involved in the plasma
extravasation evoked by substance P in the guinea-pig con-
junctiva.

Bradykinin stimulates inflammatory responses, including
plasma extravasation, via its own receptors on effector cells
or indirectly by releasing mediators from intermediate cells.
Bradykinin-induced plasma extravasation in the guinea-pig
conjunctiva is markedly inhibited by CP-99,994, thus indicat-
ing that NKI receptor activation is involved in this response.
Bradykinin stimulates sensory nerves and causes the release
of sensory neuropeptides from peripheral endings of these
neurones (Geppetti, 1993). It is proposed that local applica-
tion of bradykinin to the guinea-pig conjunctiva increases the
leakage of plasma proteins mainly by a neurogenic
inflammatory mechanism. CP-99,994, at a dose that com-
pletely blocked substance P- and capsaicin-induced plasma
extravasation, significantly inhibited, but did not abolish the
response caused by bradykinin. It is probable that the CP-
99,994-resistant component of the bradykinin-induced res-
ponse is mediated by the activation of bradykinin B2 recep-
tors on the venular endothelium. A dual mechanism, in large
part neurogenic, and in minor part non-neurogenic for induc-
ing plasma extravasation by locally applied bradykinin has
also been shown in other organs and tissues including the
trachea (Lundberg & Saria, 1983) and the nasal mucosa
(Bertrand et al., 1993a).
The pH of the medium during tissue injury, ischaemia or

inflammation may fall to values around 5 or 4, and hyper-
aemia may lower the pH of the lachrymal fluid. In addition,
acid solution may accidentally come in contact with the
conjunctival surface. The observation that CP-99,994 blocked
plasma extravasation evoked by low pH medium suggests
that in the guinea-pig conjunctiva, protons increase plasma
extravasation by releasing tachykinins from sensory nerve
endings. Recently, protons have been shown to activate a
cation conductance and to release neuropeptides selectively in
capsaicin-sensitive primary sensory neurones (Geppetti et al.,
1990; Bevan & Yeats, 1991). Hence, at least part of the

proinflammatory action of hydrogen ions may derive from
their ability to excite sensory nerves and cause neurogenic
inflammation. Evidence obtained in dorsal root ganglion
neurones in culture or in slices of peripheral tissues suggests
protons may have a direct action on sensory nerves where
they activate the channel non selective for cations opened by
capsaicin (Geppetti et al., 1991; Liu & Simon, 1994). How-
ever, the present data showing that Hoe 140 abolished the
plasma extravasation induced by low pH medium in the
conjunctiva raise the possibility that kinins play an initial
role in mediating the inflammatory response to protons.

Since both kinin and tachykinin receptor antagonists
blocked the plasma extravasation evoked by low pH media,
the hypothesis may be advanced that these two classes of
peptide mediators do not act independently, but rather utilize
a common final pathway. The observation that Hoe 140 did
not affect the plasma extravasation evoked by substance P.
whereas CP-99,994 reduced markedly the response to brady-
kinin suggests that protons promote the following cascade of
events: low pH medium releases kinins which by stimulating
sensory neuropeptide release increase plasma extravasation.
Examples of kinins formed following different types of
inflammatory insult, and causing inflammatory responses
through the release of sensory neuropeptides have been
reported recently (Bertrand et al., 1993b; Ahluwalia et al.,
1994; Ricciardolo et al., 1994; Yoshihara et al., 1994). There
is also pharmacological evidence that the increase in mucosal
blood flow of the gastric wall induced by acid back diffusion
is in part mediated by kinins (Holzer & Petho, 1994). Muco-
sal hyperaemia induced by acid back diffusion is mediated by
sensory nerve stimulation (Holzer, 1992), thus suggesting that
a mechanism similar to that reported here for the conjunctiva
may also be present in the stomach.

Conjunctivitis may derive from several types of insult.
Here, we report that certain stimuli cause plasma extravasa-
tion in the conjunctiva by a neurogenic inflammatory mech-
anism. We also show that a pathway involving kinin genera-
tion and the subsequent release of sensory neuropeptides
plays a major role in the inflammatory response to low pH
media. Hence, drugs which inhibit kinin B2 and tachykinin
NK, receptors may be of value in the treatment of conjunc-
tivitis.

This work was supported by grant from MURST (60%, Florence,
Italy) and Consiglio Nazionale delle Ricerche (Rome, Italy),
Progetto Bilaterale.
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Caffeine-evoked, calcium-sensitive membrane currents in
rabbit aortic endothelial cells

'J. Rusko, G. Van Slooten & 2D.J. Adams

Department of Molecular & Cellular Pharmacology, University of Miami School of Medicine, Miami, FL 33101, U.S.A.

1 Single cell photometry and whole-cell patch clamp recording were used to study caffeine-induced
intracellular Ca2+ signals and membrane currents, respectively, in endothelial cells freshly dissociated
from rabbit aorta.
2 Caffeine (5 mM) evoked a transient increase in [Ca2+]i in fura-2-loaded endothelial cells. Pretreatment
of cells with 10 fLM ryanodine did not alter resting [Ca2"]i but irreversibly inhibited the caffeine-induced
rise in [Ca2+]j. The caffeine-induced increase in [Ca2+]J was not attenuated by the removal of extracel-
lular Ca2+ and did not stimulate the rate of Mn2+ quench of fura-2 fluorescence.
3 Bath application of caffeine evoked a dose- and voltage-dependent outward current. The rate of
onset and amplitude of the caffeine-evoked outward current increased with higher caffeine concentra-
tions and membrane depolarization. The relationship between caffeine-evoked current amplitude and
membrane potential was non linear, suggesting that the channels underlying the current are voltage-
sensitive.
4 In the absence of extracellular Ca2", the amplitude of the caffeine-evoked outward current was

reduced by approximately 50% but the duration of the current was prolonged compared to that
observed in the presence of external Ca2+. Ca2+-free external solutions produced an unexpected increase
in both the frequency and amplitude of spontaneous transient outward currents (STOCs).
5 Inclusion of heparin (10jtgml1) in the patch pipette abolished the acetylcholine (ACh)-induced
outward current but failed to inhibit either STOCs or the caffeine-evoked outward current in native
endothelial cells. In the absence of extracellular Ca2+, heparin did not affect either STOCs or the
caffeine-induced outward current.
6 Externally applied tetraethylammonium ions (TEA, 3-10mM) reversibly inhibited unitary Ca2+-
activated K+ currents and STOCs in endothelial cells but failed to inhibit completely the outward
current evoked by 20 mM caffeine.
7 Bath application of 0.1 mM zinc ion (Zn2+), a chloride channel blocker, did not affect unitary
currents or STOCs but reduced the amplitude of the caffeine-evoked current by >75% compared to
control. Replacement of extracellular NaCl with Na gluconate also reduced the amplitude of the
caffeine-induced outward current. Bath application of 0.1 mM Zn2+ and 10 mM TEA completely blocked
the caffeine-evoked outward current in endothelial cells.
8 Caffeine-induced Ca2+ release from intracellular stores evokes a transient rise in [Ca2+1, which is
correlated with a large, transient outward current. The ionic dependence and inhibition of the caffeine-
sensitive current by TEA and Zn2+ suggests that Ca2+-activated K+ and Cl- conductances contribute to
the caffeine response in rabbit aortic endothelial cells.

Keywords: Caffeine; ryanodine; endothelium; internal calcium stores; tetraethylammonium; heparin; calcium-activated K+
currents; calcium-activated Cl- currents

Introduction

The secretion of endothelium-derived factors such as pros-
tacyclin (PGI2), nitric oxide and von Willebrand factor
(vWf), is closely associated with the intracellular free calcium
ion concentration ([Ca2+]j). Electrophysiological studies of
endothelial cells freshly dissociated from rabbit aorta have
shown that intracellular Ca2" levels also regulate single chan-
nel activity and spontaneous transient outward currents
(STOCs; Rusko et al., 1992). These currents were identified
as K+ currents by their ionic dependence and sensitivity to
block by the K channel blockers, tetraethylammonium ions
(TEA) and charybdotoxin. The dependence of outward K+
current activity on [Ca2J]i suggests that the opening of plas-
malemmal Ca2"-dependent K channels is triggered by the
cyclical release of Ca2" from internal stores. The activation
of Ca2"-dependent K channels has been used to monitor the

' Present address: Department of Pharmacology & Therapeutics,
Faculty of Medicine, University of British Columbia, B.C. Canada
V6T 1Z3.
2Author for correspondence at present address: Department of
Physiology & Pharmacology, University of Queensland, Brisbane,
QLD 4072, Australia.

functional status of the intracellular Ca2" stores in smooth
muscle cells (Benham & Bolton, 1986).
The activation of cell-surface receptors by vasoactive

agents (e.g. bradykinin, acetylcholine and ATP) in native
aortic endothelial cells produces a biphasic increase in both
the open probability of unitary currents and the amplitude of
STOCs (Sauv6 et al., 1988; Rusko et al., 1992). This current
activation is correlated with a biphasic elevation in [Ca2+]i:
an initial discharge of Ca21 from intracellular stores, and a
subsequent prolonged entry of Ca21 from the extracellular
space (see reviews by Adams et al., 1993; Himmel et al.,
1993). In the absence of extracellular Ca2+, a decrease in the
magnitude of the initial agonist-evoked transient increase of
[Ca2+], was observed in bovine aortic endothelial cells (Schill-
ing et al., 1988; Lfickhoff et al., 1988). Furthermore, deple-
tion of the intracellular Ca2+ stores has been reported to be
linked to the agonist-induced Ca2" influx from the extracel-
lular space (Hallam et al., 1989; Jacob, 1990; Schilling et al.,
1992). The precise mechanism(s) which brings about these
changes in cytoplasmic [Ca2"] in native endothelial cells is
ill-defined.
The receptor-stimulated turnover of inositol phosphate has
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been shown to trigger directly the initial, transient release of
intracellular Ca2" from endoplasmic reticulum of cultured
endothelial cells (Jaffe et al., 1987; Pollock et al., 1988; Freay
et al., 1989). There is also evidence for the release of Ca2"
from intracellular stores by actions of methylxanthines, such
as caffeine, which are known to translocate Ca2" from intra-
cellular Ca2+ stores into the cytosol of skeletal, cardiac and
vascular smooth muscle cells by enhancing Ca2"-induced
Ca2"-release (see Endo, 1985). Caffeine is also able to release
Ca2" from the agonist-releasable intracellular Ca2+ stores
(Benham & Bolton, 1986; Bolton & Lim, 1989). This Ca -

induced Ca2" release mechanism has been shown to be pres-
ent in addition to the inositol-1,4,5-trisphosphate (InsP3)-
mediated Ca2"-release mechanism in a variety of excitable
and non-excitable cells (see Tsien & Tsien, 1990; Pozzan et
al., 1994). Evidence for the coexistence of InsP3-sensitive and
caffeine-sensitive Ca2" stores has also recently been shown in
cultured endothelial cells from bovine aorta (Thuringer &
Sauve, 1992).

This study examines caffeine-induced Ca2+ release from
InsP3-insensitive intracellular stores in endothelial cells
freshly dissociated from rabbit aorta as shown by the activa-
tion of Ca2+-sensitive membrane conductances. Caffeine
activates an outward current correlated with the rise in
[Ca2+], which is not completely blocked by bath-applied TEA
and is sensitive to the external Cl- concentration and zinc
ions. Preliminary reports of some of these results has been
presented previously (Adams et al., 1993; Rusko et al.,
1993).

Methods

Experiments were carried out on freshly dissociated
endothelial cells obtained from rabbit aorta. Procedures for
the preparation of endothelial cells and electrophysiological
recordings were as previously described (Rusko et al., 1992).
Briefly, pieces of endothelium were peeled from the thoracic
aorta of a rabbit killed by CO2 asphyxiation and incubated
for 35min in a solution containing 0.9mgml-' papain and
0.8 mg ml-' dithiothreitol. The tissue was washed and gently
triturated in Dulbecco's phosphate-buffered saline (DPBS,
pH 7.35; GIBCO Laboratories, NY, U.S.A.) containing 20%
foetal calf serum. Following centrifugation, the cells were
plated on glass coverslips and stored at 4°C for at least 4 h
prior to use that day. Positive identification of cells as
endothelial was based on morphological characteristics and
specific uptake of rhodamine-fluorescent acetylated low den-
sity lipoprotein (1,1,-dioctadecyl-3,3,3,3'-tetramethyl-indo-
carbocyanine (DiI-Ac-LDL), Biomedical Technologies,
Stoughton MA, U.S.A.) as previously described (Rusko et
al., 1992).
The physiological saline solution (PSS) used as the external

bathing media had the following composition (mM):
NaCl 125.4, KCl 5.9, MgCl2 1.2, CaCl2 1.5, glucose 11.5, N-
2-hydroxy-ethylpiperazine-N'-2-ethansulphonic acid (HEPES)
10, titrated to pH 7.35 with NaOH. Whole-cell currents were
recorded using a patch pipette filled with an intracellular
solution with the following composition (mM): KCl 126,
NaCl 5, MgCl2 1.2, glucose 11, ethyleneglycol-bis-(P-amino-
ethylether) N,N,Nt,N'-tetraacetic acid (EGTA) 0.8, HEPES
10, titrated to pH 7.2 with KOH. The experiments were
carried out at room temperature (23 ± 2°C).

Microfluorometric measurements

Fluorescence measurements of cytoplasmic free Ca2l concen-
tration in single, nonconfluent endothelial cells were carried
out with the fluorescent Ca2" indicator dye, fura-2. Freshly
dissociated endothelial cells were incubated in PSS containing
1 jiM of the acetoxymethyl ester of fura-2 (fura-2/AM dis-

solved in dimethylsulphoxide, DMSO) at room temperature
(23°C) for 30min, and excess ester was rinsed away with
buffered PPS. Endothelial cells on glass coverslips were
mounted in an open perfusion microincubator (PDMI-2,
Medical Systems Corp., N.Y., U.S.A.) on the stage of an
inverted phase contrast microscope (Nikon Diaphot) and
continuously superfused at 2 ml min-' with PSS. The
temperature of the microincubator and bathing solution was
maintained at 37°C by a bipolar temperature controller (TC-
202, Medical Systems Corp., N.Y., U.S.A.). Cells were alter-
natively excited (60 Hz) at 340 nm and 380 nm wavelengths
with an optical chopper (OC-4000, PTI) in the path of the
u.v. light provided by a 75 W xenon arc lamp. Fura-2
fluorescence viewed with a x 100 Fluor objective (Nikon, 1.3
numerical aperture) was measured at 510 nm wavelength with
a photon counter (Hamamatsu R928). Signals were digitized
by an A-D converter and analysed with Deltascan software
(PTI) on a PC 80486/50 MHz computer. Only single cells
with an even dye distribution within the cytoplasm were
used. The ratio of signals at the two excitation wavelengths
(F34O/F380) was determined after subtraction of auto-
fluorescence. [Ca2+]i was calculated following the method of
Grynkiewicz et al. (1985).

In a series of experiments, quenching of intracellular fura-2
fluorescence by external Mn2" was carried out to evaluate
unidirectional Ca2+ movement into endothelial cells (Jacob,
1990). Endothelial cells were bathed in Ca2'-free PSS con-
taining 0.5 mM MnCl2 and the rate of Mn2+ influx was
determined from the rate of decrease of fura-2 fluorescence
from cells excited at 360nm wavelength. The slope of the
fura-2 fluorescence, under control conditions, remained linear
for > 300 s during which time either caffeine or ionomycin
were bath applied. Simultaneous monitoring of the emission
due to 380 nm excitation and ratioing with the 360 nm signal
was used to correlate [Ca2+]i changes to Mn2+ influx.

Electrical recordings

The membrane currents were measured by the whole-cell
recording configuration of the patch clamp technique (Hamill
et al., 1981) and a List L/M-EPC7 patch-clamp amplifier
(List Electronics, Darmstadt, Germany). Voltage ramps
(-150 to + 100 mV, 4 s duration) were applied using
pCLAMP programmes (Axon Instruments Inc, CA, U.S.A.)
generated protocols and a PC 80386/33 MHz computer
equipped with an A-D/D-A converter (12 bit resolution;
Tecmar Labmaster DMA TM-40). Membrane currents were
filtered at 2.5 kHz (- 3dB, 4-pole Bessel Filter; Ithaco 4302),
digitized using a digital VCR recorder adaptor (PCM-1;
Medical Systems Corp., N.Y., U.S.A.) and stored for later
analysis on videotape. Membrane currents were continuously
monitored and the current amplitude was analysed by direct
measurement on a digital oscilloscope (Tektronix 5223).
Whole-cell and unitary currents were displayed on a chart
recorder (Gould 2200S) and outward currents are shown as
upward deflections. Numerical data are represented as the
mean ± one standard error of the mean (s.e.mean).

Reagents

All chemical reagents used were of analytical grade. The
following drugs were used: acetylcholine chloride, caffeine,
papain, theophylline, ethylene glycol-bis(P-aminoethyl ether)
N,N,N,N,-tetraacetic acid (EGTA), heparin, sodium salt
(mol. wt. 4,000-6,000), dimethyl sulphoxide (DMSO)
(obtained from Sigma Chemical Co., St. Louis, MO, U.S.A.),
tetraethylammonium chloride (TEA; Eastman Kodak Co.,
Rochester, N.Y., U.S.A.), D-gluconic acid, sodium salt (Ald-
rich Chemical Co., Milwaukee, WI, U.S.A.) and ryanodine,
ionomycin (Calbiochem Corp., La Jolla, CA, U.S.A.).
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Results

Caffeine-induced Ca2- release from ryanodine-sensitive
intracellular stores

Fura-2-loaded endothelial cells freshly dissociated from rab-
bit aorta exhibit a resting F340/F380 ratio of 0.56 ± 0.01
(n = 64) which corresponds to a [Ca2+]i of 82 + 4 nM. Bath
application of 5 mM caffeine evokes a transient increase in
[Ca2+]i. Superfusion of endothelial cells with PSS containing
5 mM caffeine produced a rise in [Ca2+]i to a peak F340/F380
ratio of 2.11 ± 0.08 (866 ± 83 nM, n = 64) which corresponds
to an approximately ten fold increase in [Ca2+], (Figure la).
Another methylxanthine, theophylline (5 mM), also evoked a
transient increase in [Ca2+], of similar magnitude and time
course to that observed in response to caffeine (not shown).
Pretreatment of the cells with 10 jtM ryanodine did not alter
resting [Ca2+]j; however, following >20 min exposure to
ryanodine, the caffeine-induced rise in [Ca2+]i was completely
blocked (Figure lb). This block was irreversible even after
> 30 min washout (n = 6).

a

Figure 2 shows that a higher caffeine concentration
(20 mM) evokes a biphasic increase in [Ca2+]i: an initial tran-
sient increase, of similar magnitude to that produced by
5 mM caffeine, which decreases to a plateau phase of variable
amplitude (n = 11). In a Ca2"-free (I mM EGTA) external
solution the plateau phase following the caffeine-induced
transient rise in [Ca2+]i was abolished (Figure 2b). Analogous
to the agonist-induced [Ca2+]i response observed in
endothelial cells, the transient [Ca2+]i peak most probably
reflects Ca2+ release from intracellular stores whereas the
external Ca2'-dependent plateau phase of the caffeine-
induced [Ca2+]i response may be due to an increased plas-
malemmal Ca2+ influx.
To determine if Ca2+ influx is stimulated by bath applica-

tion of caffeine, the fluorescence of fura-2-loaded cells was
measured at excitation wavelengths of 360 and 380 nm with
0.5 mM MnCl2 added to Ca2+-free PSS. Assuming Mn2+ is a
suitable marker for Ca2+ entry in endothelial cells (Jacob,
1990), Ca2+ influx can be inferred from the decrease of the
fluorescence signal obtained at 360 nm excitation. The slope
of the 360 nm fluorescence signal, reflecting the rate of Mn2+

b

Ryanodine 10 gM

Caffeine
Caffeine

I I ' I . . I
30 60 90 0 30 60' 1560 1590 1620

Time (s) Time (s)

Figure 1 Caffeine- and ryanodine-sensitive [Ca2+]i responses in rabbit aortic endothelial cells. (a) The intracellular Ca2l response
of an isolated, fura-2-loaded rabbit aortic endothelial cell to bath (PSS)-application of 5 mm caffeine. (b) Blockade of the
caffeine-induced transient rise in [Ca2"]J following treatment of an endothelial cell with 10 JLM ryanodine for 25 min. This trace is
representative of six experiments.
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Figure 2 Caffeine-induced increase in [Ca24]i in the presence (a) and absence (b) of extracellular Ca2". Caffeine (20 mM)-induced
increase in [Ca2+]i in an isolated, fura-2-loaded rabbit aortic endothelial cell obtained in normal PSS containing 1.5 mM Ca2l (a)
and in a Ca2l-free external solution containing 1 mM EGTA (b). These traces are representative of 11 experiments for each
condition.
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quench of fura-2 fluorescence, remained unchanged following
the addition of 5-20 mM caffeine (n = 8). The F36w/F380 ratio
exhibited a transient increase in response to caffeine due to
Ca2l release from intracellular stores (not shown). As a
positive control, superfusion of endothelial cells with Ca '-
free PSS containing 1 JLM ionomycin, a divalent cation
ionophore, produced a 11.9 ± 1.9-fold (n = 3) increase in the
rate of Mn2+ quench of fura-2 fluorescence.

a

Caffeine-induced outward currents in native endothelial
cells

Unitary currents and STOCs due to the activation of Ca2l-
dependent K+ channels were observed in freshly dissociated
endothelial cells from rabbit aorta at membrane potentials
positive to -40 mV (Rusko et al., 1992). Bath application of
caffeine (5 and 20 mM) evoked a dose- and voltage-dependent

Caffeine 5 mM

I II
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Figure 3 Caffeine-evoked outward currents in rabbit aortic endothelial cells. Continuous traces of unitary currents and STOCs
recorded prior to and during exposure to 5 mm caffeine (a) and in the presence of 20 mm caffeine (b). Bath-applications of PSS
containing caffeine are indicated by the horizontal bars. Upper traces show current activities at expanded current scales. Holding
potential, + 20 mV. Traces shown are representative of 3 experiments.

a Caffeine 20 mM

+20

400 pA

los

mVI

-40 mV -80 -60 -40 -20

V(mV)
0 20 40

Figure 4 Voltage-dependence of transient whole-cell outward currents evoked by caffeine in rabbit aortic endothelial cells. (a)
Traces of the outward currents evoked by PSS containing 20 mm caffeine at holding potentials of + 20, 0, and -40 mV. (b) The
current-voltage relationship obtained for the peak amplitude of the caffeine-induced outward current determined in six cells.
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outward current in these endothelial cells. Figure 3a shows a
typical whole-cell current response to bath application of
5 mM caffeine, producing an increase in the frequency and
amplitude of unitary currents and STOCs. The frequency of
STOCs increased 304 ± 18% (n = 3) following 3 min bath
perfusion of PSS containing 5 mM caffeine (n = 3). The initial
burst of these currents is superimposed on a slowly develop-
ing outward current which peaks at approximately 375 pA
amplitude (Figure 3a). At a higher caffeine concentration
(20 mM), the transient outward current amplitude increased
to > I nA (1.3 ± 0.14 nA, n = 5) and had durations of
7-15 s in endothelial cells held at + 20 mV (Figure 3b). In
the continued presence of caffeine, the frequency and amp-
litude of unitary currents and STOCs were increased com-
pared to control conditions prior to caffeine application. The
rapid onset of the outward current evoked by caffeine sug-
gests a close spatial relationship between the intracellular
Ca2" stores and plasmalemmal Ca2+-dependent K+ channels.
A long-lasting outward current in response to a second app-
lication of caffeine was not observed after > 5 min washout
(not shown).

Figure 4 describes the voltage-dependence of the caffeine-
induced outward current in voltage-clamped endothelial cells.
Bath application of 20 mM caffeine evoked an outward cur-
rent that increased in amplitude with membrane depolariza-
tion, saturating at approximately + 20 mV. Representative
whole-cell outward currents evoked by 20 mM caffeine at
three different membrane potentials are shown in Figure 4a.

The relationship between caffeine-induced current amplitude
and membrane potential averaged from six cells is shown in
Figure 4b. The activation of the outward current is non-
linear suggesting that the ionic channels underlying the
caffeine-induced current are voltage-sensitive. The membrane
potential at which half-maximal activation of the caffeine-
induced outward current is observed is shifted by approx-
imately - 40 mV compared to that obtained for activation of
the Ca2"-dependent K+ current in rabbit aortic endothelial
cells (Demirel et al., 1994) suggesting that another ionic
conductance may contribute to the caffeine-evoked outward
current.

Dependence of outward currents on extracellular Ca2+

The open-state probability of the unitary K+ currents in
rabbit aortic endothelial cells is sensitive to [Ca2+]i (Rusko et
al., 1992; Demirel et al., 1994). The unitary current activity
was also affected by the extracellular [Ca2+]. A decrease in
the extracellular [Ca2+] may be expected to affect [Ca2+]i by
increasing Ca2` efflux and reducing Ca2+ influx across the
cell membrane. The dependence of unitary currents, STOCs
and the caffeine-induced outward current on the extracellular
[Ca2+] was examined in endothelial cells bathed in Ca2"-free

a Caffeine 20 mM

a
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Figure 5 Effect of Ca2+-free external solution on unitary currents
and STOCs in aortic endothelial cells. (a) Unitary currents and
STOCs recorded at holding potential + 20 mV before (control,
t= 50 s) and during exposure to Ca2+-free (0 mm Ca2 , t = 120 s)
external solution. Traces shown are representative of 9 experiments.
(b) Time course of change in NPo (10 s bin width) of unitary and
STOCs before and during exposure to a Ca2+-free external solution
(horizontal bar). (c) Continuous record of membrane current
observed following exposure to 20mm caffeine in the presence of

Ca2+-free, EGTA containing solution for the periods indicated by
the horizontal bars. Holding potential, + 20 mV. Trace shown is
representative of 4 experiments.
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Figure 6 Effect of intracellular heparin on caffeine- and acetyl-
choline (ACh)-evoked outward currents in endothelial cells. (a).
Caffeine-evoked outward current recorded at a holding potential of
+ 20 mV from a cell bathed in PSS containing 1.5 mM CaC12. (b)
Caffeine-evoked outward current obtained in the absence of extracel-
lular Ca2l (1 mM EGTA). (c) Unitary outward currents recorded in
the absence and presence of bath applied 3 jiM acetylcholine. Whole-
cell currents recorded from endothelial cells dialyzed with pipette
solution containing 10 fig ml-' heparin. Traces shown are represen-
tative of at least 5 experiments for each condition. Horizontal bars
indicate period during which the cell was bathed in an extracellular
solution containing caffeine (20 mM), no added Ca2I(O mM Ca2+ +
1 mM EGTA) or acetylcholine (3 gM). Holding potential + 20 mV.
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medium containing 1 mM EGTA. Figure 5a shows an unex-
pected increase in both the frequency and the amplitude of
STOCs produced by exposure to a Ca2+-free external solu-
tion (n = 9). A plot of the open-channel probability (NPO) of
the unitary Ca2+-dependent K+ currents as a function of
time is shown in Figure 5b.

In the absence of extracellular Ca2+, caffeine (20 mM) con-
tinued to evoke a transient, outward current but the amp-
litude (572 ± 138 pA, n = 4) was reduced by approximately
50% compared to that observed in the presence of extracel-
lular Ca2" (Figure 5c). However, the caffeine-induced out-
ward current was significantly prolonged lasting 35-45 s, a
> 30% increase. Moreover, the transient outward current
evoked by caffeine in Ca2`-free solution appears to be com-
posed of two superimposed currents: the initial increase in
current appears as a shoulder preceding a second current of
larger amplitude. In the continued presence of caffeine in
Ca2+-free solution, unitary currents and STOCs occurred at
both a higher frequency and amplitude than that observed
under control conditions prior to caffeine application.

The effects ofheparin on Call releasefrom intracellular
stores

Heparin, a specific competitive antagonist of the InsP3 recep-
tor, has been shown to inhibit InsP3-mediated Ca2" release
from intracellular stores in a variety of cell types (Ghosh et
al., 1988). Inclusion of heparin (10pgml-') in the patch
pipette had no noticeable influence on either unitary currents
or STOCs in native aortic endothelial cells under resting
conditions. Heparin failed to prevent the increase in both

a

frequency and amplitude of unitary currents and STOCs
observed following the removal of extracellular Ca2".
The effects of intracellular heparin on the caffeine-induced

current activation were examined in voltage-clamped
endothelial cells. Figure 6a shows membrane currents
obtained in response to bath application of 20 mM caffeine in
cells held at + 20 mV in the presence of 1I0 jg ml-' heparin
in the patch pipette solution. The large, long-lasting outward
current evoked by caffeine in normal PSS (1108 ± 363 pA,
n = 5) appears similar to that observed in the absence of
intracellular heparin (Figure 3b). Similarly the presence of
heparin in the pipette (Figure 6b) failed to abolish the
caffeine-evoked outward current in the absence of extracel-
lular Ca2". The amplitude of the caffeine-evoked current was
approximately half (557 ± 132 pA, n = 6) of that observed in
the presence of 1.5 mM extracellular Ca2". Figure 6c shows
the result of a control experiment indicating that heparin had
diffused into the cell. The addition of 10 Lg ml-I heparin to
the pipette inhibited the ACh (3 fLM)-induced outward K+
current (n = 5) observed in the absence of intracellular
heparin (cf. Figure 6, Rusko et al., 1992).

Pharmacological block of caffeine-induced outward
currents
Evidence that Ca2"-dependent K channels underlie the
unitary and spontaneous transient outward currents observed
in rabbit aortic endothelial cells is provided, in part, by the
inhibition of these currents by Ca2"-dependent K channel
blockers, tetraethylammonium ions (TEA) and charyb-
dotoxin (Rusko et al., 1992). Externally applied TEA

Caffeine 20 mM

b
TEA 3 mM
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c
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Figure 7 Caffeine-induced outward current in rabbit aortic endothelial cells obtained in the absence and presence of bath applied
tetraethylammonium ion (TEA). (a) Outward current evoked in response to 20 mm caffeine in normal PSS. Caffeine-induced
outward currents obtained in the presence of either 3 mM (b) or 10 mM (c) TEA. The top horizontal bar indicates the times at
which caffeine was bath applied for all three traces. The horizontal bars shown in (b) and (c) indicate times at which TEA was
bath-applied. Holding potential, + 20 mV. Lower scale bars indicate the time and current magnitude for traces in (a), (b) and (c).
Upper scale bars indicate time and current magnitudes for all expanded inserts. Traces shown are representative of at least 3
experiments.
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(3-10 mM) reversibly inhibited unitary currents and STOCs
observed in endothelial cells clamped at + 20 mV but failed
to inhibit completely the large, prolonged outward current
evoked by caffeine (Figure 7b,c). Figure 7 shows that the
prolonged outward current evoked by 20mm caffeine was
reduced in a concentration-dependent manner by extracel-
lular TEA. The amplitude of the caffeine-induced outward
current was reduced by 16% (1095 ± 209 pA, n = 4) and by
63% (480 ± 35 pA, n = 3) in the presence of 3 mm and
10 mM TEA, respectively. In the maintained presence of
TEA, unitary currents and STOCs were not observed follow-
ing caffeine stimulation. Although TEA partially inhibited
the caffeine-evoked outward current, the inability of TEA to
block completely the prolonged outward current evoked by
caffeine suggests that another ionic conductance may be
activated in the presence of caffeine.

In order to examine the contribution of a chloride conduc-
tance to the caffeine-induced outward current, zinc ion
(Zn2+), a chloride channel blocker, was bath-applied to
voltage-clamped endothelial cells. Bath-application of 0.1 mM
Zn2+ produced a small, sustained inward current of <5 pA
amplitude but did not affect unitary currents or STOCs. The
peak amplitude of the caffeine (20 mM)-induced outward cur-
rent, however, was reduced by >75% (246 ± 35 pA, n = 4)
in the presence of 0.1 mM Zn2+ (Figure 8a) compared to that
obtained in normal PSS (Figure 3a). The caffeine-induced
outward current was examined in the presence of both Zn2+
and TEA. Bath application of 0.1 mM Zn2+ and 10 mm TEA
abolished unitary currents and STOCs and inhibited the
caffeine (20 mM)-evoked outward current by > 95%
(< 50 pA) after 5 min perfusion (Figure 8b). In 19 of 21 cells,
bath application of both Zn2+ and TEA completely blocked
the caffeine-induced outward current within 5 min, and
longer exposure abolished the response in all 21 cells.
Replacement of extracellular NaCl with Na gluconate
reduced the amplitude of the caffeine (20 mM)-evoked out-
ward current by approximately 30% (930 ± 144 pA, n = 3)
compared to that obtained in normal PSS (not shown).
Taken together, these results indicate that caffeine-induced

a

Ca2" release activates a Cl -conductance in addition to a K+
conductance in arterial endothelial cells.

Discussion

Results from this study demonstrate that caffeine stimulates
Ca2" release from intracellular stores, elevating cytoplasmic
[Ca2"] which activates membrane currents in native
endothelial cells from rabbit aorta. Ca2"-dependent K+ cur-
rents have been shown to be regulated by the [Ca2+]i which is
influenced by plasmalemmal Ca2` influx and Ca2" release
from internal stores (Rusko et al., 1992; Adams et al., 1993).
Bath application of caffeine, which stimulates Ca2` release
from internal stores, evoked a transient increase in [Ca2J]i
and an outward current both of which were sustained in the
absence of extracellular Ca2". Caffeine-induced Ca2" release
from intracellular stores was dose-dependent and inhibited by
prolonged exposure to ryanodine (10-5M), an inhibitor of
the Ca2` release channel of sarcoplasmic reticulum (Nagasaki
& Fleischer, 1988). These data indicate the presence of func-
tional caffeine- and ryanodine-sensitive intracellular Ca2`
stores in freshly dissociated endothelial cells from rabbit
aorta.
The inability of Ca2+-free external solutions to inhibit

unitary currents and STOCs suggests that Ca2` entry from
the extracellular space is- not necessary for maintaining the
activity of these currents and that the release of intracellular
stores is a sufficient source of Ca2` for activation of Ca2+-
dependent K channels in native endothelial cells. The in-
crease in both the frequency and amplitude of unitary cur-
rents and STOCs observed in the presence of Ca2+-free exter-
nal solution contrasts with the inhibition of STOCs observed
in jejunal and arterial smooth muscle cells (Benham & Bol-
ton, 1986). Differences in the Ca" sensitivity of the Ca2+-
dependent K channels may be related to the different func-
tions of these three cell types. Our data suggest that in the
absence of extracellular Ca2", stored Ca2+ may be released
into the cytoplasm and subsequently resequestered into intra-

ZnCI2 0.1 mM

Caffeine 20 mM

J +~~~~~~~~~~200~~~p

20s

ZnCI2 0.1 mM + TEA 10 mM
b

Caffeine 20 mM

_110 pA
200

^ _ ~~~~~~~pA
20 s

Figure 8 Caffeine-induced membrane currents in the presence of tetraethylammonium (TEA) and zinc ions. (a) Outward currents
recorded in response to 20 mm caffeine in the presence of 0.1 mM ZnCI2. Traces shown are representative of 4 experiments. (b)
Response of a cell to 20 mm caffeine following 5 min incubation in PSS containing 0.1 mM ZnCl2 and 10mM TEA. Horizontal bars
indicate times at which ZnCl2, TEA and caffeine were applied. Holding potential, + 20 mV.
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cellular stores rather than lost from the endothelial cell.
Transient local fluctuations in [Ca2+]i from superficial Ca2"
stores adjacent to the plasmalemma may contribute to the
rapid repetitive discharges of unitary currents and STOCs
even in the prolonged absence (>30min) of extracellular
Ca2". The mechanisms by which the amplitude and fre-
quency of unitary currents and STOCs are modulated by
external Ca2" are not yet understood.
The ability of caffeine to evoke a long-lasting outward

current in Ca2"-free external solution, albeit of smaller amp-
litude than that obtained in the presence of extracellular
Ca2", also suggests that the release of intracellular Ca2+
stores may be an important source of Ca2+ for activation of
Ca2"-sensitive ion channels in native endothelial cells. How-
ever, it is not possible to determine whether the reduced
amplitude of the caffeine-induced outward current observed
in Ca2"-free solution is due to a partial depletion of intracel-
lular Ca2" stores or to an impaired ability to release the
complete amount of intracellular stored 'Ca2".
Microfluorometric measurements of fura-2-loaded endothelial
cells suggest that the increased unitary current activity
induced by prolonged application of caffeine is probably due
to sustained elevation of [Ca2+]i. The lack of effect of caffeine
on the rate of Mn2+ quench of fura-2 fluorescence suggests
that the sustained elevation of [Ca2+]i induced by caffeine is
primarily due to release of Ca2+ from intracellular stores
rather than due to Ca2+ influx. In bovine cultured aortic
endothelial cells, caffeine has been shown to release only a
small fraction of Ca2+ from the intracellular stores in the
absence of extracellular Ca2+ (Buchan & Martin, 1991). By
contrast, our results obtained in freshly dissociated rabbit
aortic endothelial cells indicate that a significant amount of
Ca2+ is mobilized by caffeine. The preservation of approx-
imately one half (-52%) of the caffeine-induced outward
current following prolonged superfusion with Ca2"-free solu-
tion, suggests that the release of Ca2+ from intracellular
stores plays a significant role in caffeine-induced Ca2"
stimulation of vascular endothelial cells.

There is considerable evidence demonstrating that InsP3
triggers the initial phase of the agonist-induced Ca2"
mobilization from endoplasmic reticulum in endothelial cells
(Pollock et al., 1988; Freay et al., 1989). However, the pos-
sibility that outward currents in native endothelial cells are
stimulated by cyclical release of Ca2+ from InsP3-sensitive
Ca2+ stores can be ruled out from the results of experiments
using heparin as an inhibitor of the InsP3-induced Ca2+
release mechanism. ACh-evoked outward K+ currents were
inhibited by the inclusion of 10 fg ml-' heparin in the patch
pipette solution (see Figure 5c; Sakai, 1990). Heparin, how-
ever, had no effect on either the caffeine-induced long-lasting
outward currents or the increased frequency and amplitude
of unitary currents and STOCs evoked by Ca2+-free external
solutions. These results suggest the presence of InsP3-
insensitive Ca2+ stores in freshly dissociated endothelial
stores which may be activated by a Ca2'-induced Ca2+
release mechanism.

The presence of anti-ryanodine receptor antibody binding
sites has recently been demonstrated in vascular and endocar-
dial endothelium (Lesh et al., 1993). Furthermore, the light
microscopic distribution of endothelial immunofluorescence
indicates that the binding sites are localized on the endoplas-
mic reticulum (ER). The presence of functional ryanodine-
sensitive Ca2+ stores has recently been shown by both a
direct effect of ryanodine on resting [Ca2+]i in human cul-
tured aortic, umbilical vein and bovine pulmonary artery
endothelial cells, and by attenuation of the agonist-induced
[Ca2+1, transient increase in rat aortic endothelial cells by
ryanodine (Ziegelstein et al., 1994). These results suggest that
ryanodine-sensitive Ca2" stores in cultured endothelial cells
can effectively deplete the InsP3-sensitive intracellular Ca2"
pool. In contrast, our data obtained in the presence of int-

racellular heparin suggests that in rabbit aortic endothelial
cells the caffeine- and ryanodine-sensitive Ca2l stores may be
functionally distinct from the agonist-sensitive Ca2l stores
(see Figure 6). However, ryanodine (10-5 M) has been shown
to produce a time-dependent decrease in ACh-induced out-
ward current amplitude in rabbit aortic endothelial cells
(Sakai, 1990). A recent study of endothelial cells freshly
dispersed from porcine coronary arteries suggests a
heterogeneity in functional organization of endothelial Ca2l
stores, whereby, in a population of cells (quiet-responders),
caffeine translocates Ca2l towards the bradykinin (InsP3)-
sensitive store, while in another population (overt-
responders), caffeine empties the InsP3-sensitive store (Graier
et al., 1994).
TEA, an inhibitor of Ca2+-dependent K+ currents and

STOCs in rabbit aortic endothelial cells, failed to inhibit
completely the caffeine-induced outward current suggesting
the presence of a TEA-insensitive component of the outward
current. Evidence that C1- may contribute to the caffeine-
evoked outward current was obtained from results of
measurements made in the presence of external Zn2' and
when external Cl- was replaced with gluconate. Extracellular
Zn2' has been shown to block a Cl- conductance in skeletal
muscle (Hutter & Warner, 1967) and inhibit unitary C1-
currents in excised muscle membrane patches (Woll et al.,
1987). In the present study, external Zn2+ reduced the amp-
litude but did not completely block the caffeine-evoked out-
ward current. However, bath-application of both Zn2+ and
TEA completely blocked this outward current in most
endothelial cells. These results suggest that both K+ and C1-
contribute as charge carriers to the caffeine-evoked outward
current in endothelial cells. Whole-cell and single channel
Cl- currents which are blocked by Zn2+, have been described
in bovine pulmonary artery endothelial cells (Shapiro &
DeCoursey, 1991). Ca2+-activated Cl- currents have also
been recently reported in arterial endothelial cells, suggesting
that the elevation of [Ca2+]J may activate these Cl- channels
and produce an outward current depending on the C1-
equilibrium potential (Groschner & Kukovetz, 1992; Vaca &
Kunze, 1993).

Caffeine not only releases Ca2+ from intracellular stores
but also affects a number of other cellular functions including
membrane electrical properties, Ca2+ influx, Ca2+ extrusion
and modulation of phosphodiesterases which regulate cyclic
AMP levels. Caffeine has also been shown to inhibit voltage-
dependent calcium channels in smooth muscle cells (Hughes
et al., 1990; Zholos et al., 1991). Additionally, we found that
prolonged exposure of endothelial cells to caffeine induces
cell shrinkage. Although the mechanism underlying the
caffeine-induced shrinkage is unknown, it has been shown
that hypotonic volume increases activate a Cl- current in
human endothelial cells (Nilius et al., 1994) suggesting that
caffeine-sensitive, Ca2+-activated Cl- currents may regulate
cell volume.

In conclusion, these findings suggest that Ca2'-induced
Ca2' release may modulate ER Ca2+ release in arterial
endothelial cells. The activation of plasmalemmal ion chan-
nels by an elevation of [Ca2+]i due to caffeine-induced Ca2+
release from intracellular stores is characterized by a large,
transient outward current. The ionic dependence and phar-
macological profile of the caffeine-evoked current suggests
that Ca2+-sensitive K+ and Cl- conductances contribute to
the caffeine response in rabbit aortic endothelial cells.
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Characterization of xl-adrenoceptor subtypes in tension
response of human prostate to electrical field stimulation

Jih-Hwa Guh, *Shih-Chieh Chueh, Feng-Nien Ko & 1Che-Ming Teng

Pharmacological Institute and *Department of Urology, College of Medicine, National Taiwan University, Taipei, Taiwan

1 The effects of various ax-adrenoceptor antagonists and nifedipine on tension responses of human
prostate to electrical field stimulation were evaluated in this study.
2 Prazosin (3 x 10-10 to 10-8 M) and 5-methyl-urapidil (10-9 to 3 x 10-8 M) blocked concentration-
dependently the tension responses to electrical field stimulation and completely abolished them in the
maximal concentrations (10' M and 3 x 10-8 M, respectively); in contrast, chloroethylclonidine (CEC),
in the maximal concentration of 1000M, blocked these effects by only 50%.
3 The contractile responses of rat vas deferens and spleen to exogenously-applied a,-adrenoceptor
agonists were competitively inhibited by prazosin and 5-methyl-urapidil; in addition, the pA2 values were

calculated and the relative potencies with reference to prazosin were obtained. The relative potency of
5-methyl-urapidil in human prostate (0.105) was close to that in rat vas deferens (0.257), which contains
primarily putative MllA-adrenoceptors. However, it was much more than that in rat spleen (0.011), which
contains primarily putative zB-adrenoceptors.
4 Nifedipine (10-8 to 10-6 M) inhibited concentration-dependently the contractile responses to electrical
field stimulation in human prostate; in addition, the inhibition percentages were similar to those to
exogenously-applied noradrenaline in rat vas deferens. In contrast, CEC (10 gM), which almost flattened
the concentration-response curve of the rat spleen to phenylephrine, only partially inhibited (by 33.1%)
the nerve-mediated contraction of human prostate.
5 The involvement of prejunctional a2-adrenoceptors situated on the sympathetic nerve terminals of
human prostate was also examined. Clonidine (3 x 10-9 to 3 x 10- M) blocked concentration-depen-
dently the contractile response to electrical field stimulation of human prostate and this inhibitory effect
was reversed by yohimbine (10- M). Additionally, the inhibitory effect of CEC (3 x 10-6 to 3 x 10-4 M)
to the nerve-mediated contraction was also partially reversed by yohimbine (10-7 M).
6 It is suggested that the putative czA-adrenoceptors in human prostate may be functionally confined to
the synaptic region whereas only minor populations of the putative ml]- and/or (xic-adrenoceptors exist
in this region.

Keywords: Human prostate; electrical field stimulation; al-adrenoceptor subtypes; 5-methyl-urapidil; chloroethylclonidine

Introduction

A substantial amount of pharmacological research (Hedlund
et al., 1985; Kitada & Kumazawa, 1987; Yamada et al.,
1987) and clinical trials (Caine et al., 1978; Shapiro et al.,
1981; Kirby et al., 1987; Jardin et al., 1991) on benign
prostatic hypertrophy (BPH) has recently been undertaken.
In these studies, it is well established that ot-adrenoceptors are
present in smooth muscle in BPH; in addition, a-adrenergic
stimulation is an important factor in the development of
urinary obstruction in BPH. Although both rt,- and &2-
adrenoceptors are identified within the human prostate, the
contractile properties of the human prostate adenoma are
mediated primarily by al-adrenoceptors (Hedlund et al.,
1985; Hieble et al., 1985; Kitada & Kumazawa, 1987; James
et al., 1989).
More recently, at least three al-adrenoceptor subtypes have

been demonstrated to exist by gene coding, i.e., OIA/D, aIB and
Otc (Cotecchia et al., 1988; Lomasney et al., 1991; Schwinn et
al., 1991; Garcia-Sainz et al., 1992; Schwinn & Lomasney,
1992). In human prostate, Chapple et al. (1991) suggested
that the &JB subtype forms the majority of the a,-adreno-
ceptors, whereas Lepor et al. (1993) and Testa et al. (1993)
using binding tests suggested that the dominant xl-adreno-
ceptor subtype in the human prostate is the O&1A subtype.
Price et al. (1993) investigated the mRNA expression of

a,-adrenoceptors in the human prostate with specific probes
for the a1A/D, a1B and mic subtypes, indicating that the
predominant subtype is a&c. In addition to exogenous adren-
ergic stimulation, endogenous adrenergic stimulation plays an
important role in human prostate since the tone of prostatic
smooth muscle regulated by the autonomic nervous system is
thought to be the 'dynamic' component of bladder outlet
obstruction by BPH (Caine, 1986). Furthermore, a rather
dense network of adrenergic nerve fibres has been found
within the smooth muscle layer of the prostatic glandular
stroma (Vaalasti & Hervonen, 1980).

This study seeks to characterize the &,-adrenoceptor sub-
types involved in contraction after endogenous adrenergic
stimulation in the smooth muscle of human prostate. We
have employed 5-methyl-urapidil, selective for MIA-adreno-
ceptors (Gross et al., 1988; Hanft & Gross, 1989); chloro-
ethylclonidine (CEC), which alkylates ocB-adrenoceptors
(Han et al., 1978; Minneman, 1988); prazosin, which is a
non-selective al-adrenoceptor antagonist (Hanft & Gross,
1989; Aboud et al., 1993) and nifedipine, which inhibits
[Ca2+]o influx (Rampe et al., 1985), to distinguish between the
various al-adrenoceptor subtypes.

Methods

Human hyperplastic prostates were obtained at operation
from 28 males, aged 53-78 years, by open prostatectomy or
transurethral resection of the prostate. All these patients had

'Author for correspondence at: Pharmacological Institute, College of
Medicine, National Taiwan University, No. 1, Jen-Ai Road, Ist
Section, Taipei, 10018, Taiwan.
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histories of prostatism, and were diagnosed to have BPH by
a combination of rectal digital examinations, transrectal
sonography of prostate and urodynamic studies (including
uroflowmetry, urethral pressure profile and cystometry). The
specimens were used for in vitro isometric tension experi-
ments.

In vitro isometric tension experiments

Immediately after removal, the prostatic tissue was placed in
Krebs solution. The specimens were cut into strips (1 x 3 x
15 mm), and mounted vertically between two parallel
platinum ring electrodes in organ baths containing 5 ml of
Krebs solution which was continuously bubbled with 95% 02
plus 5% CO2 at 370C. Tissues were equilibrated for 60 min
with three changes of solution and maintained under a rest-
ing tension of 1 g before specific experimental protocols were
initiated. Intramural nerve stimulation was performed by
means of an electronic stimulator (Grass model S88) deliver-
ing square pulses of 0.2 ms duration at supramaximum vol-
tage (80 V over the electrodes) and 20 Hz for 5 s. Contrac-
tions were recorded isometrically via a force-displacement
transducer (Grass, Model 7DAG) connected to a Grass poly-
graph. The almost complete inhibition of the response by
tetrodotoxin (0.1 gLM) confirmed that the contractions induc-
ed by transmural stimulation were nerve-mediated.

Rat vas deferens contraction

Whole rat vas deferens were mounted and equilibrated under
the same conditions as human prostate for 60 min under a
resting tension of 0.5 g. After the equilibration period, rat vas
deferens were contracted twice to 10 gM noradrenaline and
then washed and equilibrated for a further 30 min. Non-
cumulative concentration-response curves for noradrenaline-
induced contractions were determined in the absence or
presence of the indicated antagonists and tissues were
allowed to equilibrate with each antagonist for 30 min.

Rat spleen contraction

Rat spleens were hemisected and equilibrated under the same
conditions as human prostate at a resting tension of 1 g and
a concentration-response curve to phenylephrine was obtain-
ed in a cumulative manner in the absence or presence of the
indicated antagonists.

Drugs and solutions

The composition of the Krebs solution (pH 7.4) used was
(mM): NaCl 118.0, KCI 4.0, MgSO4 1.2, CaCl2 1.9, KH2PO4
1.2, NaHCO3 25.0 and glucose 11.7. Additionally, desmethyl-
imipramine (10 nM), corticosterone (40 JM) and propranolol
(1 4M), known to block neuronal and extraneuronal uptake
of noradrenaline and P-adrenoceptors, respectively, were
present.
The following drugs were used: noradrenaline HCl, prazo-

sin HC1, yohimbine HCl, clonidine HCl, nifedipine, pro-
pranolol HCl, desmethylimipramine HCl and corticosterone
(all purchased from Sigma Chemical Co., St. Louis, U.S.A.);
chloroethylclonidine dihydrochloride and 5-methyl-urapidil
(Research Biochemical Inc. Natick, MA, U.S.A.); phenyle-
phrine HCO (Denmarks Apotekerforening). Drugs were dis-
solved in distilled water, except for corticosterone (100%
ethanol) and nifedipine (dimethylsulphoxide). The final con-
centration of dimethylsulphoxide in the bathing solution did
not exceed 0.1% and had no effect on the muscle contrac-
tion.

Data analysis

Agonist elicited concentration-response curves in the presence
of the indicated concentrations of each antagonist were relat-

ed to the control concentration-response curves, of which the
maximal response was taken as 100%. The concentration of
antagonist necessary to give a half-maximal response in the
presence of each concentration of antagonist was divided by
the concentration giving a half-maximal response in the
absence of antagonist to determine the dose ratio (DR). Data
were plotted by the method of Arunlakshana & Schild (1959)
as the - log (antagonist concentration) (M) vs the log
(DR-1) and when DR was 2, the -log (antagonist concen-
tration) was taken as the pA2 value from the Schild plot
(Mackay, 1978).
The experimental results are expressed as means ± s.e.

mean and accompanied by the number of observations.
Statistical significance was assessed by Student's t test and P
values less than 0.05 were considered significant.

Results

Effects of ax,-adrenoceptor antagonists on electricalfield
stimulation of human prostate

The contractile responses to transmural field stimulation were
concentration-dependently blocked by pretreatment with
prazosin (3 x 10- to 10-8 M), 5-methyl-urapidil (10-' to
3 x 10-8 M) or CEC (3 x 10-6 to 10-4 M). At the maximal
concentrations, both prazosin (10-8 M) and 5-methyl-urapidil
(3 x 10-8M) almost completely abolished these responses
whilst CEC (10-4 M) inhibited these responses by only
approximately 50% (Figure 1). Yohimbine (10-i to 10-6M)
was also examined but had no effect on these responses (data
not shown).

Effects of nifedipine on rat vas deferens and human
prostate

Exogenously-applied noradrenaline stimulated concentration-
dependently the contractions in rat vas deferens. Nifedipine
(10-8 to 10-6 M) caused concentration-related reductions in
these responses (Figure 2a, Table 1); in contrast, CEC
(30 LM) was ineffective against these responses. In com-
parison with rat vas deferens, nifedipine (10-' to 10-6 M) also
inhibited concentration-dependently the contractions O elect-
rical field stimulation in human prostate (Figdre 2b).
Furthermore, the inhibition percentages were similar to those
for exogenously-applied noradrenaline in rat vas deferens
(Table 1).
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Figure 1 Representative traces of the inhibitory effect of prazosin
(a), 5-methyl-urapidil (b) and chloroethylclonidine (c) on the contrac-
tion induced by transmural field stimulation in human hyperplastic
prostates. Electrical stimulation was given at intervals of 10min as
described in Methods. The depicted traces were obtained from one of
the five experiments.
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Figure 2 Effects of nifedipine on contractions to noradrenaline in
rat vas deferens (a) and to transmural field stimulation in human
hyperplastic prostates (b). Dimethylsulphoxide (0.05%, control) (0,
= ) or nifedipine, 10-8 M (0, S), I0-' M (A, ) and 10-6 M

(A, W ) was preincubated with tissues for 30 min. Values are the
mean ± s.e.mean (n = 5).
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Figure 3 Effects of chloroethylclonidine on contractions to
phenylephrine in rat spleens (a) and to transmural field stimulation
in human hyperplastic prostates (b). Distilled water (control) (0,
=i) or chloroethylclonidine, 106M (0, a), 3 x I0- M (A,
M) and 10-SM (A, M) was preincubated with tissues for

30 min. Each values represents the mean ± s.e.mean (n = 5).

Table I The inhibitory effects of nifedipine and chloro-
ethylclonidine on contractions to noradrenaline (301gM) in
rat vas deferens, to phenylephrine (30011M) in rat spleens
and to transmural field stimulation in human hyperplastic
prostates

Inhibition (%)
Vas

Drugs (M)

Nifedipine 10-8
10-7
10-6

Chloroethylclonidine 10-6
3 x 10-6
10-5

deferens Spleens Prostate

23.4 ± 6.7
56.8 ± 7.3
88.5 ± 1.6

16.8 ± 4.5
54.4 ± 5.2
90.8 ± 1.5

- 18.8 ± 0.7 4.6 ± 1.8
- 42.5 ± 1.8 19.0 ± 2.8
- 83.7 ± 1.6 33.1 ± 3.1

to exogenously-applied noradrenaline and of rat spleens to
phenylephrine without diminishing the maximal responses.
The slopes of Schild plots were not significantly different
from negative units (vas deferens: - 1.10± 0.06 and
-1.06± 0.04, respectively; spleen: -1.08 ±0.07 and
- 1.04 0.04, respectively); the pA2 values were calculated
(Table 2). Prazosin and 5-methyl-urapidil inhibited con-
centration-dependently the contractions to electrical field
stimulation of human prostate and the half-maximal inhibi-
tion (IC50) was determined (Table 2). In addition, the relative
potencies of 5-methyl-urapidil with reference to prazosin in
these tissues were obtained. Table 2 shows that the relative
potency of 5-methyl-urapidil in human prostate (0.105) is
close to that in rat vas deferens (0.257), but is about 10 fold
that in rat spleen (0.011).

Values are expressed as means ± s.e.mean of 5 individual
experiments.

Effects ofCEC on rat spleen and human prostate

Phenylephrine stimulated concentration-dependently the con-
tractions in rat spleen. CEC (1 to 10 pM) caused concen-
tration-related reductions in these responses (Figure 3a,
Table 1) and at a concentration of 10 jM, CEC almost
flattened the concentration-response curve to phenylephrine;
in contrast, nifedipine (1 giM) was ineffective on these res-
ponses. In comparison with rat spleen, CEC (1 to 10 JM) also
concentration-dependently inhibited the contractions to elect-
rical field stimulation in human prostate. At a concentration
of 10 fM, however, CEC inhibited these responses by only
33.1% (Figure 3b, Table 1).

Effects ofprazosin and 5-methyl-urapidil on rat vas
deferens, rat spleen and human prostate

Prazosin and 5-methyl-urapidil produced parallel rightward
shifts in the concentration-response curves of rat vas deferens

Effects ofyohimbine on clonidine- and CEC-induced
inhibitory responses in human prostate

Both clonidine (3 x 10-9 to 3 x 10-7 M) and CEC (3 x 106
to 10-0M) inhibited concentration-dependently the contrac-
tions to electrical field stimulation in human prostate. The
inhibitory effects were partially reversed by yohimbine
(10-7 M); subsequently, the concentration-response curves
were shifted to the right (Figure 4).

Discussion

This study has examined the effects of nxl-adrenoceptor
antagonists on contractile responses to electrical field stimu-
lation in human prostate. Prazosin, 5-methyl-urapidil and
CEC all concentration-dependently blocked these responses.
Both prazosin and 5-methyl-urapidil, at maximal concentra-
tions, almost completely abolished these nerve-mediated res-
ponses whereas CEC only partially inhibited them. Also,
further characterization of xl-adrenoceptor subtypes mediat-
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Table 2 Effects of a1-adrenoceptor antagonists and nifedipine on tension responses stimulated by noradrenaline of rat vas deferens,
by phenylephrine of rat spleens and by transmural field stimulation of human hyperplastic prostates

Vas deferens

pA2 j

9.41 ± 0.41
8.82 ± 0.43
No effect
Effective

(xlA) Spleen ( IB)
Relative Rela
potency pA2 pote

1 9.11± 0.25 ]
0.257 7.15 ± 0.19 0.(

Effective
No effect

ative
ency

Prostate
Relative

pICso potency

1 8.99±0.13 1
011 8.01 ±0.17 0.105

Effective
Effective

Values are expressed as means ± s.e.mean of 5 to 8 individual experiments. Abbreviations: 5-MU, 5-methyl-urapidil; CEC,
chloroethylclonidine
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100 * * human prostate was close to that in rat vas deferens whereas
6 A\ * it was about 10 fold that in rat spleen.
\ A ^ A number of authors have reported that the smooth mus-
\T \'.\*A cle contractions elicited by MIA-adrenoceptor activation are

80 * \T dependent on Ca2+ influx through dihydropyridine-sensitive
T * channels, while contractions elicited by the activations of
0 T \other a-adrenoceptors are independent of extracellular Ca2+1\ A T * * influx (Han et al., 1987; Minneman, 1988; Han & Minneman,

60- - 1 \ * 1990). In the present study, nifedipine (10-8 to 10-6 M)
-00 \ \ induced concentration-related reductions in noradrenaline-

- A stimulated concentration-response curves in rat vas deferens
1~4 but was ineffective against those in rat spleen. In addition,

4 nifedipine also concentration-dependently inhibited the con-
8 7 6 5 4 tractions to electrical field stimulation in human prostate;

-log Concentration] M moreover, the respective inhibition percentage was consistentwith that in rat vas deferens (Table 1). In rat spleen, the
re 4 Effect of yohimbine on clonidine- and chloroethylcloni- concentration-response curve to phenylephrine remained un-
-induced inhibition on contractions to transmural field stimula- affected by nifedipine (1 JtM) but was reduced in a concen-
in human hyperplastic prostates. Clonidine (0, A) or chloro- tration-related manner by CEC; moreover, it was almost
iclonidine (0, A) was preincubated in the absence (control) (0, flattened by 10tiM CEC. In contrast, CEC (10rM) only
or presence (A, A) of yohimbine (10-7M) with tissues for partially inhibited (by 33.1%) the nerve-mediated contrac-
nin. Each point represents the mean ± s.e.mean (n = 5). *P< tions in human prostate. These data imply that the contrac-
**P<0.01 and ***P<0.001 as compared with the respective tions elicited by neuronally-released noradrenaline in human

rol. prostate are mediated predominantly by the putative MIA-
adrenoceptors.

In a number of studies, 5-methyl-urapidil has been report-
contractions elicited by neuronally-released noradrenaline ed to have a high affinity for cloned M~c-adrenoceptors
performed. (Goetz et al., 1993; Kenny et al., 1994; Michel & Insel, 1994).

lased on affinities of a series of ligands for binding sites in Furthermore, it has been suggested that alc-subtype forms
vas deferens and spleen (Han et al., 1987; Gross et al., the majority of the al-adrenoceptors in human prostate (Price
8), and on the ability of CEC to inactivate the lB but not et al., 1993). However, aic-adrenoceptors are sensitive to
xIA-adrenoceptor subtypes (Han et al., 1987; Minneman alkylation by CEC (Garcia-Sainz et al., 1992; Michel et al.,

al., 1988), it has been suggested that contractions to 1992). In the present study, the nerve-mediated contractions
genously-applied noradrenaline are mediated predo- in human prostate was sensitive to blockade by 5-methyl-
antly by xlA-adrenoceptors in rat vas deferens (Han et al., urapidil; but was only partially reduced by CEC. This res-
7; Hanft & Gross, 1989), and by M1B-adrenoceptors in rat ponse was unlikely to be mediated predominantly by MIc-
en (Han et al., 1987). In the present study, the contrac- adrenoceptors. In addition, the concentrations of CEC used
is of rat vas deferens to noradrenaline have been used as a to block these responses were markedly higher than those
del for (lA-adrenoceptors and contractions of rat spleen to required to inhibit the contractions to phenylephrine in rat
nylephrine as a model for MIB-adrenoceptors. We found spleen. Whether these inhibitions to neuronally-released nor-
zosin, a nonselective al-adrenoceptor antagonist (Hanft & adrenaline by CEC in human prostate result from the alkyla-
)ss, 1989; Aboud et al., 1993), and 5-methyl-urapidil, a tion of MIB and/or xlc-adrenoceptors remains doubtful since
ctive alA-adrenoceptor antagonist (Gross et al., 1988; CEC also has an affinity for M2-adrenoceptors (Michel et al.,
ift & Gross, 1989), competitively inhibited the contrac- 1993).
is to noradrenaline in rat vas deferens and those to Clonidine, a selective prejunctional M2-adrenoceptor agon-
nylephrine in rat spleen. In rat spleen, phenylephrine but ist, was examined to assess the contribution of 92-adreno-
noradrenaline was used because of the involvement of M2- ceptors in nerve-mediated contractions of human prostate.
well as al-adrenoceptors in the contractile responses Clonidine (3 x 10-' to 3 x 10-7M) concentration-dependent-
nakin & Novak, 1988). Table 2 shows that prazosin had ly inhibited the contractions to electrical field stimulation in
ilar pA2 values in rat vas deferens and spleen; 5-methyl- human prostate; at the high concentration of 3 x 10-7 M, it
pidil exhibited greater potency (47 fold) in rat vas produced maximal inhibition (by 42.7%) of these nerve-
erens than in rat spleen. However, it is difficult to obtain mediated responses. The clonidine-elicited inhibition was
2 values for prazosin and 5-methyl-urapidil to electrical reversed by yohimbine (10-7 M) confirming the involvement
d stimulation in human prostate. Therefore, the pIC50 of prejunctional M2-adrenoceptors. In addition, yohimbine
ues were calculated and the relative potencies with (10-7M) also partially reversed the inhibitory effect of CEC
rence to prazosin were determined. The observed data on nerve-mediated contractions in human prostate. This im-
ealed that the relative potency of 5-methyl-urapidil in plies that the observed CEC-sensitive effects in human pros-

Drugs

Prazosin
5-MU
CEC
Nifedipine

C
0

*-

Co

0

01-1

145



146 J.-H. Guh et al al-Receptor subtypes in human prostate response to EFS

tate are related at least partially to the activation of prejunc-
tional M2-adrenoceptors.

In summary, we have demonstrated in this paper that the
major subtype mediating contractions to neuronally-released
noradrenaline is the MIA-adrenoceptor; in addition, activation
of prejunctional aX2-adrenoceptors may partially inhibit these
responses. Furthermore, the CEC-sensitive effects may be
accounted for at least partially by the activation of prejunc-
tional M2-adrenoceptors.

We appreciate the generous supply of human prostate tissues by Drs
Jun Chen and Shyn-Chyan Chen of the Department of Urology,
National Taiwan University Hospital, Taipei, Taiwan. This work
was supported by a research grant of the National Science Council
of the Republic of China (NSC 84-0425-B002-001).
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Effects of GTPyS on muscarinic receptor-stimulated inositol
phospholipid hydrolysis in permeabilized smooth muscle
from the small intestine
'S.A. Prestwich, 2H. Miyazaki & T.B. Bolton

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

1 Smooth muscle fragments from the longitudinal layer of the small intestine of the guinea-pig were
permeabilized with Staphylococcus aureus alpha toxin (tx-toxin) and used to investigate the role of
G-protein activation in the regulation of muscarinic acetylcholine receptor (AChR)-stimulated inositol
phospholipid hydrolysis.
2 The efficiency of tx-toxin permeabilization was estimated by the release of [3H]-2-deoxyglucose
([3H]-2DG) after prior loading or lactate dehydrogenase (LDH) enzyme release from the smooth muscle
fragments.
3 In ax-toxin-permeabilized smooth muscle, but not in non-permeabilized muscle, GTPyS induced time-
and concentration-dependent increases in labelled inositol phosphates. Carbachol (CCh) increased
labelled inositol phosphates in both permeabilized and non-permeabilized muscle, although the increases
were greater in non-permeabilized smooth muscle. The response to 100 tiM CCh was severely reduced by
0.5 JLM atropine.
4 In permeabilized muscle the effects of GTP-yS or CCh on inositol phosphate levels were reduced by
treatment with pertussis toxin (PTX) and completely inhibited by GDPPS.
5 GTPyS caused a concentration-dependent inhibition of the CCh-induced increases in the levels of
labelled inositol phosphates. Dibutyryl cyclic AMP or Sp-cAMPs (adenosine-3',5'-cyclic phosphoro-
thiolate-Sp) reduced the effects of CCh on inositol phosphate levels.
6 The results suggest that muscarinic AChR activation induces inositol phospholipid hydrolysis via
more than one G-protein in this smooth muscle and that several mechanisms may contribute to the
modulation of both stimulatory and inhibitory responses observed.

Keywords: Smooth muscle; permeabilization; inositol phosphates; G-proteins; GTPyS; GDPPS; pertussis toxin; cyclic AMP

Introduction

Stimulation of muscarinic acetylcholine receptors (AChRs) in
longitudinal smooth muscle of small intestine results in an
increase in inositol phospholipid hydrolysis by activation of a
phospholipase C (PLC) producing inositol (1,4,5) trisphos-
phate (Ins(1,4,5)P3) and 1,2-diacylglycerol (Jafferji & Michell,
1976; Best & Bolton, 1986). This effect is believed to be
mediated by G-proteins. The Ins(1,4,5)P3 causes Ca2" release
from the stores in the sarcoplasmic reticulum and this con-
tributes to tension generations in this excitable smooth mus-
cle (Pacaud & Bolton, 1992).
The structures of cloned muscarinic AChRs and the

dependence of muscarinic AChR-induced responses on the
presence of GTP in membranes and in permeabilized cells
support the idea that agonist-induced increases in inositol
phospholipid turnover are mediated by G-proteins (Cock-
croft & Gomperts, 1985; Litosch et al., 1985; Casey & Gil-
man, 1988). GTP'1S is a slowly hydrolysable, non permeable
analogue of GTP that causes stimulation of inositol phos-
pholipid hydrolysis in many cell types including smooth mus-
cle (Honkanen & Abdel-Latif, 1989). GTP8S also increases
the Ca2" sensitivity of myosin phosphorylation in both tonic
and phasic smooth muscles but these effects may be separate
from the effects of GTPyS on inositol phospholipid hyd-
rolysis which have been investigated in this study (Kitazawa
et al., 1991; Ono et al., 1992) although others believe they
may be involved (Nishimura et al., 1990).

I Author for correspondence.
2Now deceased.

Intact receptors and signal transduction systems are
retained following permeabilization of smooth muscle with
a-toxin and it has been used by various workers to inves-
tigate the mechanisms of excitation-contraction coupling
(Nishimurar et al., 1988; Kitazawa et al., 1991). a-Toxin is a
cytolytic exotoxin secreted by Staphylococcus aureus. Hex-
amerization of the a-toxin molecules results in the formation
of pores of 2-3 nm in diameter in the plasma membrane
(Fuissle et al., 1981; Hohman, 1988) but as the a-toxin
monomer is 34 kDa it does not enter the cell and so its
action is restricted to the plasma membrane (Bhakdi &
Tranum-Jensen, 1987). The small pore size allows equilibra-
tion of cytoplasm, inorganic ions and small molecules such as
GTP analogues, contained in experimental solutions, without
losing larger molecules such as calmodulin, protein kinases
and other enzymes.
We have shown previously that AlF interacts with G-

proteins to inhibit muscarinic AChR-induced stimulation of
inositol phospholipid hydrolysis (Prestwich & Bolton, 1995).
The purpose of the present experiments was to examine
further the role of G-proteins in the muscarinic AChR-
induced increases in the levels of [3H]-inositol phosphates
observed in this tissue. The interaction between CCh and
GTPyS was determined to see if GTPyS could potentiate the
muscarinic AChR responses as described in other systems
(Cockcroft & Gomperts, 1985; Litosch et al., 1985; Smith et
al., 1985; Uhing et al., 1986; Cockcroft, 1987; Cattaneo &
Vicentini, 1989). For these experiments on smooth muscle
fragments, attempts were made to permeabilize completely
with a-toxin so that the increases in [3H]-inositol phosphates
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observed occurred only in permeabilized fragments. These
fragments were used to determine the effects of GTPyS and
GDPPS (more stable analogues of GTP and GDP) and treat-
ment with PTX, on the levels of [3H]-inositol phosphates
generated by muscarinic AChR activation with CCh. In addi-
tion to measurements of levels of [3H]-inositol phosphates,
levels of adenosine 3':5'-cyclic monophosphate (cyclic AMP)
were determined to see if increases-in cyclic AMP levels could
account for some of the observed effects.

Methods

Guinea-pigs were stunned and exsanguinated and lon-
gitudinal muscle of the small intestine removed. Fragments
were prepared by tissue chopping as previously described
(Prestwich & Bolton, 1995).

Permeabilization offragments

Preliminary experiments described in Results showed that
incubation with 2500 u ml' a-toxin for 30 min in internal
substitution solution (ISS, see below) resulted in satisfactory
permeabilization of the smooth muscle fragments and this
treatment was used in all experiments where permeabilization
was required.

After washing the [3H]-inositol-labelled fragments (frag-
ments were incubated with 1.85 MBq ml' [3H]-inositol for
20 h at 300C) with Krebs ringer buffer (KRB) they were
rinsed several times in ISS, suspended in I ml of this solution
containing 2500 u ml-' a-toxin and 925 kBq [3H]-inositol and
then incubated at 37'C for 30 min with occasional gentle
mixing. At the end of 30 min incubation, the a-toxin was
removed with several washes of 10 ml ISS.

Permeabilized fragments were aliquoted to give about 1 mg
protein per pot into 'mesh pots' ('mesh pots' were 5 ml
Gilson pipette tips which had been cut so that a small circle
of nylon mesh could be placed over the end and secured with
a ring and they would easily fit into a 5 ml beta vial); these
were placed in a beta vial containing 3 ml ISS. The assay
procedure was as follows: a mesh pot was removed, blotted
onto blotting paper, and immersed in 3 ml ISS at 37°C for
30s; this was repeated. The sample was then blotted and
immersed in the test solution (500 il). At the end of the
incubation, 500 fi 20% trichloroacetic acid (TCA) and 50 1l
50 mM EDTA were added to stop the assay and after rinsing
the fragments on the mesh with a small volume of buffer, the
samples were vortexed, placed on ice for 20 min and then
centrifuged at 4000 g for 10 min. The supernatant was
removed and the TCA extracted by the addition of 4 x 5 ml
water-saturated diethyl ether; the residual ether was removed
with nitrogen and the pH of the samples adjusted to 7.0 with
1 M NaOH. The pellet was stored for protein determination
by the method of Lowry et al. (1951) (there was no inter-
ference in the protein assay from anything leaching off the
mesh). Samples were assayed for [3H]-inositol phosphates by
anion-exchange h.p.l.c. within 7 days.

In some experiments the tissue part was separated from the
supernatant part at the end of the incubation period. For
these experiments, at the end of the incubation period the
inner pot was raised, 500 gil buffer pipetted into it to wash
excess supernatant off the tissue and the tissue part was then
immersed in a solution of 10% TCA. TCA was then added
to the supernatant to give 10% final.
The composition of the high K+ intracellular substitution

solution (ISS) was as follows: (final, mM) K+ aspartate 130,
MgCI2 3.1, Na2ATP 2, EGTA 2, creatine PG4 20, HEPES 20,
CaC12 1 (free concentration = 0.137 jIM) pH 7.2 with KOH.
The pores in the plasma membrane made by a-toxin treat-
ment did not allow molecules greater than 1000 Da to pass,
therefore creatine kinase and calmodulin would be retained
and so did not need to be added to the intracellular solution.

The concentration of free Ca2", Mg2" and ATP were
calculated with a computer programme called EQCAL
(Biosoft, U.K.). This programme uses the stability constants
for metal-chelate and metal-nucleotide complexes reported by
Martell & Smith (1975).

Measurement of[3H]-2DG release

Loss of 3H from fragments which had been previously loaded
with [3H]-2-deoxyglucose ([3H]-2DG) in the absence and
presence of increasing concentrations of a-toxin was used to
assess the degree of permeabilization by different concentra-
tions of a-toxin. Permeabilization by this toxin was also
compared with permeabilization by saponin, Triton-X-100
and by hypo-osmotic shock with pure water (distilled water
passed through a Milli-Q deionization system). Release of the
enzyme lactate dehydrogenase (LDH) was also determined to
compare the effect of permeabilization by ot-toxin with other
permeabilizing agents.

Fragments from the longitudinal smooth muscle layer of
the small intestine were incubated in KRB for 30 min at
37°C, followed by washing several times in KRB minus
glucose and incubated with 185 kBq [3H]-2DG in KRB minus
glucose for 2 h at 37°C (based on the method of Olefsky,
1978). At the end of this period the fragments were washed
several times in the high K+ internal substitution solution
(ISS). To estimate the extent of permeabilization of the
fragments the escape of [3H]-2DG was estimated as d.p.m.
appearing in the supernatant or as d.p.m. remaining in the
tissue fragments. Fragments were divided into mesh pots in a
total volume of I ml containing either ISS alone or ISS in the
presence of one of the following: a-toxin in concentrations
from 250 u ml -' to 8000 u ml- '; saponin, 1 mg ml-'; Triton-
X-100, 1% or pure water to cause hypotonic lysis of cells.
The temperature was 37°C (except that 22°C was used for
saponin). At selected time intervals, 50 pd aliquots were
removed to determine the amount of 3H which had been
released into the supernatant (Figure la). At the end of the
incubation period residual d.p.m. in the supernatant were
counted and 10% trichloroacetic acid added to the tissue
portion to determine the number of d.p.m. remaining in the
tissue. Hisafe 3 (LKB) (4 ml) was added to each pot and the
d.p.m. determined in a Beckman scintillation counter. After
correcting for the volume in the pot remaining at each time
point, the amount of 3H released (Figure la) or the 3H
remaining (Figure 1 b) was calculated as a percentage of the
total number of d.p.m. in the tissue at the beginning of the
experiment.

Measurement ofLDH release

The enzyme LDH was chosen for assay as an example of a
molecule too large to escape through the membrane pores
created by a-toxin. Smooth muscle fragments were rinsed
several times after preparation in ISS and then incubated in
either ISS alone, 5000 u ml1- a-toxin, 1 mg ml-' saponin or
1% Triton-X-100 for up to 60 min. At selected time intervals
aliquots were removed, placed on ice and assayed immediate-
ly for LDH activity. At the end of the experiment the
remaining LDH in the tissue was extracted with TCA.
The assay for LDH activity was based on the method of

Bergmeyer & Bernt (1974). LDH activity was determined
spectrophotometrically by observing the oxidation of NADH
in the presence of pyruvate to produce lactate; 3 ml of
0.63 mM pyruvate and 50 mM phosphate buffer pH 7.5 was
mixed with 50 PlI of 11.3 mM NADH (buffered to pH 7.5 with
NaHCO3) and 100 flI of sample. The absorbance was read at
365 nm in a cuvette at 22°C, immediately after mixing and
again exactly 5 min later in a Beckman spectrophotometer.
The reduction in the optical extinction during this time was
taken as a measure of LDH activity. The results are ex-
pressed as % of total LDH remaining at each time point.
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Figure 1 (a) Permeabilization of smooth muscle fragments with
a-toxin. [3HJ-2DG-labelled smooth muscle fragments prepared as
described, were incubated in the absence (ISS) (V) or in the presence
of ISS containing either 250 (0), 500 (-), 1000 (0), 2500 (>), 5000
(0) or 8000 (A) u ml-' a-toxin from zero time. The % of 3H
released with time during incubation with or without the a-toxin for
up to 60 min at 37°C was determined. Results are expressed as the
mean % release of 3H into the supernatant compared to the total
number of d.p.m. in each aliquot of tissue (n = 2). (b) Measurement
of 3H-efflux during permeabilization. [3H]-2DG-labelled fragments
were incubated in the absence (V) (n = 3) of any permeabilizing
agent (ISS alone) or in the presence of ISS containing either
2500 u ml- l a-toxin (0) (n = 3), 1 mg ml I saponin (l) (n = 2), 1%
Triton-X-100 (0) (n =2) or pure H20 (A) (n = 2) with no added
solutes for up to 60 min at 22°C for the saponin and at 37°C for the
rest. Results are expressed as the mean amount of 3H remaining in
the fragments at any time compared to the total d.p.m. in the aliquot
of tissue. For abbreviatons in this and subsequent legends, see text.

Figure 2 shows the ability of the smooth muscle fragments to
retain LDH under the different conditions.

Labelling and measurement of [3H]-inositol phosphates
by h.p.l.c.

The labelling (20 h incubation) and measurement of the [3H]-
inositol phosphate isomers was the same as in Prestwich &
Bolton (1991; 1995). Briefly, chopped fragments (350 x 350
Itm) 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 1.85 MBq ml' [3H]-
inositol and kept in a humidified atmosphere containing 95%
02/5% CO2 at 30'C for 20 h. Contraction of the muscle to
CCh could still be observed after this period of incubation.
For the majority of the studies the [3H]-inositol phosphate

isomers were separated by h.p.l.c. with a method modified

Figure 2 Measurement of loss of lactic dehydrogenase (LDH) dur-
ing permeabilization. The smooth muscle fragments were incubated
in ISS in the absence (0) (n = 2) or presence of 5000 u ml-' a-toxin
(0) (n = 3), 1 mg ml-' saponin (0) (n = 3) or 1% Triton-X-I00 (A)
(n = 2). Aliquots were removed at different times up to 60 min and
the LDH activity determined. Results are expressed as the mean %
of LDH remaining out of the total in each aliquot at each time
point. The amount of LDH at time zero was calculated from the
cumulative amount plus the total remaining at the end of the experi-
ment.

from Irvine et al. (1985) and Batty et al. (1985). A Partisal
SAX (strong anion exchange) column was used and the
inositol phosphates eluted using an ammonium formate
gradient from 0 to 2 M brought to pH 3.7 with H3PO4. The
eluate was collected in a fraction collector. Elution profiles
were determined by scintillation counting using a Beckman
LS1701 scintillation counter. The identity of the various PH]-
inositol phosphate isomers except for one of the PH]-inositol
bisphosphates, was determined by comparing their elution
profiles from the h.p.l.c. with those of labelled standards (see
Prestwich & Bolton, 1991). From these standards the follow-
ing inositol phosphate isomers were identified: [3HJ-inositol
monophosphates ([3H]-inositol (1) phosphate and [3H]-
inositol (4) phosphate) (InsP1); [3H]-inositol (1,4) bis-
phosphate (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 of other workers, the other [3H]-inositol bisphosphate
is likely to be [3H]-inositol (3,4) bisphosphate (labelled sInsP2
in the Figures). Agonist-stimulated responses were compared
with control values and the results usually expressed as %
change compared to control. For the studies using dibutyryl
cyclic AMP and Sp-cAMPs the [3H]-inositol phosphate
isomers were separated on Agl-X-8 columns following the
method of Downes & Michell (1981).

Measurement of cyclic AMP

Smooth muscle fragments were prepared and incubated as
previously described (Prestwich & Bolton, 1991) when
measuring [3H]-inositol phosphates. 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. Therefore the fragments
were incubated in KRB containing 1 mM IBMX for the
cyclic AMP experiments. After incubation with or without
CCh for the desired time the reaction was terminated by
addition of 10% (final) TCA. The TCA was removed by
diethyl ether extraction, and 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.

a
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Materials

GDPPS (trilithium salt), GTP-yS (tetralithium salt), a-toxin
and pertussis toxin (PTX) were obtained from Boehringer.
Dibutyryl cyclic AMP and Sp-cAMPs were obtained from
Calbiochem. [3H]-2DG, [3H]-inositol and the [3H]-cyclic AMP
assay kit were obtained from Amersham International Ltd.
[3H]-inositol contained a PT6 tablet which absorbed any

radiolysis products, which meant no purification of the label
was necessary before use. All other chemicals and drugs were

obtained from Sigma Chemical Company Ltd or BDH.

Data analysis

The data are expressed as the mean ± s.e.mean of at least
three paired experiments performed on different occasions.
Intra-assay variation was very small and the main variability
was seen between guinea-pigs. The statistical significance was
assessed by use of Student's paired t test. P values that were

less than 0.05 were considered to be significant. Calculations
were performed using the computer programme INSTAT
(GraphPAD software, U.S.A.).

Results

[3H]-2DG experiments

The efflux of 3H from smooth muscle fragments labelled with
[3H]-2DG increased with increasing concentrations of a-toxin
reflecting the degree of permeabilization of the fragments
(Figure la). In non-permeabilized fragments 33% of the total
3H was released by the end of the 60 min incubation period.
This may be because the ISS contains only 0.1 ftM Ca2" and
this would make the fragments leaky. Incubation with up to
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500 u ml1' of a-toxin for up to 60 min at 37@C showed no

increase in the rate of release of 3H when compared with
non-c-toxin treated fragments (Figure la). Increasing the
concentration of a-toxin to 1000uml-' resulted in an in-
creased efflux of 3H compared to control so that at 30 min,
50% of the 3H had been released compared to only 20% in
control. Incubation with concentrations of 2500 u ml1 or

greater resulted in more than 90% of the 3H in the fragments
being released by 20min. Measurement of 3H may include
substances other than [3H]-2DG: derived from the cell.
Measurement of the amount of 3H remaining in the

smooth muscle fragments showed that after 30 min incuba-
tion in ISS, the non-permeabilized fragments had lost only
20% of the 3H taken up. However, following 30 min incuba-
tion with 2500 u ml-' c-toxin, only 4% of the 3H remained in
the fragments (Figure Ib). After 30 min incubation with
saponin (1 mg ml-', 20 min, 22°C), less than 10% of the 3H
remained and incubation with Triton-X-100 or distilled water
resulted in almost complete loss of 3H taken up by the end of
the incubation period.

Since greater than 90% of the 3H from [3H]-2DG labelled
fragments had been lost by 20 min when the fragments were
permeabilized with 2500 u ml-' or more a-toxin it was
decided to use 2500 u ml' a-toxin and incubate for 30 min
in order to permeabilize the fragments prior to the
experiments.

LDH experiments

There was no detectable loss of LDH during incubation of
smooth muscle fragments in ISS alone or during treatment
with 5000 u ml-I c-toxin (Figure 2) a concentration that has
been shown to release more than 95% of the [3H]-2DG taken
up (Figure la) by the end of the 60 min incubation period.
However, permeabilization of the fragments with Triton-X-

Figure 3 The distribution of d.p.m. between supernatant (SPT) and tissue in permeabilized fragments. Increases in the levels of
[3H]-inositol phosphates were determined in [3H]-inositol-labelled fragments permeabilized with a-toxin in the presence of ISS alone,
GTPyS or CCh for different times and the tissue part separated from the supernatant as described in the Methods. Results
represent the % of the total d.p.m. for each isomer found in the supernatant (hatched) or tissue part (open). (1), (2), and (3)
represent distribution of basal d.p.m. after incubation in ISS for 30 s, 5 min or 20 min respectively. (4), (5), and (6) represent
distribution of d.p.m. after subtraction of basal levels following stimulation with 100 gM GTPVS for 30s, 5 min or 20 min
respectively and (7), (8), and (9) represent the distribution of d.p.m. after subtraction of basal levels following stimulation with
100 gLM CCh for 30 s, 5 min or 20 min respectively. The results represent the values from one experiment. Separation of supernatant
from the tissue and analysis of [3H]-inositol phosphates was performed on many samples with similar results.
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100 or saponin resulted in a rapid loss of the enzyme LDH,
such that greater than 50% of the LDH was lost from the
fragments in the first S min incubation with Triton-X-100
and 10min incubation with saponin (Figure 2). Concentra-
tions of a-toxin up to 8000 u ml -' also failed to cause detec-
table release of LDH (data not shown).

Basal levels of [3H]-inositol phosphates

In contrast to experiments on non-permeabilized fragments
(Prestwich & Bolton, 1995) the basal levels of [3H]-inositol
phosphates increased with time after permeabilization. The
increases were 83%, 59%, 36%, 59% and 75% for the
[3H]-InsP,, [3H]-Ins(l ,4)P2, [3H]-Ins(1,3,4)P3, [3H]-Ins(1,4,5)P3
and [3H]-InsP4 respectively at 5 min compared to the values
at 10 s. The increase in inositol phosphates observed may be
related to the contractile effects of mM ATP concentrations
present in ISS on longitudinal muscle of guinea-pig ileum
(Burnstock et al., 1970). Also the loss of [3H]-InsP, and
[3H]-Ins(1,4)P2 through the 'pores' formed during perme-
abilization may cause a shift in the equilibrium resulting in
increased intracellular turnover.

Distribution of d.p.m. between the supernatant and tissue

Measurement of the distribution of d.p.m. between the super-
natant part and tissue part of a sample showed that in
non-permeabilized fragments incubated in normal KRB for
10 min, no detectable amounts of radioactivity eluting on the
h.p.l.c. corresponding to the [3H]-inositol phosphates were
observed. Only 3% of total radioactivity was found in the
supernatant of non-permeabilized fragments after incubating
in ISS for 10min.

Following permeabilization, inositol phosphates escaped
into the supernatant. Several experiments were performed to
determine the distribution of inositol phosphates in the
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supernatant compared with the tissue portion. Saponin
(1 mg ml-) also increased inositol phosphates in a similar
way to a-toxin but the effects were much smaller. Measure-
ment of individual [3H]-inositol phosphates in the super-
natant and tissue fractions from permeabilized fragments
during different experimental conditions is shown in Figure 3.
The first three columns are from control samples incubated
for 30 s, 5 min and 20 min and it can be seen that there is a
time-dependent increase in the percentage of d.p.m. found in
the supernatant fraction for all the [3H]-inositol phosphates.
The other six columns have had the basal d.p.m. subtracted
and represent the distribution during either GTP'S (100 1AM)
stimulation for 30s (4), 5min (5) or 20min (6) or CCh
(100 gM) stimulation for 30 s (7), 5 min (8) or 20 min (9). The
general trend is that the longer the incubation the greater
percentage of [3H]-InsP,, (3H]-Ins(1,4)P2 and [3H]-sInsP2 that
appears in the supernatant but for the [3H]-Ins(1,3,4)P3, [3H]-
Ins(1,4,5)P3 and [3H]-InsP4 the majority of the d.p.m.
remained in the tissue part (Figure 3).

Effect of CCh and GTPyS on ['H]-inositol phosphate
levels
Incubation of a-toxin permeabilized, [3H]-inositol-labelled,
smooth muscle fragments with CCh (in the absence of added
GTP) or GTPyS resulted in time- and concentration-
dependent increases in the levels of all the [H]-inositol phos-
phates in combined tissue fragments and supernatant
(Figures 4 and 5). The time courses and % increases pro-
duced by CCh and GTP'S in the levels of [3H]-inositol
phosphate isomers were very similar except for [3H]-
Ins(1,4,5)P3 and [3H]-InsP4's at the early times (Figure 4).
Increases in the levels of [3H]-Ins(1,4,5)P3 were significantly
less with GTP'yS than with CCh at all time points (P<0.05).
GTPyS (up to 1 mM) had no significant effect on [3H]-inositol
phosphate levels in non-permeabilized muscle fragments
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Figure 4 Effects of time of incubation with GTPyS or CCh on [3H]-inositol phosphate levels in permeabilized smooth muscle
fragments and their supernatant combined. [3H]-inositol-labelled, a-toxin permeabilized fragments were incubated with 100 LM CCh
(0) or 100 gM GTP7S (0) for 5 s, IO s, 30 s, 60 s, 120 s or 5 min. Results represent the mean ± s.e.mean of three experiments
performed on separate occasions and are expressed as the % change compared to control, where the control is taken as the value in
the absence of added drug. Increases in the levels of [3H]-InsP,, [3H]-Ins(1,4)P2, [3HJ-sInsP2, [3H]-Ins(1,3,4)P3, [3H]-Ins(1,4,5)P3 and
[3H]-InsP4 are shown.
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indicating that a-toxin treatment is essential to allow GTPyS
access to the cell interior. Incubation of the permeabilized
fragments with 0.5 gM atropine for Omin prior to addition
of 100 tM CCh reduced the CCh-induced increases in the
levels of all the labelled inositol phosphates by an average of
79% (2 experiments). In non-permeabilized fragments the
reduction of the response to 100 Mm CCh was 95 ± 1.3%
(n = 6). These effects are compatible--with an equilibrium
dissociation constant of atropine for the receptor of
3 X 10-9M.

Effect of simultaneous addition of GTPyS and CCh on
the levels of [3H]-inositol phosphates
Although CCh-induced increases in the levels of [3H]-inositol
phosphates could be observed in permeabilized fragments
and their supernatants in the absence of any added GTP, the
absolute increase in d.p.m. was less than with non-
permeabilized fragments for some of the isomers (Figure 6)
and the maximum increase in [3H]-Ins(l,4,5)P3 was later in
permeabilized fragments (30 s in permeabilized fragments,
lOs in non-permeabilized) and did not decline. The [3H]-
Ins(1,4)P2 isomer increased slowly up to 2 min incubation,
compared with the non-permeabilized fragments where the
response peaked at 30 s (Figure 6).

Addition of 20Mm GTPyS at the same time as different
concentrations of CCh, followed by incubation for 2 min did
not further increase the levels of any of the [3HJ-inositol
phosphates over the effect of CCh alone (data not shown).
Incubation of permeabilized fragments with 100 Mm GTPYS
and various concentrations of CCh for 5 min however,
significantly inhibited the CCh-induced increases in the levels
of all the 13H]-inositol phosphates (P <0.05) (Figure 7).
Incubation with 3 gM CCh for 5 min increased the levels of
all the [3H]-inositol phosphates and these increases were
inhibited in the presence of 1-100 gM GTPyS when added at
the same time as the CCh. The IC50 for GTPyS inhibition

InsP1
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10 100
log [Drug! gM

was between 5 Mm and 8 MM for all the [3HJ-inositol phos-
phate isomers and at 100 gM GTPyS, almost all (95 ± 4.2%)
the CCh response was inhibited.

In fragments permeabilized with saponin (1 mg ml' for
20 min at 22°C) CCh alone (without GTP) increased inositol
phosphate levels as did GTPyS. The effects of CCh or GTPyS
were generally smaller on the inositol phosphate isomers
measured than when a-toxin was used.

The effect of incubation with GTPyS prior to CCh
addition

When permeabilized smooth muscle fragments were in-
cubated in the presence of increasing concentrations of
GTPyS for 5 min before the addition of 100Mm CCh for a
further 30 s, GTPyS above 1 gM caused a significant inhibi-
tion of the CCh-induced increases in the levels of all the
[3H]-inositol phosphates (Figure 8).

Effect ofPTX treatment on CCh and GTPyS effects in
permeabilizedfragments

The CCh-induced increases and the GTPyS-induced increases
in the levels of [3H]-inositol phosphates were greatly reduced
following treatment with PTX (6 Mgml-' for 20h at 30C)
(Figures 8 and 9). GTPyS inhibited the effect of CCh on
[3H]-inositol phosphate levels and this was, in general, also
true when the effect of CCh was substantially reduced by
PTX pretreatment. However, in different experiments there
was some variation in the effects of GTPyS on the PTX-
insensitive CCh response (compare Figures 8 and 9).

Effect ofGDPPS
GDPPS (5 mM) had no effect on the basal levels of the
CH]-inositol phosphates. However it almost completely
inhibited (by 92% and 96% respectively) the CCh-(OO M)
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10 100 1000 1 10 100

log [Drug! gM log [Drug! gM
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Figure 5 Concentration-response curves for the effects of CCh and GTPyS on [3H]-inositol phosphates in permeabilized smooth

muscle fragments and their supernatant combined. Permeabilized fragments were incubated in the presence of different concentra-

tions of CCh (0) or GTPyS (0) for 5 min. Results represent the mean ± s.e.mean of three experiments performed on separate
occasions and are expressed as the % change compared to control, where the control is taken as the value in the absence of added
drug.
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Figure 6 Comparison of CCh-induced increases in [3H]-inositol phosphates in non-permeabilized and permeabilized fragments
with their supernatant. CCh-induced increases in the levels of [3H]-inositol phosphates were determined in non-permeabilized
fragments and fragments permeabilized with 2500 u ml-'xa-toxin for 30 min. Results show the time-dependent increases in the
levels of [3H]-inositol phosphates in the presence of 100pM CCh in non-permeabilized fragments (@) or permeabilized (A)
fragments and are the mean ± s.e.mean (where it exceeds symbol width) of three unpaired experiments performed on separate
occasions, on separate guinea-pigs and are expressed as absolute d.p.m. minus basal values.

log [CChl gM

10 100
log [CChl gM

1000

log [CCh] gM log [CChI gM

10- 100
log [CChJ gM

10 100
log [CChJ gM

1000

Figure 7 Effect of GTPyS on the response to CCh in permeabilized fragments. Permeabilized fragments were incubated with either
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and GTPyS-(00fLM) induced increases in the levels of [3H]-
InsP, and [3H]-Ins(l,4,5)P3. The increases in [3H]-Ins(1,4)P2,
[3H]-Ins(1,3,4)P3 and [3H]-InsP4 levels due to GTPTS stimula-
tion were inhibited by 82%, 81% and 82% respectively and
increases due to CCh stimulation were inhibited by 81%,
80% and 96% respectively.

Effect of dibutyryl cyclic AMP and Sp-cAMPs on
CCh-induced increases in [3H]-inositol phosphate levels

Incubation of permeabilized fragments in the presence of
either 10ZjM dibutyryl cyclic AMP or 10tiM Sp-cAMPs for
10min prior to application of CCh (100tiM) for a further
10s resulted in a substantial reduction in the response to
CCh. The average % reduction (n = 3) in the CCh response
for [3H]-InsP,, [3H]-InsP2, [3H]-InsP3 and [3H]-InsP4 isomers in
the presence of dibutyryl cyclic AMP was 93 ± 11, 89 ± 13,
86 11 and 69 ± 11 and in the presence of Sp-cAMPs was
56 ± 6, 78 ± 6, 71 ± 7 and 79 ± 7 respectively.

Cyclic AMP measurements

Basal cyclic AMP values for non-permeabilized smooth mus-
cle fragments incubated in the absence of added IBMX rose
from 0.98 to 2.12 pmol mg-' protein during a 10 min incuba-
tion period. Changes in these levels in the absence of IBMX
upon P-adrenoceptor activation or following treatment of
fragments with ChTX could not be observed (data not
shown). Basal cyclic AMP levels incubated in the presence of
1 mM IBMX increased from 10 to 36 pmol mg-' protein over
a O min incubation period. This indicates that there is very
efficient metabolism of cyclic AMP by phosphodiesterases
present in these fragments. Increases in the levels of cyclic
AMP were observed when a ,-adrenoceptor agonist was
added if 1 mM IBMX was present. However, up to 100 jLM
CCh (for O min) had no significant effect on the levels of
cyclic AMP (20 ± 6 pmol mg-' protein, n = 6) whereas
incubation with 100 fLM GTP7S (for 10 min) significantly in-
creased cyclic AMP levels to 174 ± 18 pmol mg-' protein
(P<0.01, n = 3). However, 10mM NaF/10 gM AlCl3 had no
significant effect on cyclic AMP levels (28 ± 8 pmol mg-'
protein, n = 3). GDPPS (5 mM, for 10 min) had no effect on
the basal levels of cyclic AMP but significantly inhibited the
increases produced by 100 jLM GTPyS by 55 ± 9.2%
(P< 0.05, n = 3) (incubated together for 10 min).

Discussion

Permeabilization

The studies on the loss of [3H]-2DG and LDH indicate that a
sufficient concentration of a-toxin will permeabilize the cell
membranes allowing small, but not large, molecules to
escape. Further evidence for this came from the loss of
[3H]-inositol phosphates which also escaped from the tissue
after a-toxin treatment; in fragments not so treated, escape of
[3H]-inositol phosphates was negligible. Also, GTP7S nor-
mally without effect on [3H]-inositol phosphate levels, in-
creased these substantially after a-toxin treatment indicating
that adequate access to the interior of cells was achieved. The
question of whether some cells in the tissue fragments
remained unpermeabilized is an important one, because if
permeabilized and non-permeabilized cells are both present in
significant numbers, the total tissue response will represent
events taking place in two separate populations and not, as is
required for the interpretation of these experiments, in the
same cells. Increasing a-toxin concentration from 2500 to
8000uml-' only marginally increased the rate of loss of
[3H]-2DG over the first 5 min. Thus increasing the rate of
formation of membrane pores more than 3 fold by increasing
the a-toxin concentration had only a marginal effect on
exchange. It is possible that treatment with 2500uml-' or

more of a-toxin for only 5 min is sufficient to produce
exchange of small molecules at a near maximum rate
although this possibility was not tested and a-toxin was
routinely applied for 30min. Presumably, at concentrations
above 2500uml-' other factors limit the escape of small
molecules from the tissue fragments. Triton-X-100 (1%) and
saponin (1 mg ml-') caused a greater loss of [3H]-2DG but
these agents also caused loss of large molecules such as
LDH. The loss of these larger molecules and the resultant
alterations in the cell molecular architecture may explain the
faster loss of [3H]-2DG seen with these detergents. Saponin
and Triton-X-100 have been used to permeabilize smooth
muscle (Endo et al., 1977; Obara & Yamada, 1984) but loss
of receptor function (Itoh et al., 1983; Somlyo et al., 1985)
and destruction of intracellular membranes have been
observed (Knight & Scrutton, 1986). However, agonist-
induced contraction has been shown to occur in smooth
muscle permeabilized with saponin in the absence of GTP
(Fermum et al., 1991). In the present study, both GTPyS and
CCh increased inositol phosphate levels in saponin-treated
fragments although the effects were less than in a-toxin
treated tissue.
The increase in most [3HJ-inositol phosphate isomers in

a-toxin permeabilized fragments was less than in non-
permeabilized fragments. After permeabilization, [Ca2J]i was
held at 0.13 fM by the use of EGTA and there is presumably
no membrane potential change. Phospholipase C (PLC) is an
enzyme stimulated by Ca2" (Low et al., 1986; Ryu et al.,
1987) and depolarization of the membrane may increase
inositol phosphate formation (Jafferji & Michell, 1976; Best
& Bolton, 1986); both these effects may contribute in the
non-permeabilized fragments to the increase in [3H]-inositol
phosphate levels produced by CCh. Also, increases in the
levels of all the [3H]-inositol phosphates following incubation
of permeabilized fragments with CCh occurred in the absence
of any added GTP. However, commercial ATP may be con-
taminated with GTP (Ross & Gilman, 1980) and ATP may
also be transphosphorylated to GTP (Sternweis & Gilman,
1982; Otero, 1990).
From the distribution of [3H]-inositol phosphates between

the supernatant and tissue of the samples it was found that
as the basal levels increase with time so does the percentage
of d.p.m. found in the supernatant (Figure 3). As the levels
of [3H]-InsP,, [3H]-Ins(1,4)P2 and [3H]-sInsP2 increase with
time when GTP'yS is present a substantial proportion of these
isomers move into the supernatant part suggesting the levels
rose in the cytosol of the cells. Although the time-dependent
increases in these [3H]-inositol phosphates are similar in the
presence of CCh or GTPyS, the movement of isomers into
the supernatant is not as great in the presence of CCh
(Figure 3). This may reflect a faster turnover of the [3H]-
inositol phosphates in the presence of CCh so that they are
not so available for diffusion out of the cell. Also the d.p.m.
for the higher [3H]-inositol phosphates, [3H]-Ins(1,3,4)P3, and
[3H]-Ins(1,4,5)P3 stay mainly in the tissue fragments in the
presence of both GTPyS or CCh. This may also reflect a
higher turnover of these isomers and indicates that these
isomers are readily metabolized and therefore do not have a
chance to pass out of the cell and/or there is some compart-
mentalization within the cell. The changeable results in the
distribution of the [3H]-InsP4 isomer may reflect a possible
mixture of isomers which change with time.

GTPyS and CCh

GTPyS inhibited the action of CCh when added at the same
time and was an even more effective inhibitor when added
prior to CCh application. Previously we have shown that
although AIF increased basal levels of [3H]-inositol phos-
phates, it completely inhibits the CCh-induced increases in
[3H]-inositol phosphates in non-permeabilized fragments
(Prestwich & Bolton, 1995). In this study, GTPyS also both
increased the levels of [3H]-inositol phosphates in perme-
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abilized fragments and inhibited the CCh response suggesting
that both AiF and GTPyS may act through G-proteins both
to stimulate basal levels of [3H]-inositol phosphates and to
inhibit CCh-induced increases in [3H]-inositol phosphate
levels.
However, incubation with GTPyS also increased basal

levels of cyclic AMP. Increases in cyclic AMP result in
increased activity of protein kinase A and phosphorylation of
proteins so that part of the inhibition of CCh-stimulated
increases in the levels of [3H]-inositol phosphates by GTPyS
could be due to activation of protein kinase A. Increases in
protein kinase A activity via activation of Gsa could result in
phosphorylation of the muscarinic AChR, G-protein or PLC
mimicking a negative feedback mechanism. This mechanism
for GTP7S action seems likely since incubation of the smooth
muscle fragments in the presence of either of the cyclic AMP
analogues, dibutyryl cyclic AMP or Sp-cAMPs, also substan-
tially reduced the CCh-induced stimulation of labelled
inositol phosphates. However, incubation with AlF under
conditions which completely inhibited CCh-induced increases
in labelled inositol phosphates (Prestwich & Bolton, 1995)
had no effect on the levels of cyclic AMP. Therefore other
mechanisms for this inhibition by both G-protein activators
must also be considered.

Activation of PLC by GTPyS or AlF would also increase
1,2-diacylglycerol levels and activate protein kinase C. Pro-
tein kinase C activation could result in the phosphorylation
of the G-protein (Katada et al., 1985) or the muscarinic
AChR itself (Woods et al., 1987) resulting in a reduced
ability of the system to increase [3H]-inositol phosphates in
response to further agonist being present. However G-
protein-mediated inhibition of PLC activity itself has also
been observed (Bizzarri et al., 1990; Geet et al., 1990; Gutow-
ski et al., 1991).

Recent studies have suggested that both Py subunits and a
subunits can both stimulate and inhibit the activity of PLC
(Sternweis & Smrcka, 1992). PLCP2 can be modulated
independently by a and Py subunits acting at different sites
(Bong Lee et al., 1993). Both a and Py subunits can regulate
cardiac K+ channel opening (Logothetis et al., 1988). Thus
there are several ways a and Py can modulate PLC: a alone,
PT alone, or both acting independently; both acting synergis-
tically or both acting antagonistically.
PLC exists in several isoforms some of which e.g. PLCP1-4

are regulated by G-proteins whereas others are not e.g.
PLCy. PLCB forms 1-3 are regulated both by Gc subunits of
the Gq class, and by GPy subunits (Katz et al., 1992; Park et
al., 1993). PLCP4 is not regulated by GBy. Activation of

PLCP isoforms by Gaq/1 1 and GIpy is independent and not
conditional on priming by either subunit. However, the con-
centration of IB'y subunits required to activate PLCP3 was
shown to be much higher (40 fold) than that of a subunits
required to activate PLCP1 (Park et al., 1993). In lon-
gitudinal muscle of guinea-pig small intestine it is conceivable
that the PTX-insensitive component of muscarinic AChR
activation of inositol phospholipid hydrolysis may occur via
a subunits from a G-protein of the Gq family interacting
with a PLCPI isozyme, and PTX-sensitive component arise
from the interaction of the muscarinic AChR with Gi
(associated with adenylyl cyclase inhibition) freeing up Pfy
subunits to interact with the PLCP2 isozyme.
As well as reducing the CCh-induced increases in [3H]-

inositol phosphate levels, PTX treatment also reduced the
increases produced by GTPyS, which is a receptor-
independent process. This may be explained by failure of apzy
subunits to dissociate into a and free PV following a subunit
ribosylation. The carboxyl terminal (where ADP-ribosylation
by PTX of a cysteine residue occurs) is thought to be
involved in binding to the receptor and the major effect of
ADP-ribosylation by PTX is an uncoupling of the receptor
from the G-protein. This sensitivity of both CCh and GTPyS
to PTX suggests that PTX not only uncoupled the mus-
carinic AChR from PLC but also uncoupled the G-protein
from PLC activity.

Muscarinic AChR types

The effects observed due to muscarinic AChR activation may
be mediated by only one type or several types of muscarinic
AChRs. It has been suggested that M2 and M3 receptors are
present in this tissue (Michel & Whiting, 1990) and contrac-
tion via stimulation of mainly the M3 type has been sug-
gested to occur (Barocelli et al., 1993). However transfection
studies have shown that stimulation of the m3 AChR can
result in inositol phospholipid hydrolysis and activation of
the m2 AChR can result in both adenylyl cyclase inhibition
and inositol phospholipid hydrolysis (Ashkenazi et al., 1989).
The response to activation of both transfected m2 and m3
receptors in oocytes was inhibited by heparin suggesting that
both receptors acted through an Ins(1,4,5)P3-dependent path-
way. The precise type of muscarinic AChR involved in this
study awaits either highly selective antagonists or transfection
and analysis of the specific subtypes present in this tissue.
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Pharmacological identification of different inhibitory mediators
involved in the innervation of the internal anal sphincter

'A. T0ttrup, M.A. Knudsen, F. Hanberg S0rensen & E.B. Glavind

Dept of Surgical Research, University Hospital of Aarhus, Amtssygehuset, 8000 Aarhus C, Denmark

1 Inhibitory non-adrenergic, non-cholinergic (NANC) responses were studied in isolated strips from
the rabbit internal anal sphincter.
2 In the presence of atropine and guanethidine, transmural field stimulation induced frequency-
dependent relaxations that reached a plateau at frequencies k4 Hz.
3 These relaxations were inhibited by apamin (10-6 M) and by Nw-nitro-L-arginine (L-NOARG,
10-4M). With these two substances in combination, relaxations were still seen in response to field
stimulation, but only at frequencies >2 Hz.
4 In the presence of both apamin (10-6 M) and L-NOARG (10-4 M), responses at high frequencies
consisted of a fast relaxation followed by a slow return to prestimulus tension level. x-Chrymotrypsin
hastens the return of tension to prestimulus level after high frequency stimulation.
5 Zinc-protoporphyrin IX, an inhibitor of haeme oxygenase, had a significant inhibitory effect on
relaxations induced by transmural field stimulation. It was found, however, that responses to sodium
nitroprusside and to isoprenaline (both 10-- 10-4 M) were reduced comparably, indicating that the
effect of zinc-protoporphyrin IX was unspecific.
6 It is concluded that pharmacological analysis allows identification of at least three distinguishable
components of the inhibitory NANC innervation of the rabbit internal anal sphincter. The study does
not allow conclusions about the role of carbon monoxide, a recently proposed mediator of NANC
responses in opossum internal anal sphincter.

Keywords: ATP; nitric oxide; L-arginine; NANC; apamin; carbon monoxide; zinc protoporphyrin

Introduction

Until a few years ago, the bee venom, apamin, was the only
agent that efficiently and specifically affected responses to
stimulation of inhibitory non-adrenergic, non-cholinergic
(NANC) nerves of the intestine. Apamin blocks the opening
of Ca2'-sensitive potassium channels (Banks et al., 1979),
and although not firmly established, the purine ATP seems to
be a likely transmitter candidate for this response. It is
evident that apamin has dramatic effects in some tissues
(Maas, 1981; Lim & Muir, 1986) while no influence on
NANC responses can be detected in others (Jury et al.,
1985). Moreover, some portions of the gut show both
apamin-sensitive and -insensitive responses (Costa et al.,
1986). The identification of NO or a related molecule
generated from the L-arginine-NO pathway as a mediator of
NANC neurotransmission (Gillespie et al., 1989; Li & Rand,
1989) has given us the opportunity to differentiate further
between types of NANC responses in various organs.
Analogues of L-arginine are efficient inhibitors of NO forma-
tion (Rees et al., 1989; Moore et al., 1990), and again, in
some tissues very convincing effects of the substances can be
demonstrated (Bult et al., 1990; O'Kelly et al., 1993; Tottrup
et al., 1991; 1992), while NANC responses in other tissues
are not significantly affected (Knudsen & T0ttrup, 1992). The
peptide vasoactive intestinal polypeptide (VIP), which is pres-
ent abundantly in myenteric neurones, definitely seems to be
an inhibitory NANC transmitter (for review, see Dockray,
1987). A precise definition of the role of VIP has so far been
limited because specific VIP antagonists with well-docu-
mented actions in smooth muscle are not at present available.
To complicate things further, very recent papers have pro-
posed that carbon monoxide may be a neural messenger
(Verma et al., 1993), and may be involved in the mediation
of inhibitory NANC responses of the internal anal sphincter

I Author for correspondence.

(Rattan & Chakder, 1993). Haeme oxygenase converts haeme
to CO and biliverdin (Maines, 1988), and this conversion
may be blocked by zinc protoporphyrin IX (Zn-PP-IX;
Maines, 1981). The present experiments were carried out to
characterize the NANC inhibitory innervation of the rabbit
internal anal sphincter in order to estimate the impact of the
different mediator systems mentioned above.

Methods

Sixteen female rabbits weighing 2.4-3.1 kg were killed by a
blow to the neck, and the anal canal and rectum excised and
immediately transferred to 4C Krebs solution (for composi-
tion, see below). The tissue was placed on a dissection tray
containing cold Krebs solution. The anal canal and rectum
was opened by an incision along the ventral longitudinal axis
and pinned flat with the mucosal surface up. The mucosa was
removed by sharp dissection with the aid of a dissecting
microscope thereby exposing the underlying circular muscle.
A 2 mm wide strip of the most distal part of the muscle was
excised in the whole circumference. From these crude
preparations, 3-4 strips were prepared with silk ligatures
placed in both ends measuring 2-4 mm in length (between
the ligatures) and 1-2 mm in width. The strips were transfer-
red to 5 ml organ baths containing Ca2"-free medium (for
composition, see below). The baths were constantly bubbled
with 5% CO2 in 02, maintaining pH at 7.40± 0.05. Bath
temperature was thermostatically controlled at 37 ± 0.5°C.
The strips were mounted horizontally between 2 small

L-shaped hooks. One hook was attached to an isometric
force transducer (Grass FT.03), and the other was fastened
to a sledge for adjustment of strip length. Tension was
registered on an eight-channel Grass Polygraph (model 7E).
Initially, resting length was measured with the preparations
hanging slack between the hooks by the aid of a micrometer
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mounted on the dissecting microscope. The length was then
slowly increased to 200% of resting length, and strip
diameter was measured. Efforts were made to prepare strips
with an even diameter, and in case of measurable differences,
diameter was measured at the thinnest portion of the strip.
Final adjustment of strip length was then performed in order
to achieve a resting tension at 5 mN per mm2 (cross sectional
area calculated from strip diameter at 200% of resting
length). In separate experiments, this procedure has been
shown to secure optimal suspension of rabbit internal anal
sphincter strips (Glavind et al., unpublished). The Ca2+-free
medium was then replaced with Krebs solution, and tension
immediately increased to a stable level with superimposed
phasic activity within 10-25 min. For all tensions subse-
quently given, zero level is the tension measured in Ca2+-free
medium.

Transmural field stimulation was applied through two
platinum wire electrodes placed on either side of the prepara-
tions. Square wave impulses of 0.4 ms duration at supramax-
imal voltage (140-160 V) was delivered in 5 s trains of
impulses every 2-4 min from a Grass S88 stimulator through
4 isolation units (Grass SIU5). Frequency was varied
between 1 impulse s-' to 32 Hz (alternating high/low fre-
quency). All experiments were carried out in the presence of
atropine (106 M) and guanethidine (10-6M).

Composition of solutions

The Krebs solution contained (in mM): NaCI 119, KCl 4.6,
NaHCO3 15, CaC12 1.5, MgCl2 1.2, NaH2PO4 1.2, glucose 11.
The Ca2+-free medium contained (in mM): NaCl 119, KCl
4.6, NaHCO3 15, MgCl2 1.2, NaH2PO4 1.2, glucose 11,
ethyleneglycol-bis-p-amino-N-N tetraacetate (EGTA) 0.01.

Drugs

Atropine sulphate (Danish Pharmacy Labs), a-chymotrypsin
(Sigma), guanethidine (Sigma), apamin (Sigma), isoprenaline
sulphate (Sigma), tetrodotoxin (Sigma), zinc protoporphyrin
IX (Zn-PP-IX, Sigma), NW-nitro-L-arginine (L-NOARG,
Sigma), L-arginine (Sigma), sodium nitroprusside (SNP,
Sigma). The stock solutions of Zn-PP-IX were prepared in
the dark by first dissolving Zn-PP-IX in a small volume of
0.2 N sodium hydroxide solution and then diluting with dis-
tilled water. The pH of the solution was adjusted to 7.4 with
0.2 N HC1. All other compounds were dissolved in 0.9%
NaCl containing 1.0 mM ascorbic acid. Ultrasonic disruption
of L-NOARG powder was required to dissolve this agent.
Drugs were added in cumulatively increasing concentra-

tions to the baths (all concentrations given are final bath
concentrations), allowing the responses to reach new stable
levels between each increment of concentration.

Data analysis

Responses to drugs were measured and calculated as %
change of spontaneous active tension. The spontaneous

active tension level was determined by the difference between
passive tension (the tension in Ca2l-free medium) and the
lower level of the phasic contractions. Amplitudes of the
relaxations induced during transmural field stimulation were
measured as the difference between the lower level of phasic
activity and the peak of relaxation. In experiments where
maximal relaxation (E.a) could be determined, calculation of
the frequency inducing half-maximum response (F50) was
made by linear interpolation on the semi-logarithmic
frequency-response curve, and expressed as log F,0. All data
are expressed as the mean ± s.e.mean. Statistical differences
between two means were determined by Student's paired or
an unpaired t test where applicable. n refers to the number of
independent observations.

Results

Basal pattern

In normal Krebs solution spontaneous active tension was
12.9 ± 2.1 mN with superimposed phasic activity. Transmural
field stimulation induced frequency-dependent relaxations in
all strips (Figures 1 and 2). Maximal relaxation induced by
transmural field stimulation was 94 ± 1%. A plateau in the
frequency-response curve was noted from 4 Hz to 32 Hz. The
responses to transmural field stimulation were abolished by
tetrodotoxin (10-6 M).

Effects of drugs on transmuralfield stimulation responses

Apamin (10-6'M) increased tension from 6.0 ± 1.0 mN to
8.7 ± 1.6 mN (P<0.05) and significantly inhibited responses
to transmural field stimulation as shown by a shift to the
right of the frequency-response curve (Figure 2, Table 1;
n = 7). Emax was unchanged. L-NOARG (10-4 M) increased
tension from 12.8 ± 2.3 mN to 16.2 ± 2.9 mN (P<0.01),
shifted the frequency-response curve to the right, and
reduced maximal relaxation in response to transmural field
stimulation (Figure 2 and Table 1; n = 7). This effect was not
seen when the preparations were preincubated with L-
arginine (10-4 M, data not shown). Responses to transmural
field stimulation were abolished at frequencies < 2 Hz in the
presence of both apamin and L-NOARG (Figure 2; n = 7).
Zn-PP-IX in a concentration of 10-4 M had no effect on
tension or on responses to transmural field stimulation
(n = 4), but a profound reduction in relaxation was noticed
at a concentration of 10-3 M (Figure 3c; n = 4). By combin-
ing apamin, L-NOARG and Zn-PP-IX, the responses to
transmural field stimulation were abolished (n = 7).
a-Chymotrypsin (5 u ml-') did not affect peak relaxation

induced by transmural field stimulation at any frequency
(Figure 2; n = 7). In the presence of L-NOARG and apamin,
a-chymotrypsin shortened the return of tension to pres-
timulus level after high frequency stimulation (Figure 4). The

2 min
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Figure 1 Original tracing illustrating the effect of transmural field stimulation (5 s trains, supramaximal voltage, 0.4 ms impulse
duration) on resting tension of the rabbit internal anal sphincter. The frequency applied is given below. The baths were
preincubated with atropine 106M and guanethidine 10-6 M.
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time elapsed for tension to regain 50% of the tension in
response to 32 Hz stimulation was 50 s ± 9 and 5 s ± 2 with-
out and with a-chymotrypsin (P<0.0l; n = 3).

Responses to isoprenaline and sodium nitroprusside

Isoprenaline induced concentration-dependent relaxations of
the internal anal sphincter. At 3 x 10-6M full relaxation
was obtained (n = 4). The response was not affected by
preincubation with Zn-PP-IX (10-4 M, n = 4), but a notable
reduction of the effect was noticed with Zn-PP-IX at a
concentration of IO-3M (Figure 3a; n = 4). Sodium nitro-

prusside had inhibitory effects on the internal anal sphincter
resulting in 100% relaxation at 10-4 M (n = 4). The effect was
not influenced by the presence of Zn-PP-IX 10-4 M (n = 4),
but 10-3M Zn-PP-IX significantly reduced the response to
sodium nitroprusside (Figure 3b; n = 4).

Table 1 Effect of apamin and Nw-nitro-L-arginine (L-
NOARG) on responses to transmural field stimulation

log F50

Control
Apamin 10-6M

Control
L-NOARG 10-4 M

95 ± 2
94±4

94±4
83±3*

-0.118 ± 0.003
0.037 ± 0.003*

-0.121 ± 0.002
0.251 ± 0.004*

F50

0.76
1.09

0.76
1.78

*P< 0.01.
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Figure 2 The effect of transmural field stimulation (5 s trains, sup-
ramaximal voltage, 0.4 ms impulse duration, varying frequency) on

resting tension of the rabbit internal anal sphincter. The preparations
were preincubated with atropine 10-6 M and guanethidine 10-6 M:
(0) control; (A) a-chymotrypsin (5 u ml-1); (0) Zn-PP-IX (10-3 M);
(V) apamin (10-6 M); (V) L-NOARG (10-4 M); (0) apamin
(10-6 M) and L-NOARG (10-4 M); (X) apamin (10-6 M), L-NOARG
(10-4 M) and Zn-PP-IX (10-3 M). Values are mean ± s.e.mean. For
abbreviations, see text.
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Figure 4 Original tracings illustrating the effect of transmural field
stimulation (5 s trains, supramaximal voltage, 0.4 ms impulse dura-
tion) on resting tension of the rabbit internal anal sphincter in the
presence of atropine (10-6 M), guanethidine (10-6 M), N nitro-L-
arginine (10-4 M) and apamin (10-6 M). (a) Without a-chymotrypsin;
(b) with a-chymotrypsin (5 u ml '). The frequency applied is given
below each curve.
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Figure 3 (a) The effect of isoprenaline on resting tension of the rabbit internal anal sphincter. (b) The effect of sodium
nitroprusside on resting tension of the rabbit internal anal sphincter. (c) The effect of transmural field stimulation (5 s trains,
supramaximal voltage, 0.4 ms impulse duration, varying frequency) on resting tension of the rabbit internal anal sphincter. (0)
Control; (0) after preincubation with zinc protoporphyrin-IX (Zn-PP-IX, 10-4 M); (A) after preincubation with Zn-PP-IX
(10- M). The preparations were preincubated with atropine 10-6M and guanethidine 10-6 M. Values are mean ± s.e.mean.
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Discussion

In the presence of atropine and guanethidine, the response to
stimulation of intrinsic nerves of the internal anal sphincter
was inhibitory at all frequencies studied. This NANC in-
hibition was found to be composed of at least three dis-
tinguishable components. One component was probably
mediated by NO or a related molecule, since L-NOARG
significantly inhibited the response to transmural field
stimulation. L-NOARG is also capable of inhibiting NANC
relaxation of the opossum (T0ttrup et al., 1992) and human
(O'Kelly et al., 1993) internal anal sphincter, but the effect of
L-NOARG seems much larger in these species than in rab-
bits.

In the present experiments, apamin significantly shifted the
frequency-response curve to the right, but the effect was more
pronounced when apamin was added in the presence of
L-NOARG. In a study of different regions of the guinea-pig
gastrointestinal tract, Costa and co-workers found that some
regions of the gut exhibited NANC responses that were
almost abolished by apamin, while apamin had no effect in
others (Costa et al., 1986). The antrum, ileum and distal
colon had responses that were partly sensitive to apamin. In
the guinea-pig internal anal sphincter, apamin abolished both
the electrical and the mechanical response to field stimulation
(Lim & Muir, 1986), and rabbits and guinea-pigs are
therefore clearly different in the quantitative importance of
the apamin-sensitive response. Apamin blocks Ca2+-depend-
ent increase in potassium conductance (Banks et al., 1979),
and converts membrane hyperpolarization in response to
ATP to depolarization (Maas & Den Hertog, 1979; Shuba &
Vladimirova, 1980). It is still an open question whether ATP
is the transmitter responsible for the apamin-sensitive res-
ponses, but our experiments do not allow any statements for
or against this hypothesis.

It is noteworthy that apamin and L-NOARG when added
alone to the baths had rather small effects, but in combina-
tion the effect seemed superadditive. In other words, a com-
plete dropout of one of the components has relatively little
influence on the resulting inhibition, while interference with
both systems has tremendous impact. This could imply that
the released mediators act by different mechanisms. The non-

L-NOARG non-apamin-sensitive relaxations were charac-
terized by longer duration, and by being absent at frequen-
cies . 2 Hz. The amplitude of the relaxations induced by
transmural field stimulation were not reduced by x-
chymotrypsin, but the duration of the relaxation was
profoundly reduced. Therefore, a part of the the NANC
response in the internal anal sphincter may be peptidergic.
A recent report has proposed that CO may be involved in

the mediation of NANC responses in the internal anal
sphincter. CO may be formed from haeme by the activation
of haeme oxygenase (Maines, 1988), and Zn-PP-IX is an
inhibitor of this formation (Maines, 1981). As seen in both
Figures 1 and 2a, a very significant reduction in NANC
relaxation was achieved with Zn-PP-IX. In fact the combina-
tion of L-NOARG, apamin and Zn-PP-IX abolished relaxa-
tions at all frequencies studied. Our concern about the
finding of the present study is the fact that responses to both
isoprenaline and SNP were inhibited almost to the same
extent as the NANC responses, suggesting that Zn-PP-IX at
10-3 M has other actions than haeme oxygenase inhibition.
This makes it impossible to draw conclusions concerning the
involvement of CO in the mediation of NANC inhibition in
the rabbit internal anal sphincter.

Inhibitory responses of smooth muscles are not always
dependent on membrane potential changes, and therefore it
is important to characterize inhibitory neurotransmission
with both electrical and mechanical recording. The rabbit
internal anal sphincter is a valuable tissue for studying relax-
ant effects because unlike several other gut muscles, it has the
ability to generate spontaneous and sustained tone, which
allows relaxant responses to be evaluated precisely. NANC
relaxation of the rabbit internal anal sphincter seems to be
mediated by at least three agents that can be distinguished
pharmacologically. All three components have previously
been reported to exist in other parts of the gut, but not in the
same tissue. We are unable to provide conclusive evidence of
a role for the newly reported mediator, CO, due to the
non-specific effects of the inhibitor used.

This study was supported by the NOVO Foundation and The Aar-
hus University Research Foundation.
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Inhibition of rat colon contractility by prostacyclin (IP-)
receptor agonists: involvement of NANC neurotransmission
Yue-ming Qian & 'Robert L. Jones

Department of Pharmacology, Faculty of Medicine, Chinese University of Hong Kong, Shatin, NT, Hong Kong

1 The possibility that prostacyclin (IP-) receptor agonists inhibit spontaneous contractions of the rat
isolated colon by activating enteric neurones has been investigated. Cicaprost was used as the test
agonist because of its high stability, selectivity and potency (ICM = 3.8 nM).
2 The Na' channel blockers saxitoxin (STX, 1 nM) and tetrodotoxin (TTX, 1 FM), whilst having little
effect on resting spontaneous activity, virtually abolished the inhibitory actions of cicaprost (10 nM) and
nicotine (3 PM); inhibitory responses to isoprenaline (20 nM) were not affected. Phentolamine (1 FM),
propranolol (1 tM) and atropine (1 gM) had no effect on cicaprost inhibition. These data are compatible
with release of inhibitory NANC transmitter(s) by cicaprost.
3 A transmitter role for nitric oxide was investigated. The nitric oxide synthase (NOS) inhibitor
Nw-nitro-L-arginine methyl ester (L-NAME, 100 FM) inhibited the actions of both cicaprost (10 nM) and
nicotine (3 1M) by 50-60%, but did not affect responses to isoprenaline (20 nM) or sodium nitroprusside
(1-55 M). The enantiomeric D-NAME (1001M), which has negligible NOS inhibitory activity, had no
effect on the action of cicaprost.
4 The involvement of purinergic transmitters was also investigated. Desensitization to the inhibitory
action of ATP did not affect cicaprost responses. The P2XjP2y-receptor antagonist, suramin, at 300 gLM
blocked ATP responses, but not those due to adenosine; it did not affect cicaprost inhibition. The
selective adenosine Al-receptor antagonist, DPCPX, used at a sufficiently high concentration (5 gM) to
block adenosine A2-receptors, did not affect cicaprost inhibition. Apamin (25 nM), a blocker of calcium-
activated K+ channels on smooth muscle, abolished or markedly reduced the inhibitory actions of ATP
and adenosine, and partially inhibited cicaprost and nicotine responses. The combination of L-NAME
(100 gM) and apamin (25 nM) abolished cicaprost and nicotine responses.

5 Investigation of vasoactive intestinal peptide (VIP) as a potential transmitter showed that its
inhibitory action on the colon (ICm = 50 nM) was partially inhibited by TTX (1 1M). a-Chymotrypsin
abolished the effect of VIP but had no effect on cicaprost inhibition. Attempts to inhibit VIP responses
using peptide antagonists and by agonist desensitization were unsuccessful.
6 KCI (40 mM) contracted the colon and abolished spontaneous activity. Under these conditions,
isoprenaline, sodium nitroprusside and ATP induced relaxation, whereas cicaprost (10-3 10 nM) had no
effect. Cicaprost inhibited both the tone and the spontaneous activity induced by the EP,/EP3-receptor
agonist, sulprostone (8.6 nM) but not when either TTX (1 FM) or KC1 (40 mM) was also present. On
KCl-treated preparations, the prostacyclin analogue, iloprost (10-500 nM), induced contraction,
presumably due to activation of EP-receptors.
7 It is concluded that IP-receptor agonists inhibit the contractility of rat colon by stimulating the
release of at least two transmitters from NANC enteric neurones. Nitric oxide appears to be one of the
transmitters. The second transmitter mechanism is apamin-sensitive; the experimental results do not
support ATP, adenosine or VIP as transmitter candidates. However, further studies using more potent
and selective receptor antagonists are required.

Keywords: Prostacyclin receptor agonist; cicaprost; colonic smooth muscle; enteric neurones; tetrodotoxin; nitric oxide; ATP;
purinoceptor antagonists; adenosine receptor antagonists; vasoactive intestinal peptide

Introduction

Prostacyclin inhibits the spontaneous activity and tone of the
rat isolated colon, whereas other products of prostaglandin
H2 (PGH2) metabolism, such as PGE2 and PGF2., are con-
tractile; this distinction was particularly useful in the early
identification of prostacyclin by superfusion bioassay
(Gryglewski et al., 1976). The rat colon was also included in
our investigations of the agonist specificity of some of the
first stable analogues of prostacyclin (Dong et al., 1986). We
showed that iloprost and isocarbacyclin activate both pros-
tacyclin (IP-) and prostaglandin E (EP-) receptors to produce
a combination of inhibitory and excitatory actions on the
colon (see Watson & Girdlestone, 1994, for nomenclature of
prostanoid receptors). On the other hand, cicaprost
(Sturzebecher et al., 1986) invariably inhibited the spon-
taneous activity of the colon and, using data from other

I Author for correspondence.

smooth muscle preparations, we proposed it as a highly
specific IP-receptor agonist (Dong et al., 1986; Lawrence et
al., 1992).

IP-receptors on blood platelets can be activated by a range
of diphenylalkanoic acids (e.g. EP 157, octimibate), which
bear little structural relationship to prostacyclin (see Jones et
al., 1993 and Meanwell et al., 1994). In our studies of some
of the more lipophilic compounds on the rat colon, inconsist-
ent inhibition of contractility was observed. This appeared to
be related to the presence of ethanol, which was essential to
the preparation of homogeneous stock solutions. We there-
fore investigated whether a more robust assay would be
obtained if the IP-receptor agonists acted against tone
induced by an exogenous agent. To our surprise, we found
that cicaprost did not relax colon preparations contracted
submaximally with KCI. Further investigations showed that
the Na' channel blocker, tetrodotoxin (TTX), could abolish
the inhibitory action of cicaprost but not that of
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isoprenaline. A neuronal site of action for cicaprost within
the colon seemed possible; this paper describes experiments
to define the nature of this action.

Methods

Isolated colon preparations

Male Sprague-Dawley rats, weighing 250-300 g, were fasted
overnight and killed by stunning and exsanguination. A 4 cm
length of the ascending colon was removed and cleaned of
mesenteric tissue. Two segments were cut and, without fur-
ther dissection, were suspended in 10 ml organ baths contain-
ing Krebs solution of the following composition (mM):
NaCl 118, KCl4.7, CaCl22.5, MgSO4 1.0, KH2PO4 1.18,
NaHCO3 25 and glucose 10. The bathing solution was gassed
with 95% 02/5% C02, maintained at 37°C, and contained
1 jiM indomethacin. Washout of the organ bath was by
upward displacement and overflow. Contractions of the lon-
gitudinal muscle were measured with Grass FT03 isometric
transducers connected to a MacLab data acquisition system
(ADInstruments Pty Ltd, Australia). An initial basal tension
of 0.5 g was applied; on relaxation further tension was
repeatedly applied until the basal tension remained steady at
0.3g.

Experimental protocols

In all experiments, proximal and distal sections of colon from
the same rat were used as matched preparations. After about
60 min equilibration, with frequent washing, several submax-
imal doses of the appropriate inhibitory agonist were tested
on each preparation to ensure that a stable and acceptable
level of sensitivity had been reached before the following
experimental procedures were begun. Agonist doses were
allowed 3-4 min contact with the preparations; blockers/
inhibitors were added 10 or 15 min before the agonist
dose(s).

Effects of cicaprost and isoprenaline on spontaneous activity
and KCl- and sulprostone-induced tone Spontaneous activity:
non-cumulative dose-response relationships for cicaprost and
isoprenaline were obtained on proximal and distal prepara-
tions respectively from 3 rats, and also on distal and prox-
imal preparations respectively from 3 different rats (data
combined and quoted as n = 6 in Results); this procedure
was repeated with cumulative dosing for cicaprost and
isoprenaline on KC1-induced tone (6 different rats), and for
cicaprost on sulprostone- and KC1/sulprostone-induced tone
(6 different rats).

Effects of blockers/inhibitors on responses to single doses of
inhibitory agonist Responses to single doses of both cicap-
rost and isoprenaline were obtained on both proximal and
distal preparations from 3 rats, before and after treatment(s)
with blocker/inhibitor (sequentially increasing concentra-
tions) (n = 6 in Results). In the case of Nw-nitro-L-arginine
methyl ester (L-NAME) and/or apamin on nicotine res-
ponses, either the distal or proximal preparation was always
used as a non-treated preparation to assess the extent of
agonist desensitization; during the first treatment period,
either L-NAME or apamin was present (n = 3), and during
the second period, a combination of L-NAME and apamin
(n = 6).

Effects of blockers/inhibitors on purinoceptor agonists
Cumulative dose-response relationships were obtained for a
purinoceptor agonist on both proximal and distal prepara-
tions from 2 rats. One preparation was used as control and
other treated with antagonist/inhibitor/desensitizing agent;
second agonist dose-response relationships were then estab-
lished. This procedure was repeated using 2 different rats

with exchange of control and treatment on the proximal and
distal preparations (n = 4 in Results).

Data analysis and statistical tests

Using the MacLab Chart 3.3 programme, spontaneous
activity was measured as the average contractile force over a
2 min period (480 data points). The baseline tension value
was set by eye. The response to an inhibitory agonist was
taken as the percentage change from the resting spontaneous
activity (e.g. - 100% corresponds to abolition of spon-
taneous activity). Using data from a number of experiments,
mean agonist responses elicited during control and treatment
(receptor antagonist/channel blocker/enzyme inhibitor)
periods were compared by Student's unpaired t test; statis-
tical significance was accepted when P<0.05.

Drugs

Cicaprost, iloprost and sulprostone were gifts from Schering
AG, Berlin, Germany; ethanolic stock solutions of 5 mg ml- '
were kept at - 20'C and diluted with 0.9% w/v NaCl (saline)
solution for use. Indomethacin, isoprenaline (racemic),
phenylephrine, tetrodotoxin (TTX), vasoactive intestinal pep-
tide (VIP), [D-p-chloro-Phe6,Leu`7]-VIP, [Lys',Pro2'5,Arg3 4,
Tyr6]-VIP, Nw-nitro-L-arginine methyl ester (L-NAME), D-
NAME, ATP, and adenosine were purchased from the Sigma
Chemical Company, U.S.A.; saxitoxin (STX) from Calbio-
chem-Novabiochem Corp., U.S.A.; 2-methylthio ATP, 8-
cyclopentyl-1,3-dipropylxanthine (DPCPX), and apamin from
Research Biochemicals International, U.S.A., and suramin
from Biomol Research Laboratories, U.S.A. A stock solution
of TTX (500tiM) was prepared in saline containing 0.01%
acetic acid and diluted with saline. VIP, the VIP analogues,
L-NAME and D-NAME were dissolved in distilled water and
diluted with saline before use. Stock solutions of purines
were prepared in distilled water each day.

Results

In virtually all cases, responses of the proximal and distal
sections of the rat colon to the drugs investigated were
similar in magnitude, and it was decided to combine the data
for graphical and statistical analyses.
Log concentration-response curves for inhibition of the

spontaneous activity of the rat colon by cicaprost
(ICs = 3.8 nM) and isoprenaline (12.5 nM) are shown in
Figure 1.. In subsequent experiments, the effects of
antagonists and inhibitors were assessed against submaximal
responses elicited by standard concentrations of 10 nM cicap-
rost and 20 nM isoprenaline; these responses remained con-
stant or in the case of cicaprost sometimes slightly increased
in size (5-10%) over a period of 2-3 h. Nicotine also
inhibited the spontaneous activity of the colon
(ICm = 1-22tM), but was prone to tachyphylaxis. In subse-
quent studies, the reduction in response to a standard con-
centration of 3 gM nicotine applied every 20 min was small
enough to allow the testing of inhibitory agents. Deliberate
desensitization to nicotine, with three or four 10 gM
challenges at 15 min intervals, had no effect on cicaprost
inhibition (Figure 3c).

Evidence that cicaprost activates NANC enteric
neurones

The Na+ channel blockers, saxitoxin (STX, 0.1 and I nM)
and TTX (0.1 and 1 LM), slightly slowed the rate of spon-
taneous contractions and tended to make the contraction
pattern more regular. TTX (1 LM) markedly reduced and in
some cases abolished cicaprost responses (Figures 2a and 3a),
always abolished nicotine responses (not shown), but had no
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effect on isoprenaline responses (Figure 3a). Cicaprost res-
ponses (-76.8 ± 2.4%, n = 5) were inhibited by STX at
0.1 nM (-57.3 8.9%, P>0.05) and 1 nM (-4.8 ± 1.6%,
P<0.001).
Phentolamine at 1 llM did not significantly affect the spon-

taneous activity of the colon, although in some preparations
the basal tension was slightly decreased. Inhibitory responses
(-70 to - 80%) to phenylephrine (3 gM) were abolished by
1 gM phentolamine, whereas cicaprost and isoprenaline res-
ponses were unaffected (Figure 3b). Propranolol at a concen-
tration of 1 JAM (which had no significant effect on spon-
taneous activity or basal tone) markedly inhibited
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Figure 1 Log concentration-inhibition curves on rat isolated colon.
Effects of cicaprost and isoprenaline on spontaneous activity (0, 0)
and stable tone induced by 40 mm KCl (U, 0), and cicaprost on
contractile activity induced by 8.6 nm sulprostone (A) and 40 mm
KCI/8.6 nm sulprostone (*) are shown. Values are means ± s.e.mean
(n = 6).
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isoprenaline responses, but had no effect on cicaprost res-
ponses (Figure 3b). The response of the colon preparation to
atropine was complex. Following exposure to 50 nM
atropine, there was a small reduction in basal tension and
spontaneous activity was reduced by about 20%. Subsequent
doses of atropine (0.1-1 AM) produced no further effects. If
however a preparation was initially exposed to 1 AM
atropine, resting tension was markedly reduced and spon-
taneous activity abolished for several minutes; these
parameters recovered to 60-70% of control values over a
period of 20 min. After washout of 1 AM atropine from the
organ bath, TTX (1 LM) did not slow the rate, but slightly
increased the amplitude of spontaneous contractions. The
presence of atropine (1 AM) did not significantly affect re-
sponses to either cicaprost or isoprenaline (Figure 3b).

Effects of nitric oxide synthase inhibition

The nitric oxide synthase (NOS) inhibitor, L-NAME
(10-500JM), produced transient small contractions of the
colon preparations. Cicaprost and nicotine responses were
partially inhibited by L-NAME, whereas the actions of
isoprenaline were unaffected (Figure 2b and 4a,d). The enan-
tiomeric D-NAME, which is inactive as a NOS inhibitor, did
not affect the action of cicaprost (control -77.6 ± 2.2%;
100 JM D-NAME treatment -78.7 ± 2.7%, n = 6). Sodium
nitroprusside, a NO donor, inhibited the spontaneous activity
of the colon preparation (IC50 = 0.15 IAM; complete inhibition
at 5 gM). Nitroprusside responses were unaffected by either
TTX (1 IAM) or L-NAME (100 JM).

Interference with postsynaptic purinergic systems

The effects of several treatments intended to inhibit post-
synaptic purinergic systems were investigated on inhibitory
responses to cicaprost, nicotine, ATP and adenosine.
Log concentration-response curves for ATP derived from

two cumulative sequences of doses 80 min apart were iden-
tical (Figure 5a); the log concentration-response curve for
2-methylthio-ATP, a specific P2y agonist, is also shown.
Desensitization to ATP was attempted by challenging with
three doses of ATP (500 JM) added at 15 min intervals in
between the first and second series of ATP doses. Examina-
tion of the second ATP curve shows that this procedure was
most effective against 10 and 100 JM as opposed to 500 JiM
ATP (Figure 5a); cicaprost responses were unaffected by this
treatment (Figure Sd).

a b c

L-NAME (100 tM) D-NAME (100 gM)

Cicaprost
(10 nM)

Cicaprost
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Figure 2 Rat isolated colon: experimental records showing the effect
of treatment with (a) tetrodotoxin ([TX, I M) and (b) N0-nitro-L-
arginine methyl ester (L-NAME, 100 JM) and D-NAME (100 AM) on

inhibitory responses to 1O nM cicaprost.
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Figure 3 Spontaneous activity of rat isolated colon. Effects of treat-
ment with (a) tetrodotoxin (TTX) and (b) phentolamine (Phen),
propranolol (Prop) or atropine (Atrop) on inhibitory responses to

cicaprost (10 nm, hatched columns) and isoprenaline (20 nm, open
columns). Concentrations are nm. Means ± s.e.mean (n = 6). (c)
Effects of desensitization with 3-4 applications of 1OM nicotine
(Nic desens) on inhibitory responses to cicaprost (10nm, hatched
columns) and nicotine (10 AM, solid columns) (n = 4). *P<0.05,
**P<0.01, ***P<0.001 as compared to appropriate control
(Con).
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Figure 4 Spontaneous activity of rat isolated colon. Effects of treatment with (a) NI-nitro-L-arginine methyl ester (L-NAME,
10-500 jm), (b) apamin (2.5- I 0nm) and (c) a combination of I 00 fM L-NAME and 25nm apamin on inhibitory responses to
cicaprost (IOnm, hatched columns) and isoprenaline (20nm, open columns). Means ±s.e.mean of 6 experiments, except for
isoprenaline in (c), where n = 2. (d) Effects of 100 jUM L-NAME alone and 25 nm apamin alone (both Ist treatment period, n = 3),
and in combination (2nd treatment period, n = 6) on inhibitory responses to nicotine (3 #Am, solid columns); the right hand part of
the panel shows nicotine responses on non-treated preparations during control, Ist and 2nd treatment periods (n = 6). *P<0.05,
**P<0.01, ***P<O.OOI as compared to appropriate control (Con).

At 300 gM, the P2x/P2y-receptor antagonist, suramin, pro-
duced a rightward shift of the ATP curve for responses
within the 0-50% inhibition range (dose ratio = 10-20)
(Figure 5b). However, no inhibition was seen when the ATP
concentration was raised to 500 jIM. Suramin did not inhibit
adenosine responses (Figure Sc). DPCPX, a potent
antagonist at adenosine Al-receptors, was used at high con-
centrations of 5gM in an attempt to block adenosine A2-
receptors in the colon. The success of this strategy is
indicated by marked inhibition of adenosine responses with-
out significant inhibition of ATP responses (Figure Sb,c).
Neither suramin (300 jIM) nor DPCPX (5 AM) had any effect
on cicaprost responses (Figure 5d).
Apamin (25 nM) markedly inhibited responses to ATP and

adenosine (Figure Sb,c), and partially inhibited responses to
both cicaprost and nicotine, while not affecting those to
isoprenaline (Figure 4b,d). Cicaprost and nicotine induced no
obvious change in spontaneous activity (< ± 5% and
< ± 10% respectively) or basal tension in the presence of
100 )AM L-NAME and 25 nM apamin; isoprenaline inhibition
was unaffected by this combination (Figure 4c,d).

Interference with the action of vasoactive intestinal
peptide
VIP inhibited the spontaneous activity of the colon with an
ICm value of about 50 nM. On five preparations, 100 nM VIP
produced 92 ± 2% inhibition, which was reduced to 33 ± 4%
in the presence of 1 jM TTX (P<0.01).
Two VIP analogues, [Lys',Pro2'5,Arg34,Tyr6]-VIP and [D-p-

chloro-Phe6,Leu'7]-VIP were examined as potential

antagonists of VIP action. The former at 1 gM transiently
contracted the colon; subsequent submaximal responses to
either VIP (100 nM) or cicaprost were unaffe&ed. The latter
analogue at 1 and 5 AM also had no effect on VIP responses;
it was not tested against cicaprost.

Prolonged exposure to VIP as a means of desensitization
was attempted on three colon preparations (which turned out
to be somewhat more sensitive to VIP than normal). VIP at
100 nM completely inhibited spontaneous activity of the
colon, but after about 5 min contact, spontaneous activity
resumed and had returned to the control level after 20 min.
Although this appeared to indicate substantial desensitiza-
tion, a second 100 nM VIP challenge (without washout of the
first dose) resulted in total inhibition, which returned to
control level slightly quicker than the first response.
Similarly, a third 100 nM VIP challenge produced about 95%
inhibition, followed by complete recovery; at this time, addi-
tion of cicaprost induced a response identical to the pre-VIP
control.

Inhibitory responses to 100 nM VIP were almost abolished
when a-chymotrypsin (2 u ml-') was present in the organ
bath (control -74.7 ± 5.0%; treatment - 1.7 + 3.8%, n = 5).
In contrast, cicaprost responses were not inhibited (control
-66.5± 3.9%; treatment --76.5 ± 4.6%, n = 5).

Relaxation of KCI-induced tone

Addition of 40 mM KCl to the organ bath resulted in the
generation of a stable level of tone, some 30 to 50% of that
obtained with a near maximal KCl concentration of 120 mM;
spontaneous activity was completely or almost completely
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Figure 5 Inhibition of spontaneous activity of rat isolated colon; log concentration-response curves for second cumulative
sequences (all n = 4). (a) ATP acting alone (0) and corresponding ATP first sequence (0); ATP after desensitization by
3 x 500 1AM ATP (A); 2-methylthio-ATP (A). (b) ATP acting alone (control curve for suramin) (0) and in the presence of suramin
(300 gM, 0), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, 5 AM, 0) and apamin (25 nM, *). ATP control curves for DPCPX and
apamin are not shown, but are similar to the suramin control curve. (c). Adenosine, same conditions as (b). (d) Effects of
desensitization to ATP (as in a), suramin (300 1AM) and DPCPX (5 jiM) on inhibitory responses to cicaprost (10 nm); C = control,
T = treatment (n = 4). Means ± s.e.mean.

lost. Subsequent addition of cicaprost (10-310 nM) was with-
out effect, whereas isoprenaline could still elicit complete
relaxation (ICm = 50 nM) (Figures 1 and 6a,b). Both SNP
(0.1-5pM) and AIP (100pM) also inhibited KCI tone (not
shown).
The PGE analogue, sulprostone, at 8.6nM induced con-

tractions of the colon preparation equivalent to the 40mM
KCI response; there was some enhancement of spontaneous
activity. The contractile responses, which were more pro-
nounced in distal segments, were not blocked by pretreat-
ment with phentolamine, propranolol, atropine or TTX (all
at 1 pM). Cicaprost reduced both the tone and the rhythmic
contractions in sulprostone-treated preparations; its EC50
value was 4.5 nM and 90% inhibition was achieved at 20 nM
(Figure 1). TTX at 1 AM abolished these cicaprost responses.
In the presence of 40 mM KCI, sulprostone (8.6 nM) elicited a
further increase in tension but spontaneous activity remained
absent; cicaprost (10-3 10 nM) produced only minimal relaxa-
tion (Figures 1 and 6c).

In the presence of tone elicited by 40mM KCI, iloprost
(10-500nM) contracted the colon preparation (Figure 6d).

Discussion

There are a number of reports in the literature on the
neuronal stimulant actions of IP-receptor agonists. For
example, in relation to sensory events, prostacyclin activates
'cardiopulmonary receptors' in the large pulmonary vessels of
the dog to elicit vagal bradycardia (Nganele & Hintze, 1987),

and cicaprost potentiates sensory discharge from the arthritic
ankle joint of the rat following depression with either acetyl-
salicylic acid or paracetamol (McQueen et al., 1991). In a
spinal cord/functionally-attached tail preparation from the
neonate rat, cicaprost also enhanced responses of peripheral
nociceptors to thermal and chemical stimuli (Rueff & Dray,
1993). In terms of motor actions, cicaprost elicits contraction
of the longitudinal muscle of the guinea-pig ileum by releas-
ing both acetylcholine (Gaion & Trento, 1983) and a subs-
tance P-like transmitter (Jones & Lawrence, 1993) from
enteric nerves. In addition, preliminary experiments indicate
that cicaprost increases the twitch response of the guinea-pig
vas deferens to electrical field stimulation (EFS) by enhanc-
ing ATP release (Jones, 1993).
As a result of the present studies, activation of IP-

receptors on enteric neurones in the rat colon to release
inhibitory transmitters can now be added to the above list.
Thus the neuronal Na' channel blockers, STX and TTX,
abolish the inhibitory action of cicaprost on the spontaneous
activity of the colon. Their selectivity at the concentrations
used is evidenced by a lack of effect on the pacemaker
function of the colon: anatomical and electrophysiological
investigations of the contractility of rat and dog colon
preparations have shown that three tissue components are
involved: smooth muscle cells, a network of pacemaker cells
(interstitial cells of Cajal, ICC) linked to each other and to
smooth muscle cells by gap junctions, and a largely
inhibitory innervation which is concentrated on the ICC
(Huizinga et al., 1990; Faussone-Pellegrini, 1992; references
therein). The inhibitory action of nicotine on the colon is
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Figure 6 Rat isolated colon: experimental records showing the effects of (a) cicaprost, (b) isoprenaline and (d) iloprost in the
presence of tone generated by 40 mM KCI, and (c) cicaprost on tone generated by a combination of 40mm KCI and 8.6 nM
sulprostone. Cumulative concentrations. W = wash.

also abolished by TTX. However, nicotine inhibition is more
difficult to study because of its tendency to desensitization.
Deliberate desensitization with nicotine did not affect cicap-
rost inhibition, implying that the action of cicaprost is not
dependent on the integrity of nicotinic cholinergic synapses.
In contrast to cicaprost and nicotine, the inhibitory action of
isoprenaline is unaffected by TTX and appears to be non-
neuronal in nature. Inhibitory P3-adrenoceptors, with a low
affinity for propranolol (pA2 -6.5), are present in the rat
colon (Bianchetti & Manara, 1990; McLaughlin & Mac-
Donald, 1990); this would explain the incomplete block of
isoprenaline action by 1 #AM propranolol in our studies. The
inability of phentolamine, propranolol and atropine to
inhibit the action of cicaprost suggests that this agent releases
a non-adrenergic, non-cholinergic (NANC) inhibitory trans-
mitter. NANC neurotransmission (Burnstock, 1986) to gut
structures appears to be common and the main transmitter
candidates are ATP (Burnstock et al., 1970), VIP (Goyal &
Rattan, 1980) and nitric oxide (Bult et al., 1990). In general,
two or more NANC transmitters may operate simultaneously
to elicit a relaxant effect (Manzini et al., 1986; Maggi &
Giuliani, 1993), although one of them may play a dominant
role in particular segments of the intestine of some
species.

Involvement ofNO generation in the action of cicaprost

There is good agreement that NO makes a major contribu-
tion to inhibition of colonic activity elicited by activation of
enteric neurones. Hata et al. (1990) showed that relaxation of
the circular muscle of the rat proximal colon due to local
distension was abolished by NG-nitro-L-arginine (L-NOARG),
a NOS inhibitor; L-arginine, the precursor of NO (Palmer et
al., 1988a), but not D-arginine, largely reversed the effect of
L-NOARG. Similarly in rat colon, relaxations of circular
muscle to distension and longitudinal muscle to EFS were
essentially abolished by L-NOARG (Suthamnatpong et al.,
1993; 1994). In the guinea-pig colon, L-NOARG almost
abolished the relaxation induced by EFS (Zagorodnyuk &
Maggi, 1994). In our experiments, inhibitory responses to
both cicaprost and nicotine were partially (50-60%) blocked
by L-NAME at appropriate concentrations (see Rees et al.,
1990). D-NAME however did not affect cicaprost action,
compatible with stereospecific inhibition of NOS by arginine
analogues (see Palmer et al., 1988b). Thus it appears that
cicaprost- and nicotine-induced inhibitions of spontaneous
activity in the rat colon are mediated in part by NO. Con-

stitutive NOS has been found in enteric nerves (Bredt et al.,
1990), but there has been some discussion in the literature
(see Zagorodnyuk & Maggi, 1994) as to whether colonic
relaxation is produced by NO generated within nerves or by
another transmitter, for example VIP (Grider et al., 1992),
inducing NO generation in smooth muscle. Our experiments
do not distinguish between these two possibilities.

The involvement ofpurinergic transmission in the action
of cicaprost

Bailey & Hourani (1992) have shown that ATP and
adenosine relax the carbachol-contracted rat colon (IC25 = 35
and 80 JAM) through activation of P2y-purinoceptors and
adenosine A2-receptors respectively. From our experiments,
these two receptors also appear to mediate inhibition of
spontaneous activity, although both ATP and adenosine
show somewhat greater potency (IC25 = 2.5 and 35 JM
respectively). 2-Methylthio-ATP was more potent than ATP,
consistent with the known properties of this specific P2y
agonist (Gough et al., 1973; O'Connor et al., 1991).
Our studies provide no real evidence for a purinergic con-

tribution to the inhibitory action of cicaprost. Firstly, desen-
sitization to ATP had no effect on cicaprost responses.
Secondly, suramin, a P2x/P2y-receptor antagonist (Dunn &
Blakely, 1988; Den Hertog et al., 1989; Hoyle et al., 1990;
Leff et al., 1990), did not affect cicaprost-induced inhibition.
Although suramin is a weak antagonist (300 JAM was used), it
did act specifically, blocking the inhibitory action of ATP but
not that of adenosine. Higher concentrations of suramin
could not be used because of their depressant effect on
spontaneous activity. Thirdly, the potent adenosine Al-
receptor antagonist, DPCPX (Collis et al., 1989; Bruns,
1990), used at high concentration to block adenosine A2-
receptors, did not inhibit cicaprost responses.
The bee venom peptide apamin has been shown to block

inhibitory responses to ATP in guinea-pig taenia coli (Den
Hertog et al., 1985), guinea-pig internal anal sphincter (Lim
& Muir, 1986) and rat gastric fundus (LeFebvre et al., 1991).
In our experiments, apamin also markedly inhibited or
abolished the inhibitory effects of ATP and adenosine. These
observations indicate that ATP and adenosine probably
inhibit spontaneous activity by opening low conductance
calcium-activated K+-channels in smooth muscle, since
apamin is known to block these channels specifically (Banks
et al., 1979; Maas & Den Hertog, 1979). Apamin partially
inhibited and in combination with L-NAME abolished the
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30 70 150
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a

10
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inhibitory actions of both cicaprost and nicotine on the
colon. This suggests that the second transmitter released
from enteric nerves opens calcium-activated K+-channels.
Although the value of this observation in terms of transmit-
ter identification is limited (al-adrenoceptor-mediated inhibi-
tion is also apamin-sensitive), it does provide further support
against a P3-adrenoceptor contribution, since isoprenaline
inhibition was apamin-insensitive. Since cicaprost and nico-
tine produced no excitatory effects in the presence of the
L-NAME/apamin combination, it would appear that their
stimulant actions are limited to inhibitory enteric neurones
(at least at the concentrations employed).

Involvement of VIP in the action of cicaprost

The inhibitory effects of VIP on the rat colon were partially
blocked by TTX, suggesting that both prejunctional and
postjunctional sites of action are involved. A prejunctional
action of VIP has also been reported in the dog and cat
trachea (Hakoda & Ito, 1990); however, in these tissues VIP
inhibits the release of an excitatory transmitter.

In the studies of Suthamnatpong et al. (1993), the VIP
antagonist, VIP 10-28, inhibited the EFS response of the
distal rat colon to a maximum of 35%; it had no effect on
EFS responses of the proximal and middle colon. In our
experiments, two VIP antagonists, [Lysl,Pro2'5,Arg3'4,Tyr6]-
VIP (Gozes et al., 1989) and [D-p-chloro-Phe6,Leu'7]-VIP
(Pandol et al., 1986), did not inhibit responses to either VIP
or cicaprost. In this context, [D-p-chloro-Phe6,Leu'7]-VIP and
another antagonist, [Ac-Tyr',D-Phe2]-GRF(1-29)-NH2, were
without effect on responses to exogenous VIP in the guinea-
pig isolated trachea (Ellis & Farmer, 1989). However in the
cat trachea, these two antagonists abolished the pre-juctional
action of VIP to suppress the excitatory junction potential
(Xie et al., 1991). Clearly we are in the position of having
useful antagonists for one subtype of VIP receptor and not
for the other(s).

Information was then sought from VIP desensitization
experiments. However, as in the studies of Suthamnatpong et
al. (1993), it proved difficult to achieve significant desensitiza-
tion to VIP. Although inhibitory responses to VIP faded with
time, subsequent addition of VIP still elicited good inhibitory
responses. The mechanism underlying this profile of action is
not clear.
As a last resort, evidence of the involvement of VIP as a

transmitter was sought from the use of o-chymotrypsin, an
enzyme that cleaves peptide bonds adjacent to tyrosine,
lysine and arginine residues; all three amino acids are present
in VIP. In previous studies, evidence has been obtained both
for (rat gastric fundus, De Beurme & Lefebvre, 1987) and
against (guinea-pig taenia coli, Mackenzie & Burnstock,
1980; rat duodenum, Manzini et al., 1986) a role for VIP in
NANC relaxation. The finding that o-chymotrypsin treat-
ment did not inhibit the relaxation induced by cicaprost
appears to exclude a transmitter role for not only VIP but
also other susceptible peptides such as calcitonin gene-related

peptide (CGRP). We emphasise 'appears to exclude', since,
as suggested by others, there is no evidence that VIP released
from neurones within the tissue is subject to the same degree
of inactivation as VIP in the bathing fluid.

Effects of agonists when tone is raised with K+
Raising the external K+ concentration to produce submax-
imal contraction of the colon preparation was accompanied
by loss of spontaneous activity. Under these conditions,
isoprenaline, sodium nitroprusside and ATP induced relaxa-
tion, whereas cicaprost was completely inactive. Use of the
EPI/EP3-receptor agonist, sulprostone, to raise the tone of
the preparation did not result in loss of spontaneous activity;
in this case cicaprost still induced a TTX-sensitive relaxation.
However if sulprostone was combined with high K+, spon-
taneous activity was lost and cicaprost was again inactive.
Two mechanisms may be relevant to the lack of effect of
cicaprost in the presence of high K+. Firstly, cicaprost may
still release inhibitory transmitters, but they are ineffective
since their action on the pacemaker is abrogated by high K+.
Secondly, the high K+ may prevent the transmitter-releasing
action of cicaprost. This is an interesting concept, since it
raises the possibility that activation of IP-receptors on enteric
neurones leads to closing of K+ channels and membrane
depolarization. This action may not proceed through the
Gs-adenylate cyclase pathway typical of the inhibitory
actions of prostacyclin on platelet function. An analogous
situation is the presynaptic inhibitory actions of opioid
agonists, where mediation through cyclic AMP is being aban-
doned in favour of direct G-protein links with K+ and/or
Ca2+ channels in the plasma membrane (see Di Chiara &
North, 1992).
The loss of IP-receptor-mediated inhibition in the presence

of high K+ exposes the true contractile action of iloprost on
the rat colon. Iloprost is known to be a potent agonist at
EP1-receptors (Dong et al., 1986). However, the nature of the
EP-receptor mediating contraction of the rat colon has not
been reported; preliminary observations in our laboratory
suggest that it is more likely to be an EP3- than an EPI-
receptor.

In conclusion, the present study demonstrates that the
inhibitory actions of IP-receptor agonists on the contractility
of the rat colon are neuronally-mediated and that at least
two NANC transmitter mechanisms appear to be involved.
NO is likely to be one of the inhibitory transmitters, whereas
some evidence has been obtained against a role for ATP,
adenosine and VIP. Further studies are warranted to charac-
terize the 'neuronal' IP-receptors involved, in terms of
molecular structure, G-protein coupling and structure-
activity relationships.
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Differences in response to 5-HT4 receptor agonists and
antagonists of the 5-HT4-like receptor in human colon circular
smooth muscle
'F.S-F. Tam, 2K. Hillier, *K.T. Bunce & *C. Grossman

Clinical Pharmacology Group, Faculty of Medicine, University of Southampton, Southampton, S016 7PX, UK and *Glaxo
Group Research & Development Ware, Herts

1 In isolated circular smooth muscle strips of human colon 5-hydroxytryptamine (5-HT) produced a
concentration-related inhibition of spontaneous motility.
2 The azabicycloalkyl benzimidazolones, BIMU 8 and BIMU 1, which have 5-HT4 receptor stimulant
properties, inhibited motility with EC50 values of 0.76 ;iM and 3.19 gM respectively and their E.. values
were not significantly different from 5-HT (EC", 0.13 gM).
3 The 5-HT4 receptor antagonist, DAU 6285 (1-10 tM), displaced the 5-HT concentration-response
curve to the right in a parallel concentration-dependent manner without depressing the maximum. The
Schild plot was linear and the slope did not differ significantly from unity giving a pA2 value of
6.32.
4 The high affinity selective 5-HT4 receptor antagonist, GR 113808, at a concentration of 3 nM
displaced the 5-HT concentration-response curve in a parallel manner giving an apparent pKB estimate
of 8.9 ± 0.24. However, higher concentrations of 10-100 nM GR 113808 did not result in a further
significant displacement of the 5-HT concentration-response curve and there was no suppression of
Ema.
5 GR 113808 (10 nM) also caused a parallel displacement of the concentration-response curve to the
5-HT4 receptor agonist, 5-methoxytryptamine (5-MeOT) giving apparent pKB values ranging from
8.3-9.3.
6 GR 113808 (3-100 nM) failed to displace 5-HT or 5-MeOT concentration-response curves in tissue
strips from 3 patients out of a total of 10 patients studied in whom the response to 5-HT and 5-MeOT
was normal.
7 The 5-HT4 receptor antagonist, SDZ 205-557 (0.3-10 tiM), had no significant effect on 5-HT-induced
inhibition of spontaneous motility.
8 The present results are discussed in the light of variability of response to GR 113808 and SDZ
205-557 in other tissues.
9 Overall, our data indicate that human colon circular smooth muscle can be regarded as a site in
which 5-HT4-like receptors are present but it is as yet unclear whether these results are also an indication
of receptor variation.

Keywords: DAU 6285; GR 113808; 5-HT4-like receptors; human colon; SDZ 205-557; benzimidazoles

Introduction

A range of different 5-hydroxytryptamine (5-HT) receptor
subtypes have been identified in the gastrointestinal tract.
Their stimulation or blockade can result in a variety of
motor and secretory changes. The 5-HT4 receptor subtype
which is positively coupled to adenyl cyclase and originally
identified by Dumuis et al. (1988a,b) has been found to be
widely distributed in the gastrointestinal tract of a variety of
species. In the guinea-pig ileum (Eglen et al., 1990; Wardle &
Sanger, 1993) and colon (Elswood et al., 1991) activation of
neuronally located 5-HT4 receptors induces release of acetyl-
choline which results in contraction and/or an increase of
electrically-evoked contraction. However, in the rat oeso-
phagus (Reeves et al., 1991; Baxter et al., 1991) and ileum
(Tuladhar et al., 1991), stimulation of muscle cell located
5-HT4 receptors results in direct relaxation.
We have previously cited data on the presence of muscle

cell-located 5-HT4-like receptors in the intertaenial circular
muscle of human colon, stimulation of which results in relax-
ation (Tam et al., 1994). Our evidence was based on the rank
order of potencies of a range of indole derivatives. Addi-
tionally, substituted benzamides which block 5-HT3 but

stimulate 5-HT4 receptors were agonists on the circular mus-
cle. Tropisetron, a weak 5-HT4 receptor antagonist but
potent 5-HT3 antagonist (literature pA2 values approximately
5.8-6.7 and 7.8-10.6 respectively) antagonized the 5-HT and
5-methoxytryptamine (5-MeOT)-induced relaxant responses
on the circular muscle with a pKB value of 6. Ondansetron,
methysergide and methiothepin were without effect on 5-HT-
induced inhibition of motility. We have now further investi-
gated the 5-HT receptor type on circular muscle of human
colon using the azabicycloalkyl benzimidazolones which have
improved selectivity of action at 5-HT4 receptors and the
high affinity and selective 5-HT4 receptor antagonist GR
113808 (Gale et al., 1994). A preliminary account of these
studies has been published in abstract form (Hillier et al.,
1994).

Methods

Tissues preparation and concentration-response curves

Colon samples from 20 patients undergoing resections for
carcinoma were prepared and studied under the conditions
described by Tam et al. (1994). Twenty per cent of samples
were from the ascending colon and the remainder were from
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the descending or sigmoid colon. The region from which we
obtained our samples was confirmed histopathologically.
Although responses of tissues from different colon regions
did not appear to vary, the samples from the ascending colon
were small in number. We have not, therefore, rigorously
compared regional variations.

In a previous study (Tam et al., 1994) we showed that a
cumulative concentration-response curve to 5-HT or 5-MeOT
(within the range 0.01-10I0M in final bath concentration)
produced concentration-related inhibition of spontaneous
activity of the circular muscle of the human colon. A second
concentration-response curve repeated 30 min after the first
was superimposable upon the first response curves if the
spontaneous activity measured immediately before the second
constructed response-curve was used as the control for the
second curve; the spontaneous activity prior to the second
response curve was 51.7 ± 10.7% less than before the first
curve (n = 4).

Agonist studies

In studies with purported agonists a concentration-response
curve to 5-HT was constructed. After washing out and leav-
ing for 30 min a concentration-response curve to BIMU 8,
BIMU 1 or DAU 6285 was constructed.

Antagonist studies

Following construction of a concentration-response curve to
5-HT, the 5-HT4 receptor antagonists, DAU 6285 (1-10 ftM),
GR 113808 (3-100nM) or SDZ 205-557 (0.3-10I1M) were
added for 30 min prior to construction of a second response
curve. The level of spontaneous activity after 30 min contact
with these antagonists and prior to construction of the
second response curve to 5-HT was not different from that
observed prior to the second concentration-response curves
of control experiments. Only one concentration of antagonist
was used in any one strip.

In further studies concentration-response curves were con-
structed to the 5-HT4 receptor stimulant 5-MeOT. GR
113808 was added at one concentration (10nM) for 30min
and a second concentration-response curve constructed. n
values quoted are the number of patients studied.
Data are expressed as mean ± s.e.mean. Statistical analyses

were by Student's unpaired t test. Equipotent molar ratios
(e.p.m.rs) relative to 5-HT were calculated in each tissue
examined and expressed as geometric means with 95% confi-
dence limits.
pKB values for antagonists were calculated using the Schild

equation pKB = logl0 (CR-1)- loglo[B] where CR is the con-
centration ratio of the agonist used in the absence and
presence of the antagonist [B] (Arunlakshana & Schild,
1959).

Drugs used

5-Hydroxytryptamine maleate, 5-methoxytryptamine hydro-
chloride and isoprenaline hydrochloride were purchased from
Sigma Chemicals (UK). BIMU 1 ([endo-N-8-methyl-8-aza-
bicyclo-(2, 3,1) oct-3-yl]-2,3-dihydro-3-ethyl-2-oxo- I H-benzim-
idazol-l-carboxamide), BIMU 8 ([endo-N-8-methyl-8-azabi-
cyclo-2(3,2, 1)oct-3-yl]-2,3-dihydro-3-isopropyl-2-oxo-I H-benz-
imidazol-l-carboxamide) and DAU 6285 ([endo-6-methoxy-
8-methyl-8-azabicyclo-(3,2, 1) oct-3-yl] 2, 3-dihydro-2-oxo- l H-
benzimidazole-l-carboxylate) were gifts from Dr C.A. Rizzi,
Boehringer Ingelheim (Italy). SDZ 205-557 (2-methoxy-4-
amino-6-chlorobenzoic acid 2-(diethylamino)ethyl ester) was
a gift from Pfizer (U.K.). GR 113808 ([1[2-methylsulphonyl)
amino [ethyl] -4-piperidinyl] methyl-1-methyl-1 H-indole-3-car-
boxylate) was a gift from Glaxo (UK).

All drugs were dissolved in water at a stock concentration
of 10-2 M. They were further diluted to the required concen-
tration in Krebs buffer.

Results

Agonist effects

Figure 1 shows that 5-HT, BIMU 8 and BIMU 1 (0.01-100
tiM) produced concentration-related inhibitions of spon-
taneous contractions (n = 6). EC50 values and E,,, values for
each agonist are shown in Table 1. The rank order of
potency was 5-HT> BIMU 8> BIMU 1. The E. of BIMU 1
and BIMU 8 at 100 ItM were not significantly different from
that of 5-HT. DAU 6285, another azabicycloalkyl benz-
imidazolone, however, was relatively inactive as an agonist
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Figure 1 The effect of 5-hydroxytryptamine (5-HT) and some azabi-
cycloalkyl benzimidazolones on the inhibition of spontaneous con-
tractions in the circular muscle of human colon. A cumulative
concentration-response curve to 5-HT (@) was constructed and after
washing out the drug and leaving for 30 min, a concentration-
response curve to BIMU 8 (A), BIMU 1 (0) and DAU 6285 (0)
was constructed. Each point is the mean value with s.e.mean. Tissues
from 6 patients were utilised in deriving these data. The effect of
each benzimidazolone was examined on tissues from each patient.

Table 1 The effect of 5-hydroxytryptamine (5-HT) and
azabicycloalkyl benzimidazolones on the spontaneous
contractions of the intertaenial circular muscle of human
colon

% maximum
inhibition of

EC50 e.p.m.r. spontaneous
Compound (95% CL) (95% CL) contractions

5-HT 0.13
(0.04-0.42)

BIMU 8 0.76
(0.10-5.91)

BIMU 1 3.19
(0.32-32.1)

DAU 6285 -

n

1 9.10 ± 7.12 6

4
(0.23-13.5)

29
(2.63-53.1)

90.1±6.61 6

79.2 ± 9.39 6

6

The EC50 value (pM) of each drug is the mean of the EC5
values obtained from each patient. The equipotent molar
ratios (e.p.m.rs) are the mean ratios calculated from each
patient. Other values are mean ± s.e.mean. The number of
muscle strips from each patient utilised for each agonist
studied was between 1 and 3.
CL, confidence limits; n, number of patients.
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with concentrations of 0.1-100 gM all causing only approx-
imately 20% inhibition of spontaneous contractions.

Antagonist studies

The 5-HT4 receptor antagonist, DAU 6285 (1, 3, 5 and
1O0M) caused concentration-related parallel displacements in
the concentration-response curve to 5-HT while not signifi-
cantly altering Ema, (Figure 2a).
The pA2 value of 6.32 was determined by Schild regression

analysis and the slope was 0.84 which was not significantly
different from unity (Figure 2b). SDZ 205-557 (0.3-10tJM)
was tested as an antagonist in tissues obtained from 13
patients. Overall SDZ 205-557 caused no significant dis-
placements of the concentration-response curves in concen-
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trations up to 10 JAM in tissues from 11 patients. The
concentration-ratios (95% confidence limits) were 0.3 IpM,
0.62 (0.27 - 1.42); 1 JAM, 0.62 (0.13 - 2.85); 3 pM, 1.23
(0.51 - 2.96) 10 JAM, 1.01 (0.49- 2.08), n = 11. In the tissues
from the remaining 2 patients, SDZ 205-557 produced antag-
onist effects of 5-HT-induced responses with pKB value of
7.12-8.07, estimated from each concentration of SDZ 205-
557. Figure 3 shows the results of the 5-HT4 receptor antago-
nist, GR 113808 (3-100 nM). GR 113808 showed antagonist
effects of 5-HT-induced response in the tissues obtained from
7 patients but was without effect at the same concentrations
in 3 patients. In tissues where a response was obtained the
antagonism was not, however, concentration-dependent
(Figure 3). GR 113808 (3 nM) produced a rightward displace-
ment of the concentration-response curve to 5-HT but at
higher concentrations, GR 113808 resulted in little further
displacement of the curve to the right. The pKB values
estimated at each concentration are shown in Table 2 and
ranged from 7.8-8.9. In tissues from 3 of these 7 patients,
the antagonist effect of 10 nM GR 113808 on the agonist
5-MeOT was also studied (n = 3). The pKB values of GR

Table 2 The effect of GR 113808 on the 5-hydroxytryp-
tamine (5-HT)-induced inhibition of spontaneous contrac-
tility in the intertaenial circular muscle of human colon

[GR 113808]
(nM)

3
10
30
100

PKB
(± s.e.mean) n

8.9± 0.24 7
8.6 ± 0.24
8.1 ± 0.15
7.8 ± 0.24

7
7
7

The values for each pKB are derived from the data in Figure 3.

7 6 5 4

-log [5-HT] M

Figure 3 The effect of GR 113808 on 5-hydroxytryptamine (5-HT)-
induced inhibition of spontaneous contractions in the intertaenial
circular muscle of human colon. Concentration-response curves to
5-HT were constructed cumulatively (0.001-100 nM) with 2 min con-
tact time for each concentration (0). After washing out the 5-HT,
GR 113808 at 3 (0), 10 (A), 30 (0) or 100 (E) nM was added and
incubated for 30 min before repeating the concentration-response
curve to 5-HT. The pKB values for GR 113808 at each concentration
are shown in Table 2. Seven patients were studied and 2-3 muscle
strips were utilised from each patient.
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Figure 2 The effect of DAU 6285 on 5-hydroxytryptamine (5-HT)-
induced inhibition of spontaneous contractions in the circular muscle
of human colon. (a) Cumulative concentration-response curves to
5-HT (0.01-100 gM) were constructed (0). After washing out 5-HT,
DAU 6285 at 1 (0), 3 (A), 5 (A) or 10 (O) M was added and
incubated for 30 min before construction of the second concen-
tration-response curve to 5-HT. The number of patients studied for
each concentration of DAU 6285 was 4-6 and 2-3 muscle strips
were used from each patient for each concentration-response curve.
Other details as in Figure 1. (b) Schild plot of the antagonist effect of
DAU 6285 on the 5-HT-induced inhibition of spontaneous contrac-
tions of the intertaenial circular muscle of human colon. The pA2
value of DAU 6285 (6.32) with slope equal to 0.84 (not significantly
different from unity). The number of patients studied was 4-6.
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113808 (10 nM) against 5-MeOT were as follows with pKB
values against 5-HT in tissues from the same patients shown
for comparison in parentheses: 9.3 (7.9); 7.9 (7.9); 8.3
(8.0).

In tissues from 3 of the 10 patients studied in which GR
113808 failed to affect 5-HT, it also failed to inhibit re-
sponses to 5-MeOT; the responses to the agonists in these
tissues did not, however, differ from the normal response.
DAU 6285 (101M), SDZ 205-557 (101iM) and GR 113808
(100 nM) had no significant effect on the concentration-rela-
ted isoprenaline-induced (0.01-100 pM) inhibition of the
spontaneous contractions (n =4, data not shown).

Discussion

Addition of 5-HT to circular muscle strips of human colon
results in inhibition of spontaneous contractility. No desen-
sitization to 5-HT was seen under the conditions used. With
a range of indoles, substituted benzamides and tropisetron,
we showed that the 5-HT receptor on circular muscle fulfilled
the pharmacological criteria widely accepted as describing a
5-HT4 subtype. Moreover, the receptors were predominantly
located on the smooth muscle cells as tetrodotoxin produced
only a small displacement to the right in the 5-HT response
curve (Tam et al., 1994); however, we cannot at this time
unequivocally exclude the presence of an additional neuron-
ally-located component to the 5-HT response. The response
to 5-HT appears to be similar in different regions of the
colon but the possibility of regional variation in response
requires further appraisal as the majority of the tissues
studied were from the descending and sigmoid colon.

In the present study the 5-HT4 receptor-selective benzimi-
dazolone agonists, BIMU 8 and BIMU 1, were found to
inhibit spontaneous contractions. The rank orders of potency
were similar to those obtained in studies in the mouse
embryo colliculi neurones (Dumuis et al., 1991), the rat
oesophagus (Baxter & Clarke, 1992) and the guinea-pig ileum
(Rizzi et al., 1992; Tonini et al., 1992). The concentration-
response curves to BIMU 8 were largely parallel with those
of 5-HT and E. was similar. The less active BIMU 1
achieved a similar mean Emit but the responses to higher
concentrations in this study were mdre variable. The ben-
zimidazolone, DAU 6285, has been reported to have selective
and competitive antagonist actions at 5-HT4 receptors in the
mouse embryo colliculi neurone (pKB = 6.6-6.7, Dumuis et
al., 1992), the guinea-pig ileum (pKB=6.8-7.0, Waikar et
al., 1993) and the rat oesophagus (pKB= 6.8-7.1, Baxter &
Clarke, 1992; Waikar et al., 1993) and the human right
atrium (pKB = 6.8, Schiavone et al., 1991). DAU 6285 also
has 5-HT3 receptor antagonist properties (Turconi et al.,
1991) but we have shown that the 5-HT3 antagonist, ondan-
setron, does not affect the 5-HT response curve in the
preparation described for this study (Tam et al., 1994). In
our hands, DAU 6285 was a competitive inhibitor of the
actions of 5-HT at the receptor site in the colon circular
muscle causing parallel displacements in the concentration-
response curves at concentrations between 1-10 ;LM. The
pA2 value was 6.3 and the slope of the Schild plot did not
differ significantly from unity. In human colon DAU 6285
does appear to have a somewhat lower pKB value than has
been observed in animal studies. This slightly lower value
was also found in studies of DAU 6285 on the secretory
response in human small intestine (pA2=6.17; forman &
Burleigh, 1993).
GR 113808 is a potent and selective competitive 5-HT4

receptor antagonist in the guinea-pig colon (pKB= 9.2), rat
oesophagus (pKB = 9.5, Grossman et al., 1993), isolated
human right atrium (pKB 8.8, Kaumann, 1993) and isolated
human detrusor muscle (pKB 8.9, Tonini et al., 1994). In this
study 3 nM GR 113808 antagonized the response to 5-HT
with an apparent pKB of 8.9. However, higher concentrations
of GR 113808 (up to 100 nM) were not simply competitive

and failed to displace the 5-HT response curve significantly
further to the right. The E,,,m, was not significantly reduced
with higher concentrations. The estimated pKB values using
each single concentration of GR 113808 (3-100 nM) ranged
from 9.30 to 7.8. A possible explanation is that steady-state
conditions may not have been reached in the presence of GR
113808 and 5-HT. However, Gale et al. (1994) show that
incubation of guinea-pig colon with GR 113808 for periods
of 15-60min produced similar rightward displacements in
the concentration-effect curves to 5-HT. GR 113808 was also
not simply competitive when it was used to inhibit 5-HT-
induced tachycardia in piglet right atrium, an action pur-
ported to be via the 5-HT4 receptor. Medhurst & Kaumann
(1993) found that 10 nM GR 113808 caused blockade of
5-HT-induced tachycardia but 100 nM caused little further
displacement and also reduced the E... Another 5-HT4
antagonist, SB 203;186 (1-piperidinyl)ethyl IH-indole 3 car-
boxylate) in concentrations of 0.02-10 gM did, however, pro-
duce concentration-related displacements in the 5-HT-
response curve, with a pKB of 8.3 and a linear Schild plot,
the slope of which did not differ from unity. The authors
suggested that GR 113808 may be having a non-specific
effect on this system. The proposal that it may also be having
a non-specific action on the human colon in inhibiting the
response to 5-HT, therefore, requires consideration. This is
unlikely, however, as GR 113808 (100 nM) had no significant
effect upon isoprenaline-induced relaxation, nor did it sup-
press E.. Further studies of GR 113808 using more selec-
tive 5-HT agonists will help to clarify matters. If with more
selective 5-HT4 agonist, GR 113808 does cause concentra-
tion-dependent displacements to the right, it would suggest
the possibility of the presence of another co-existing receptor
subtype contributing to the 5-HT-induced relaxation. We did
find that GR 113808 antagonized responses to the 5-HT4
receptor agonist 5-MeOT with pKB values similar to those
seen with 5-HT, but with 5-MeOT it was only possible to use
one concentration of GR 113808 (10 nM). An unresolved
observation at this time is that in tissues from 3 patients of
10 studied, GR 113808 at 3-100 nM produced no significant
antagonism despite the fact that control responses to 5-HT
were normal.
SDZ 205-557 has also been utilised as a 5-HT4-selective

receptor antagonist which has been shown to block com-
petitively the 5-HT responses at the 5-HT4 receptor in the
guinea-pig hippocampus (Eglen et al., 1993), the guinea-pig
ileum, (Buchheit et al., 1992), the rat oesophagus (Eglen et
al., 1993) and the piglet left atrium (Lorrain et al., 1992) with
pKB's ranging from 7.3-7.5. SDZ 205-557 does seem, how-
ever, to vary in its ability to antagonize competitively 5-HT4
receptors. In the piglet left atrium (Lorrain et al., 1992) and
in human right atrium (Zerkowski et al., 1993) SDZ 205-557
competitively antagonized 5-HT-induced tachycardia with a
pA2 value of 7.3 and 7.7 respectively. However, in piglet right
atrium the inhibitory effect of SDZ 205-557 against 5-HT-
induced tachycardias was not simply competitive and the
slope of the Schild plot was shallow, making estimates of
pKB values unreliable (Medhurst & Kaumann, 1993). In this
study with concentrations of SDZ 205-557 of up to 10 I&M we
were unable to show any significant displacement of the
5-HT concentration-response curve. In tissues from only 2
patients of the 13 studied was antagonism of 5-HT responses
seen with SDZ 205-557.

In conclusion, the 5-HT receptors identified in the inter-
taenial circular muscle of human colon can be defined as
5-HT4-like receptor type in which azabicycloalkyl benzimi-
dazolones, BIMU 8 and BIMU 1, mimicked the effect of
5-HT. The response to 5-HT can also be antagonized by the
potent and selective 5-HT4 receptor antagonists, DAU 6285
and GR 113808 although the effect of the latter is not simply
competitive. Further study with other newly-developed selec-
tive 5-HT4 antagonists is required to investigate the presence
of species and/or tissue differences of this receptor type.
The pharmacologically defined 5-HT4 receptor has now
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been cloned and transiently expressed in COS-7 cells. Two
splice variants 5-HT4S and 5-HT4L differing in the length and
sequence of their carboxy termini have been isolated (Gerald
et al., 1994). Regional differences are apparent in that the
5-HT4S transcript is restricted to the rat striatum whereas the
5-HT4L transcript is expressed throughout the brain except in
the cerebellum. It is, as yet, uncertain whether this major
finding has biological implications for the differences being

detected between receptors termed 5-HT4 in human and
laboratory animal tissues.

We thank Dr C.A. Rizzi, Boehringer Ingelheim for gifts of ben-
zimidazolones, and the surgeons of Southampton General Hospital
and Royal Hampshire County Hospital, Winchester for surgical
samples.
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A study on P2x purinoceptors mediating the electrophysiological
and contractile effects of purine nucleotides in rat vas deferens
'BaIjit Singh Khakh, *Annmarie Surprenant & Patrick P.A. Humphrey

Glaxo Institute for Applied Pharmacology, Department of Pharmacology, University of Cambridge, Cambridge and *Glaxo
Institute for Molecular Biology, 14 chemin des Aulx, 1228 CH, Geneva, Switzerland

1 We have studied both the electrophysiological and contractile effects of the purine nucleotide,
adenosine-5'-triphosphate (ATP), as well as a number of its structural analogues as agonists at P2X
purinoceptors in the rat vas deferens in vitro.
2 Electrophysiological effects were investigated by a whole cell voltage clamp technique (holding
potential -70 mV) with fast flow concentration-clamp applications of agonists in single isolated smooth
muscle cells. ATP, 2-methylthio adenosine-5'-triphosphate (2-MeSATP) and a,p methylene adenosine-5'-
triphosphate (x,4-meATP) all evoked inward currents over a similar concentration range (0.3-101iM),
being approximately equipotent with similar concentrations for threshold effects (0.3 liM). ADP (10 ,UM)
also evoked a rapid current of similar peak amplitude to that seen with ATP (10 JiM).
3 aJ,-meATP was the most potent agonist in producing contractions of the rat vas deferens whole
tissue preparation, with a threshold concentration equal to that in the electrophysiological studies
(0.3 pM). However, ATP and 2-MeSATP were at least ten times less potent in studies measuring
contraction than in the electrophysiological studies. Furthermore, their concentration-effect curves were
shallow with smaller maximal responses than could be achieved with aP-meATP. ADP, AMP and
adenosine were inactive at concentrations up to 1 mM. The rank order of agonist potencies observed for
contraction was oj-meATP>> ATP = 2-MeSATP.
4 Measurement of inorganic phosphate (iP), as a marker of purine nucleotide metabolism in the vas
deferens whole tissue preparation, indicated that ATP and 2-MeSATP were rapidly metabolized,
whereas ax,-meATP was stable for up to 2 h. Removal of divalent cations prevented breakdown of ATP
and 2-MeSATP, suggesting that metabolism involved a Ca2+/Mg2+-dependent enzyme.

5 It appears that in isolated preparations of rat vas deferens, the low potency of ATP and 2-MeSATP
can be explained by rapid agonist breakdown by ectonucleotidases. However, this is not the case in the
single cell studies where the use of rapid concentration-clamp applications revealed the true potency of
the agonists. Under such conditions the three agonists were all equal in potency indicating that the rank
order of agonist potencies of aP-meATP>> ATP = 2-MeSATP is not in fact characteristic of smooth
muscle P2x-purinoceptors as commonly believed.

Keywords: ATP; P2X-purinoceptor; vas deferens; ectonucleotidase

Introduction

Adenosine-5'-triphosphate (ATP) is now widely recognized as
a co-transmitter with noradrenaline in the sympathetic ner-
vous system (see Burnstock, 1986; von Kugelgen & Starke,
1991). The most convincing evidence in favour of ATP/
noradrenaline co-transmission comes from studies on vas
deferens (Sneddon & Burnstock, 1984; Sneddon & Westphall,
1984; Stjarne & Astrand, 1984; see also review by von
Kugelgen & Starke, 1991). In rat vas deferens, ATP appears
to mediate the rapid twitch component of the contractile
response to electrical field stimulation, whereas noradrenaline
mediates the slower tonic component (French & Scott, 1983;
Amobi & Smith, 1987a,b). Evidence is also emerging that
ATP can function as a fast synaptic transmitter at neuro-
neuronal synapses in autonomic neurones (Evans et al., 1992)
and in the central nervous system (Edwards et al., 1992).

Specific cell surface receptors for ATP, termed P2-
purinoceptors (Burnstock, 1978) have been subdivided into
P2x and P2Y-purinoceptor subtypes, largely on the basis of
rank orders of agonist potencies (Burnstock & Kennedy,
1985). Since this time several other members of the P2-
purinoceptor family have been proposed (Gordon, 1986; see
Abbrachio et al., 1993). The original classification (Burnstock

& Kennedy, 1985; Kennedy, 1990) classified the P2Y-
purinoceptor as a G-protein coupled receptor which could be
identified using the potent and selective agonist 2-MeSATP.
The recent cloning of the gene for the P2Y-purinoceptor from
chick brain has provided confirmation that the receptor is
indeed a member of the G-protein superfamily (Webb et al.,
1993; see also Barnard et al., 1994). In contrast the P2x-
purinoceptor was classified as a ligand gated cation channel,
at which xp-meATP is a potent and selective agonist (Burn-
stock & Kennedy, 1985; Kennedy, 1990). Since the original
proposal P2x and P2Y-purinoceptors have been characterized
in functional studies, largely on the basis of the relative
potencies of 2-MeSATP and xp-meATP (Burnstock, 1990;
Kennedy, 1990; Abbrachio et al., 1993; Abbrachio & Burn-
stock, 1994; Fredholm et al., 1994).
However, we have suggested that the low potency of ATP

and its shallow concentration-effect curve as a contractile
agonist in rat isolated vas deferens, may be in part due to
agonist breakdown or removal (Khakh et al., 1994), thereby
underestimating its true potency as an agonist at P2X-
purinoceptors. In the present study we have compared the
electrophysiological actions of ATP and some of its struc-
tural analogues as agonists applied using fast flow concen-
tration-clamp in single smooth muscle cells from rat vas
deferens, in an attempt to circumvent the problem of agonist
breakdown. The findings were compared with those in whole
tissue experiments measuring contraction of rat bisected

' Author for correspondence at: Glaxo Institute for Applied Phar-
macology, Department of Pharmacology, University of Cambridge,
Tennis Court Road, Cambridge CB2 IQJ.
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isolated vas deferens. In addition we have obtained a
measure of agonist breakdown using inorganic phosphate
(iP) production as a marker. The findings are discussed in
relation to current criteria for characterization of smooth
muscle P2-purinoceptors, particularly of the P2X type, in
isolated tissues.
Some of these results have been presented briefly to the

British Pharmacological Society (Khakh et al., 1994).

Methods

Single cell studies

Smooth muscle cells were dissociated by a method based on
that already described (Clapp & Gurney, 1991). Male
Sprague-Dawley rats (50 g) were killed by carbon dioxide
asphyxiation and decapitation. This method of euthanasia is
approved by the Office Vetrinaire Cantonal of Geneva where
the experiments were conducted. Vasa deferentia were rapidly
removed and placed in Ca2+/Mg2+ free Hanks buffer (HBSS;
Gibco). Adherent connective tissue and mesentery were
removed and the tissue chopped into pieces approximately
2 mm square. The pieces were immersed in 2 ml of HBSS
with papain 41 iu ml- (Worthington Biochemicals) and then
refrigerated for 18 h at 40C. This solution was then heated to
37°C in a water incubator and after 10 min the tissue pieces
were triturated 10-20 times, in the same solution with fire-
polished glass pipettes at times 10, 12, 14, 16 and 18 min
until smooth muscle cells could be seen (by inspection of
10 pl aliquots under a light microscope). The solution was
then centrifuged at 80 g for 10 min, the supernatant dis-
carded and the pellet resuspended in 0.8 ml of extracellular
buffer (for composition see below). Aliquots of suspended
cells (60 yt) were plated onto 12 mm diameter glass coverslips
and left for 20 min at 37°C in a cell incubator. All myocytes
were used within 3-3.5 h of plating.

Electrophysiological recordings
Recordings were carried by a whole cell voltage clamp tech-
nique using 5 MQ patch pipettes with seal resistancs of
between 20-50 Gil. Extracellular HEPES buffer had the fol-
lowing composition (mM): NaCl 160, MgCl2 1.0, CaCl2 2.0,
KCI 2.0, D-glucose 11.0, HEPES 10.0. The buffer was con-
tinually superfused at a rate of 1-3 ml min-' through the
microscope stage bath (vol 0.5 ml). Intracellular pipette solu-
tion contained (mM) K-aspartate 160, NaCl 5.0, HEPES 10.0
and BAPTA 11.0. The pH and osmolarity of internal and
external solutions were maintained at 7.4 and 300-312 mos-
mol ml-', respectively. Currents were filtered (-3 db) with a
3-pole bessel filter, digitised at 0.5-2 kHz and analysed with
a axograph software (Axon instruments).

Agonists were applied using the solenoid operated concen-
tration clamp U-tube method of Fenwick et al. (1992). The
time course of solution changes was estimated by measuring
changes in junction potential as a result of U tube applica-
tion of distilled water. The time to onset was between
20-300 ms and the rise time (10-90%) was invariably
between 10-12 ms.
Each agonist was applied at only one concentration to one

cell from any one coverslip. Concentration-effect curves are
shown as peak amplitude current responses to a 2 s applica-
tion of agonist recorded from between 4-12 cells as indicated
in the text. Antagonist experiments were performed by expos-
ing cells to 100 gM suramin for 2 min in the superfusion
system immediately after attaining whole cell voltage clamp
and then applying agonist for 2s via the U tube in the
continued presence of suramin. The fast flow agonist solution
also contained 100 gM suramin. Subsequently, cells were
superfused with suramin-free medium and then a second
application of agonist was made to the same cell in the
absence of suramin. All cells were voltage clamped at

-70 mV, and all recordings made at room temperature
(approx. 22-25°C). The waning of the response in the con-
tinued presence of agonist was quantified by fitting to a
single exponential and expressed in terms of decay constants
using Axograph software (Axon Instruments).

Measurement of contractile activity

Sprague-Dawley rats (200-350 g) were killed by stunning
and decapitation. Vasa deferentia were rapidly removed and
placed in a Petri dish containing gassed (95% 02, 5% C02,
pH 7.4) modified Krebs buffer of the following composition
(mM): NaCl 118, NaHCO3 25, KCl 4.7, MgSO4.7H20 0.6,
K2H2PO4 1.5, D-glucose 11.1, CaCl2 1.3 and indomethacin
6 IM. The tissues were freed of connective tissue and adher-
ing fat, and bisected transversely such that each vasa gave
two equal preparations, one prostatic and one epididymal,
i.e. four preparations from each animal. The preparations
were mounted with cotton thread in 4 ml organ baths under
0.5 g resting tension and immersed in gassed Krebs buffer at
37°C. Tension changes were recorded with a Dynamometer
UFl isometric force transducer and the recordings displayed
on a lectromed multitrace 8 channel pen recorder. The
preparations were equilibrated under 0.5 g resting tension for
a period of 30 min with frequent washes during which time
tension was maintained at 0.5 g.

Following equilibration, the preparations were exposed to
100 mM potassium chloride (KCI) three times on a 15 min
dose interval. Subsequent contractions (increases in tension)
to agonists were expressed as a percentage of the mean
contraction to the three doses of potassium chloride. Control
first concentration-effect curves were determined for a,P-
meATP (10 nM-100 LM) using sequential dosing on a 15 min
dose interval to all 4 preparations from each animal. The
preparations were washed with Krebs buffer after a max-
imum response had been attained and then left unchallenged
for 1 h. Subsequently in one of the four preparations a
second concentration-effect curve was determined for a,-
meATP, and a different agonist was tested in each of the
other three preparations. The four preparations obtained
from each animal were studied in a Latin square design. All
data shown are the mean ± s.e.mean from at least four
animals.

Measurement of inorganic phosphate

A colourimetric assay was used to measure the production of
iP as a reflection of purine nucleotide metabolism. The
method is similar to that already described (Lanzetta et al.,
1979) which is based on the method of Hess & Derr (1975).
Briefly the method uses a mixture of the dye, malachite green
(0.045%), and ammonium molybdate (4.2% in 4 M HCI) that
changes colour from yellow to green on complexing with iP.
Colour changes were measured as absorbance changes at
660 nm in a spectrophotometer (Perkin Elmer). Absorbance
values for the samples were converted to nmol of iP by using
a standard curve (which was constructed daily with KH2PO4
used as the source of iP). Data are presented as changes in
gM concentrations of iP.

Experiments were designed to mimic as far as possible the
conditions in the whole tissue contraction studies. The only
difference was that a HEPES based buffer (for composition
see under single cell studies) was used instead of Krebs buffer
to circumvent the problem of background phosphate in the
bathing medium. All solutions and drugs used in the
measurement of iP were made with ultra pure water
(> 18.0 Ma; Elga water purifier). Bisected vas deferens were
placed in 4 ml of HEPES buffer oxygenated continually with
100% 02 at 37°C, pH 7.35-7.4, and left to equilibrate for
30 min before proceeding further. The four preparations
from each animal were arranged in a Latin square design
such that the three preparations were incubated with either
100 pM ATP, 2-MeSATP or x,4-meATP and the fourth
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preparation always served as a time-dependent control with
no drug. Samples of buffer (50 pl) were taken 1 min before
adding the drug, immediately after adding the drug (time 0),
and then every Omin for up to 2 h.

Drugs

0-Methylene adenosine-5'-triphosphate lithium salt (a,-
meATP), ATP, ADP, AMP, adenosine, HEPES and BAPTA
were all purchased from Sigma. 2-Methylthio adenosine-5'-
triphosphate tetra sodium salt (2-MeSATP) was obtained
from Research Biochemicals Inc. All drugs were made freshly
and diluted to the relevant concentration in Krebs solution
for contraction experiments and in HEPES buffer for voltage
clamp studies and iP measurements.

Results

Single cell studies

Initial observations Preliminary studies showed that a 2 s
application of ATP (0.3- 10lM) via the U tube fast perfusion
system evoked inward currents in all cells tested in a
concentration-dependent manner. The ATP-evoked currents
waned in amplitude during the application of agonist. A
second application of ATP up to 6 min later showed marked
diminution in peak current amplitude response compared to
the first application, a property here referred to as
tachyphylaxis (Figure 1). The waning of the response during
the agonist application and the tachyphylaxis following first
application was a property of all concentrations of ATP.
Consequently only one concentration of agonist was added
to a cell from any one coverslip, in an attempt to circumvent
these effects.

Concentration-dependence and kinetics of agonist-evoked
currents

ATP evoked inward currents over the concentration range
0.1-1OI1M. The threshold concentration for responses
evoked by ATP was 0.1 AM with a mean peak amplitude
response of 65 ± 1OpA (n = 5) (see Figure 2). Increasing
concentrations of ATP produced larger inward currents
(Figures 2 and 3), with progressively shorter rise times, e.g.
rise time (10-90% peak) at 0.1 M was 164.8 ± 27.3 ms
(n = 5) and at 10 sM 43.5 ± 4.2 ms (n = 8; see Figure 2). The
decay time of the ATP evoked current could be fitted by a
single exponential with time constant values (T) that
were unrelated to agonist concentration (174.3 ± 47 n = 4;
221.3 ± 35.6 n = 11; and 161.7 ± 14.7 ms n = 8 for 1, 3 and
10 AM ATP, respectively). Concentrations of ATP higher
than 30 gm were not employed since the rise time at 30 gM
ATP was approaching the rise time for the U tube applica-
tion system. Thus higher concentrations of ATP would have
exceeded the limits of adequate solution exchange and
underestimated the peak current responses (data not shown).
2-MeSATP was tested over a similar concentration-range to
ATP. The threshold for producing a response was between
0.1-1 M, further the mean peak amplitude current responses
were not significantly different from those to ATP at the
same concentrations (Figure 3). The response to 2-MeSATP
was also rapid (rise time 20.3 ± 3.6 ms at 10 pM; n = 6) and
the current evoked waned during agonist application (T=
150±24.2ms at IO pM; n=6).
a,4-meATP evoked inward currents with a threshold of

between 0.1-0.3 AM. Mean peak amplitude current responses
were not significantly different from responses to ATP or
2-MeSATP (Figure 3). However rise times for the x,p-
meATP evoked currents were slower than for ATP or 2-
MeSATP e.g. 58 ± 9.9 ms at 10 JM compared to 43.5 ± 4.6
and 20.3 ± 3.6 ms for ATP and 2-MeSATP, respectively.
Thus it was possible to investigate the actions of x,4-meATP

ATP (6 min intervals)

0.5 nA

1 s

Figure 1 Three superimposed current recordings from a single
smooth muscle cell of rat vas deferens in response to U tube concen-
tration clamp application of 3 pM ATP for 0.5 s at 6 min intervals.
The response to the second application of 3 pM ATP was markedly
smaller, about 30% of initial, and a third application 6 min later
produced a response which was only about 10% of the original for
this cell. This phenomenon of tachyphylaxis was observed in all cells
tested but was not quantified. In this and all further figures the
agonist was applied for the time periods as indicated by the solid bar
above current recordings.

up to 30 EiM before the limits of the U tube perfusion system
were exceeded; rise time at 30 gM was 34.3 ± 15.8 ms (n = 3).
The decay constant was slower than for ATP or 2-MeSATP,
such that for xj3-meATP (10 tiM) I was 775.8 ± 294.2 (n = 7)
compared to 161.7± 14.7 (n=8) and 150±24.2ms (n=6)
for ATP and 2-MeSATP, respectively (see Figure 2).
ADP (10 ftM) evoked an inward current with a similar rise

time (58.5 ± 6.2 ms; n = 4) and a similar mean peak amp-
litude (1738 ± 728 pA) current response as that to ATP
(1242 ± 364 pA) at the same concentration. However its
decay constant of 642.7 ± 77.6 ms (n = 4) was significantly
longer (P<0.05; Student's t test). AMP and adenosine (both
30 #LM) evoked little or no inward current, mean peak amp-
litudes were 20.3 ± 13.6 and 4.4 ± 4.4 pA, respectively (both
n = 4); in the same cells ATP was applied to establish cell
viability and evoked large inward currents.

Antagonism by suramin

Following a 2 min exposure of cells to 100 jAM suramin ATP,
2-MeSATP and xP-meATP (all at 3 #zM) evoked small
inward currents of mean peak current amplitude 22.8 ± 13.6,
14.0 ± 10.5 and 18.8 ± 18.8 pA, respectively (all n = 4).
Replacement of bathing buffer with suramin-free buffer and
re-applying agonists 2 min later evoked large inward currents
in all cells, with mean peak amplitudes of 1477 ± 519,
1895 ± 661 and 1938 ± 889 pA (n = 4 for each), respectively
(Figure 4). Likewise the effect of ADP (10 jM) was also
abolished by 100 #LM suramin (n = 2 see Figure 5).

Whole tissue studies

Concentration-dependence of-agonists as contractile agents In
preliminary studies the actions of ATP and ox,4-meATP were
studied in epidydimal and prostatic preparations to inves-
tigate the possibility that differences in agonist potency may
exist between the two halves (Sneddon & Machaly, 1992). In
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Figure 2 Recordings from single smooth muscle cells of rat vas deferens in response to application of agonists. Upper panels show
application of ATP in increasing concentrations as indicated in Figure 1, note threshold is about 0.1 M. The middle panels show
2-MeSATP evoked inward currents demonstrating concentration-dependency. The lower panels show that x,4-meATP also evoked
inward currents in a concentration-dependent manner. Each current recording shown is from a different cell, but is representative
of between 4-11 such recordings for each agonist concentration (see Figure 3 and text).
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tatic preparations, such that the pEC_% for op-meATP was
5.34 ± 0.13 and 5.79 ± 0.34 (both n = 4; no significant
difference at P = 0.05) for epidydimal and prostatic prepara-
tions, respectively. In the case of ATP no EC_% value could
be calculated since concentration-effect curves were shallow
and flat, however mean response amplitudes were not
markedly different at all concentrations of ATP examined,
such that responses to 1, 10 and 100gM ATP were 0.6 + 0.6,
2.4± 0.9 and 5.6± 1.5 and 1.1± 0.9, 2.7± 1.5 and 6.0+
1.7% of the response to 100 mM KCl for epidydimal and
prostatic preparations, respectively. Consequently no account
was taken of anatomical location other than to pool data
from systematically randomized preparations from each
animal (see Methods).

I I I ATP induced contractions of rat vas deferens over the
-7 -6 -5 -4 concentration range 10 JAM-i mM; threshold concentrations

log [Agonist] (M) for contraction were about 10 gM. The concentration-effect
curve to ATP was shallow (Figure 6) so that at the highestcnrtn-effect curves to ATP (0), 2-MeSATP (-) concentration of ATP tested (up to 1 mM) responses were

P (0) from single smooth muscle cells. Each point on oncontraction to I mmrespon were

ion-effect curves is the mean ± s.e.mean peak inward only 17.3 ± 4.4% of the contraction to 100 mm KCl (n = 4).
:h agonist concentration (n = 4-11). All three agonists Similarly, 2-MeSATP (3-100 AM) displayed a shallow
Ltely equal in potency, ATP had an apparent EC50 of concentration-effect curve, with threshold concentrations for
n some cases undirectional error bars are shown for contraction being about 3 gm; the response to 100 AM 2-

MeSATP was 17.7 ± 2.3% of the response of 100 mM KCI
(n = 4). In contrast, a,,-meATP induced contractions of rat
vas deferens over the range 0.3-1I00 JM, with threshold con-

ents epidydimal and prostatic preparations were centrations at 0.3 JM. The concentration-effect curve to a,-
isometric tension recording as described in the meATP was steep and response amplitude was related to the
)ncentration-effect curves (10 nM- 100 JM) were concentration of m,3-meATP. At the highest concentration of
Do x,P-meATP and ATP in both halves. In the m,p-meATP tested (1001JM) the contractile response was
neATP concentration-effect curves showed the 79.1 ± 11.4% of the response to 100 mM KCI (n = 4). How-
old concentration for responses (0.3 JM) and ever, the concentration-effect curve to a,-meATP did not
nose amplitudes for both epidydimal and pros- appear to reach a well-defined maximal response. ADP,

10

10

pA

1500 r

CoC
0

i:
Cd)
0)

a)
C.)

a1)

1000 ;

500 F

0

180

-.l



B.S. Khakh et al P2x-purinoceptors in smooth muscle

a ATP

Suramin c--

b 2-MeSATP

Suramin

ATP

Wash -n - -

2-MeSATP

1 nA

1 s

Wash

C c-afmeATP
Suramin -,

ap-meATP
Wash

Figure 4 Suramin antagonism of agonist-induced currents in single vas deferens smooth muscle cells. The left hand recordings are
in the presence of 100 M suramin and the right hand traces (indicated as wash) are from the same cells after suramin washout.
Large inward currents were recorded in response to application of (a) ATP, (b) 2-MeSATP and (c) a,$-meATP when suramin was
absent. All agonist concentrations were 3 g1M. Current recordings shown are representative of four such experiments.

AMP and adenosine produced little or no agonist effects at
concentrations up to 100 EM.

Measurement of inorganic phosphate

When either ATP or 2-MeSATP (both at 100 gM) were
incubated with bisected vasa deferentia and 50 fil samples
taken every 10 min and analysed for iP, both compounds led
to an increase in iP concentration in a time-dependent man-
ner. After 120 min ATP and 2-MeSATP provided 205.7 ±
24.0 and 216.2 ± 26.9IM of iP from 100 gM agonist (all
n = 8). Incubation of either agonist alone (100 gM) with no
tissue, resulted in no production of iP (data not shown).
Further, time-dependent controls (Figure 7) showed that the
tissue alone did not produce any iP over the course of the

experiments. In contrast to the findings with ATP and 2-
MeSATP, incubation of tissues with a,p-meATP led to little
increase in iP in the 2 h period (Figure 7a).

However, in the absence of divalent cations and with the
addition of 1 mM EDTA, there was little or no increase in iP
with ATP or 2-MeSATP (both 100IM) so that the levels of
iP were not different from control preparations that had
received no agonist (n = 4; Figure 7b).

Discussion

Cell surface receptors for ATP, termed P2-purinoceptors have
been subdivided into P2X and P2Y subtypes largely on the
basis of rank orders of agonist potencies (Burnstock & Ken-
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a ATP (10 AM) ADP (10 pM) AMP (30 IM) Adenosine (30 LM)

500 pA

0.5 s

b ADP + suramin ADP
-

I 500 pA

0.5s

Figure 5 Actions of ADP, AMP and adenosine on single vas deferens smooth muscle cells. (a) Current recordings from different
cells showing that ADP and ATP but not AMP and adenosine evoked inward currents. (b) Application of ADP (10 M) in the
presence of suramin (100 gM) evoked no inward current while subsequent application of ADP after suramine washout evoked a
large inward current in the same cell (one of two such observations shown). (c) Summary of all experiments shown in (a) where
values are mean ± s.e.mean of 4-5 cells.
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Figure 6 Contractile action of ATP and its structural analogues in
rat isolated vas deferens. (a) Time-dependent controls, showing the
first (0) and second control concentration-effect curves (-) to aX,P
meATP determined with a I h washout between curves. Note curves
to a,p-meATP were reproducible over the course of experimentation.
(b) Second concentration-effect curves to ATP (0), 2-MeSATP (A),
a,p-meATP (0), ADP (-), AMP (A) and adenosine (-). Data
shown are mean ± s.e.mean from at least four rats.

nedy, 1985). The structural analogue of ATP, x,4-meATP has
been considered a potent and selective agonist at P2X-
purinoceptors and 2-MeSATP a potent agonist at P2Y-
purinoceptors (Burnstock & Kennedy, 1985). Much of the
data supporting the original classification of the P2X-
purinoceptors derived from studies carried out in whole
isolated preparations. The possible contribution of differ-
ential agonist breakdown to the rank orders of agonist
potencies identified has been considered by a number of
investigators. Nevertheless the caveat seems to have been
largely disregarded and data with these agonists has been
widely used in the characterization of P2-purinoceptors using
functional studies in a variety of tissues (Burnstock, 1990;
Kennedy, 1990; Abbrachio & Burnstock, 1994; Abbrachio et
al., 1993; Fredholm et al., 1994).
We have previously suggested that the low potency of ATP

and 2-MeSATP in rat and guinea-pig vas deferens could be
due to agonist breakdown or removal thus underestimating
their true potency at P2X-purinoceptors (Khakh et al., 1994).
We have now compared the agonist actions of ATP and a
number of its structural analogues in single smooth muscle
cells of rat vas deferens studied by single cell voltage clamp
with those in isolated preparations of rat vas deferens
measuring contraction. We have shown that, in the single cell
studies, metabolically unstable analogues are equal in
potency to the more stable ones, whereas in the isolated
whole tissue preparations they are at least 10 to 30 times less
potent. We suggest that the current approach to the charac-
terization of P2X-purinoceptors, based on relative agonist
potencies, is inappropriate (Burnstock & Kennedy, 1985;
Burnstock, 1990; Kennedy, 1990; Abbrachio et al., 1993;
Abbrachio & Burnstock, 1994; Fredholm et al., 1994), since
it relies on data where the potency of the metabolically
unstable agonists is underestimated. We propose that ATP
and 2-MeSATP must be considered as potent agonists at
smooth muscle P2X-purinoceptors, the archetypal and selec-
tive P2X-purinoceptor agonist, a,-meATP, being no more
potent. Furthermore there is now evidence that P2X-
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Figure 7 Inorganic phosphate production from purine nucleotides
in isolated vas deferens. (a) Graph of increase in iP with time
following incubation with 100 M ATP (0), 2-MeSATP (A) and
m,-meATP (0) as compared to control (-) in bisected vas deferens.
Note incubation with ATP or 2-MeSATP both resulted in significant
increases in iP whereas a,p-meATP did not. (b) As in (a) but buffer
contains 1 mM EDTA and no Ca2l or Mg2". Note that little iP is
produced following incubation with ATP, 2-MeSATP or ajx,-meATP
under these conditions. Data shown are mean ± s.e.mean from 4-8
rats.

purinoceptors in neurones are different from those in smooth
muscle but similar problems concerning the use of purine
nucleotide agonists in their characterization would seem to
apply (see Trezise et al., 1994b; 1995; Khakh et al., 1995).

Single cell studies

Agonists were applied to the myocytes using the fast flow U
tube method (Fenwick et al., 1992). ATP, 2-MeSATP and
x,4-meATP all evoked inward currents in every cell tested.
The agonists evoked inward currents with rise times of less
than 60 ms at 10 fM each agonist, which is consistent with a

direct action at a ligand-gated ion channel (Inoue & Brading,
1990). Rapid rise times to peak effect followed by waning of
the response during the continued presence of agonist were a
feature of all agonists tested in this study, although a,p-
meATP evoked inward currents with a slower rise time and
decay constant than either ATP or 2-MeSATP. The slower
rise time for the a,,-meATP-evoked current relative to ATP
and 2-MeSATP is consistent with other studies on smooth

muscle (Evans & Kennedy, 1994) and autonomic neurones
(Khakh et al., 1995). These differences in kinetics may reflect
either a slower rate of association with the receptor or a
lower intrinsic efficacy of x,4-meATP for P2x-purinoceptors.
A difference between decay constants for x,$-meATP, ATP
and 2-MeSATP has also been reported in dissociated rat tail
artery smooth muscle cells (Evans & Kennedy, 1994) and this
may reflect differing affinities of the agonists for the open and
desensitized states of the channel.

Responses mediated by neuronal P2X-purinoceptors in
autonomic ganglia exhibit little if any wane during agonist
application for up to 20 s applications (Khakh et al., 1995).
This is in contrast to the profound wane seen in the present
study for smooth muscle P2X-purinoceptors (see Figures
1-3). In addition responses to each of the agonists were
tachyphylactic when administered up to 6 min apart (Figure
1). This finding is consistent with that of Evans & Kennedy
(1994) and Nakazawa & Matsuki (1987) but different from
studies of Friel (1988) and Inoue & Brading (1990). However,
the gene encoding for the P2x-purinoceptor from rat vas
deferens has recently been cloned and similar patterns of
wane and tachyphylaxis were observed for the responses
mediated by the recombinant P2X-purinoceptors expressed
and studied in oocytes and mammalian cells (Valera et al.,
1994). Thus, the tachyphylaxis associated with the smooth
muscle P2x-purinoceptors seen in our study probably results
from the structure of the receptor-channel rather than the
experimental procedure.
The most discordant observation of Friel (1988) was that

a3,-meATP was not an agonist in smooth muscle cells,
whereas we found that it was equal in potency to ATP and
2-MeSATP. However our findings are broadly consistent
with published data in rat tail artery (Evans & Kennedy,
1994), bladder (Inoue & Brading, 1990) and for the recom-
binant P2X-purinoceptor expressed in HEK cells (Valera et
al., 1994). In this study, full concentration-effect curves could
not be obtained to agonists since at the highest concentra-
tions tested, the rise times for the responses were approach-
ing the rise times for adequate solution exchange, thus higher
concentrations of agonist would have underestimated the
peak amplitude. However, from comparison of threshold
concentrations and peak amplitude responses it would appear
that there was little or no difference in potencies between the
three agonists.
Two pertinent questions arise from these findings. First, do

all the agonists act at a common receptor on the smooth
muscle cell? We consider that this is likely to be the case
since all the agonists were antagonized by the P2-
purinoceptor antagonist, suramin (Dunn & Blakeley, 1988)
and also the agonists cross-desensitized each other, indicative
of a common site of action (unpublished observation; see
also Evans & Kennedy, 1994). Secondly, is the ATP-evoked
inward current responsible for smooth muscle depolarization
and subsequent contraction in isolated whole tissue prepara-
tions? Although we have not investigated this in the present
study we feel that this is a reasonable supposition, because in
bladder muscle cells the depolarization induced by ATP
resembles closely the profile of the ej.p. measured from
isolated tissues, supporting the contention that the mech-
anisms of the responses measured in single cells underlies
that of the contraction of isolated preparations (Inoue &
Brading, 1990).

Measurement of contractile activity

The finding that ATP is more potent that ADP, AMP or
adenosine in contracting the bisected vas deferens prepara-
tion is consistent with previous findings (Taylor et al., 1982)
and suggests the involvement of a P2-purinoceptor (Burn-
stock, 1978). Furthermore the high potency of a,4-meATP
relative to ATP and 2-MeSATP suggests the involvement of
a P2x-purinoceptor (Abbrachio & Burnstock, 1994). Based on

the experiments in this study on rat whole tissue vas deferens
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a rank order of agonist potencies of ox,,-meATP> > ATP =
2-MeSATP was found which is that expected of a P2X-
purinoceptor (Burnstock & Kennedy, 1985).

However, the original classification of P2x-purinoceptors
(Burnstock & Kennedy, 1985) does not addresss the shallow
concentration-effect curve or low potency of ATP as an
agonist in whole tissue preparations such as the rat vas
deferens. One possible explanation for the low potency of
ATP and 2-MeSATP is that in isolated tissue preparations
they are metabolised rapidly thereby underestimating their
true potency at P2x-purinoceptors. In contrast, in single cells
significant purine metabolism is unlikely to occur during
rapid agonist applications, where currents are measured over
milliseconds without diffusion gradients. In order to inves-
tigate this explanation further we have measured the produc-
tion of iP, expected to result from the metabolism of purine
nucleotides in whole tissue studies.

Measurement of inorganic phosphate

Incubation of rat isolated vas deferens in the presence of
either 100gM ATP or 2-MeSATP produced a large increase
in iP over a 2 h period, which amounted to approximately
200 pM iP from 100 pM nucleotide agonist. In control
preparations which received no agonist, no iP was detectable.
It seems reasonable to assume that the measurement of iP
production underestimates the true rate of metabolism of
purine nucleotides in the vicinity of the receptor. Thus the
quantity of purine nucleotide in the bathing medium is far in
excess of physiological levels and the metabolising enzymes
may be closely associated with the receptor in the synapse as
is the case for acetylcholinesterase and the nicotinic receptor
(Zimmerman et al., 1994). Hence iP levels can only be used
as a measure of relative stability of analogues and not as a
measure of rate of metabolism in the immediate environment
of the receptor. ap-meATP, unlike ATP and 2-MeSATP,
produced no increase in iP for up to 2 h, indicating that it is
metabolically stable. These findings indicating that ATP and
2-MeSATP are both metabolically unstable and that a,-
meATP is in contrast stable to degradation are in good
agreement with previous data (Welford et al., 1986; 1987).
Complete removal of Ca2+ and Mg2+ and addition of

1 mM EDTA prevented the increase in iP from ATP and

2-MeSATP; we assume this reflects the Ca2'- and Mg24-
dependency of the enzyme responsible for metabolism. It has
also been shown that the enyzmes responsible for the break-
down of ATP in oocytes are sensitive to complete removal of
Ca24 and Mg24 (Ziganshin et al., 1995). Further, in isolated
vagus nerve evidence has been provided, using indirect
methods, that metabolism of ATP is dependent on sub-
micromolar concentrations of Ca2' and Mg2', such that
inhibition of metabolism can only be achieved by using 1 mM
EDTA (Trezise et al., 1994a,b). Thus our findings are in
agreement with those of others (Ziganshin et al., 1995;
Trezise et al., 1994a,b) which suggest that the enzyme(s)
involved belongs to a family of Ca24 and Mg2"-dependent
ectonucleotidases.

Summary

Caveats concerning the use of agonists in drug receptor
classification are well known (Kenakin, 1993). In the present
study we have demonstrated in rat vas deferens, one of the
preparations in which the role of ATP as a co-transmitter
was first established and purinoceptors first classified (see von
Kilgelgen & Starke, 1991; Burnstock & Kennedy, 1985), that
an agonist-based classification of P2X-purinoceptors is mis-
leading because of problems associated with underestimating
the potency of metabolisable analogues such as ATP and
2-MeSATP. We suggest, on the basis of our single cell
studies, that ATP and 2-MeSATP must be considered as
potent agonists for the P2xc-purinoceptors in smooth muscle,
equal in potency to the archetypal agonist, x,4-meATP.

Unequivocal characterization of P2X-purinoceptors in func-
tional studies can only be achieved on the basis of affinity
estimates with potent competitive antagonists. However it is
reassuring to note that the agonist profile of the recombinant
P2x-purinoceptor from rat vas deferens (Valera et al., 1994) is
remarkably similar to that which we suggest as truly charac-
teristic of P2x-purinoceptors in vas deferens smooth muscle.

The authors appreciate the useful and informative discussions with
Drs Richard Evans, Wasyl Fenuik, Ian Kennedy, Anton Michel,
Alan North and Derek Trezise.
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Inhibition by zinc protoporphyrin-IX of receptor-mediated
relaxation of the rat aorta in a manner distinct from
inhibition of haem oxygenase

Lars Ny, Karl-Erik Andersson & 'Lars Grundemar

Department of Clinical Pharmacology, Lund University Hospital, S-221 85 Lund, Sweden

1 Carbon monoxide (CO), produced by haem oxygenase through degradation of haem, has been
claimed to be a neuromessenger and a possible regulator of vascular tone. We examined whether the
haem oxygenase inhibitor, zinc protoporphyrin-IX (ZnPP) and other porphyrins affect the relaxation
evoked by various agents in the rat isolated aorta.

2 Pretreatment with ZnPP (0.1 mM) virtually abolished the relaxation evoked by vasoactive intestinal
peptide (VIP) and atrial natriuretic peptide (ANP). ZnPP also evoked a rightward shift of the
concentration-response curve for the relaxation induced by acetylcholine.
3 In contrast, ZnPP did not affect the relaxation evoked by forskolin and 3-morpholino-sydnonimine,
agents which directly activate adenylate and guanylate cyclase, respectively.
4 Although, less effective than ZnPP, tin protoporphyrin-IX (SnPP; 0.1 mM) and protoporphyrin-IX
(PP; 0.1 mM) also attenuated the VIP-evoked relaxation.
5 The elevation of cyclic AMP and cyclic GMP levels evoked by VIP and ANP, respectively, were

abolished by pretreatment with ZnPP (0.1 mM).
6 ZnPP, SnPP and PP did not affect the contraction evoked by phenylephrine.
7 The results show that ZnPP inhibits relaxation induced by VIP, ANP and acetylcholine, probably by
interfering with membrane receptor-coupled signal transduction pathways. This inhibition does not seem

to be dependent upon inhibition of haem oxygenase. The lack of specificity of the haem oxygenase

inhibiting metalloporphyrins makes them less suitable as pharmacological tools in the investigation of a

messenger role for CO.
Keywords: Metalloporphyrins; carbon monoxide; blood vessel; relaxation; cyclic nucleotides; second messenger; vasoactive

intestinal peptide; atrial natriuretic peptide; acetylcholine

Introduction

Substantial evidence has indicated that nitric oxide (NO) is
an endogenous mediator of various physiological processes in
the brain and periphery (e.g. Moncada et al., 1991). It was

recently suggested that another gas, carbon monoxide (CO),
which is produced by microsomal haem oxygenase, also may
be a neuronal messenger in the brain (Maines et al., 1993;
Verma et al., 1993). Both NO and CO are known to increase
guanosine 3':5'-cyclic monophosphate (cyclic GMP) levels in
various tissues (Brune & Ullrich, 1987; Furchgott &
Jothianandan, 1991). Haem oxygenase is the rate limiting
step in the degradation of haem-containing compounds, re-

sulting in the formation of CO and biliverdin (e.g. Maines et
al., 1993). Haem oxygenase exists in two isoforms haem
oxygenase-1 and haem oxygenase-2 (Maines et al., 1993).
High levels of haem oxygenase or haem oxygenase-2 mRNA
have been found in the rat liver, spleen and brain (Vreman &
Stevenson, 1988; Verma et al., 1993).

It has been speculated that CO, which shares many proper-
ties with NO, may be a regulator of vascular tone (Marks et
al., 1991; Schmidt, 1992). The evidence for such a view is,
however, circumstantial. Like NO, exogenously applied CO
has been shown to relax various isolated blood vessels and to
increase cyclic GMP levels (Furchgott & Jothianandan, 1991;
Moncada et al., 1991; Lefer et al., 1993; Zygmunt et al.,
1994). We have recently demonstrated haem oxygenase
activity in various blood vessel homogenates, including rat
aorta, by measurement of CO production using a gas
chromatographic method (Grundemar et al., 1995). Certain
metalloporphyrins, like zinc protoporphyrin-IX (ZnPP) and

' Author for correspondence.

tin protoporphyrin-IX (SnPP), are haem oxygenase
inhibitors, of which primarily ZnPP has been used in studies
suggesting a messenger role for CO in the brain and
periphery (e.g. Verma et al., 1993; Rattan & Chakder,
1993).
However, little is known about the specificity of these

metalloporphyrins. The aim of the study was to examine
whether ZnPP and other porphyrins affect relaxation evoked
by agents with different modes of action in the rat isolated
aorta.

Methods

Mechanical activity

Female Sprague-Dawley rats (250-300 g) were killed by CO2
asphyxia and the thoracic aorta was dissected out. The aorta
was placed in an ice-cold Krebs solution and cut into 2 mm
long ring segments. The preparations were transferred to
thermostatically controlled (370C) 5 ml tissue baths contain-
ing Krebs solution bubbled with 5% CO2 and 95% 02,
resulting in a pH of 7.4, and mounted between two L-formed
hooks, one of which was attached to a force transducer
(Grass FT03) for measurement of mechanical activity, and
the other was connected to a sledge, which allowed adjust-
ment of the passive tension of the vessel. The recordings were
made on a Grass polygraph, 7D or 7E. The vessels were
repeatedly stretched for 1 h until a stable resting tension of
8 mN was obtained. The contractile capacity was examined
by adding an isotonic 60 mm potassium Krebs solution (for
composition see below). In order to construct concentration-
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response curves, drugs were added in a cumulative manner.
Relaxation was studied in preparations precontracted by
phenylephrine (O.1-3I3M), corresponding to 50-70% of the
contraction obtained by potassium Krebs solution. The
potassium-induced contraction amounted to 10.6 ± 0.2 mN
(n = 86).

Measurement of cyclic GMP and adenosine 3':S'-cyclic
monophosphate (cyclic AMP) concentrations

Cyclic nucleotide levels were analyzed in aortic segments
after recording of mechanical activity. The preparations were
separated into two groups, either incubated with ZnPP
0.1 mm or with vehicle only (control). The content of cyclic
nucleotides in the aortic segments was measured (1) at the
tension level obtained after phenylephrine-contraction, (2)
after exposure to VIP 1 ELM, and (3) after exposure to ANP
30 nM. When the vessels had reached a stable tension level,
they were rapidly removed from the tissue bath and frozen in
liquid nitrogen. The tissue was homogenized in 2 ml 10%
trichloroacetic acid (TCA), with a glass-glass homogenizer,
and centrifuged at 1500 g (4'C) for 10 min. The protein
content in the pellets was determined by the method de-
scribed by Bradford (1976), with bovine serum albumin used
as standard. The supernatants were extracted 5 times with
5 ml of water-saturated diethyl ether. The aqueous phase was
evaporated and the residue stored at -20'C. Residues were
dissolved in 0.05 M sodium acetate, and the amounts of cyclic
GMP and cyclic AMP were quantitated by using ['251]-cyclic
GMP and [1251]-cyclic AMP RIA kits (RIANEN, Du Pont
Company, Boston, MA, U.S.A.). [3H]-cyclic AMP was added
to the TCA tissue homogenate in order to determine the
recovery of cyclic GMP and cyclic AMP during the ether
extraction. The mean recovery was 80%.

Solutions

The normal Krebs solution used had the following composi-
tion (in mM): NaCl 119, KCl 4.6, NaHCO3 15, CaCI2 1.5,
MgCl2 1.2, NaH2PO4 1.2 and glucose 11. High K+-Krebs
solution contained: KCI 60, NaCl 60, NaHCO3 15, CaCl2 1.5,
MgCl2 1.2, NaH2PO4 1.2 and glucose 11.

Drugs

The chemicals were obtained from the following sources:
acetylcholine (Aldrich, 'Steinheim, Germany), forskolin,
protoporphyrin-IX, vasoactive intestinal peptide (VIP; Sigma
Chemical Company, St Louis, MO, U.S.A.), atrial natriuretic
peptide (ANP; rat; Peninsula Laboratories Inc, Belmont, CA,
U.S.A.), 3-morpholino-sydnonimine, (SIN-1; Casella AG,
Germany), ZnPP and SnPP (Porphyrin Products Inc, Logan,
UT, U.S.A.). ZnPP and SnPP were dissolved in 0.2 M NaOH
and PP in alcohol and 0.2M HCl. All other drugs were
dissolved in and diluted with saline. The preincubation time
with ZnPP, SnPP and PP was 60 min. All experiments were
performed in darkness by covering the tissue bath with a
black plastic film.

Calculations and statistics

Results are expressed as mean ± s.e. mean. When the statis-
tical difference between two means was determined, Student's
unpaired two-tailed t test was used. P <0.05 was regarded as
significant. Outliers were checked for by Dixon's gap test. (n)
refers to the number of vessels examined, each from a differ-
ent animal. pIC"0, the negative logarithm of the concentra-
tion that evokes a 50% relaxation of the precontracted
vessel, was determined by regression analysis using the values
immediately above and below half maximum response.

Results

Effects ofporphyrins on vascular tone

Pretreatment with ZnPP (0.1 mM) did not affect the basal
tone of the rat isolated aorta. However, in phenylephrine-
contracted vessels ZnPP (0.1 mM) virtually abolished the
relaxation evoked by VIP and ANP (Table 1, Figure 1 a and
b). In addition, ZnPP evoked a rightward shift of the
concentration-response curve for the relaxation induced by
acetylcholine (Table 1). In contrast, ZnPP did not affect the
relaxation evoked by forskolin and SIN-i, agents which
directly activate adenylate and guanylate cyclase, respectively
(Table 1, Figure 2 a and b). Although, less effective than
ZnPP, SnPP and PP (each 0.1 mM) also attenuated the VIP-
evoked relaxation (Table 1). ZnPP, SnPP and PP had no
effect on the initial contraction evoked by phenylephrine.
This contraction amounted to 56 ± 2%, 54 ± 6%, 52 ± 3%
and 58 ± 2% of the K+-response in vessels treated with
ZnPP, SnPP, PP, and in untreated vessels, respectively. The
corresponding phenylephrine concentrations were
0.7 ± 0.2jM, 0.7 ± 0.5gM, 0.5 ± 0.1gM and 0.6 ± 1.0gM in
ZnPP, SnPP, PP, and untreated vessels, respectively.

Effects of zinc protoporphyrin on cyclic AMP and cyclic
GMP levels

The effects of ZnPP on cyclic nucleotide levels are shown in
Figures 3 and 4. VIP, but not ANP increased the cyclic AMP
level in the rat isolated aorta. Pretreatment with ZnPP
(0.1 mM) abolished the VIP-evoked increase of cyclic AMP.
ZnPP per se did not affect the basal cyclic AMP level. ANP,
but not VIP increased the cyclic GMP level in the aorta.
Pretreatment with ZnPP abolished the ANP-evoked increase
of cyclic GMP. ZnPP per se did not appear to affect the
basal cyclic GMP level.

Discussion

The original suggestion that endogenous CO may be a
neuronal messenger was based upon the observation that
haem oxygenase-2 or its mRNA was detected in certain
neuronal structures in the brain and that it was associated
with guanylate cyclase mRNA (e.g. Maines et al., 1993;

Table 1 Inhibitory effects of porphyrins on relaxation
evoked by various vasodilator agents in the rat isolated
aorta

VIP
VIP + ZnPP (0.1 mM)
VIP
VIP + SnPP (0.1 mM)
VIP
VIP + PP (0.1 mM)
ANP
ANP + ZnPP (0.1 mM)
Acetylcholine
Acetylcholine + ZnPP (0.1 mM)
Forskolin
Forskolin + ZnPP (0.1 mM)
SIN-1
SIN-I + ZnPP (0.1 mM)

pIC50 (M)

6.90 ± 0.31

*7.64 ± 0.22
*6.62 ± 0.23

6.37 ± 0.16
7.10 ± 0.23

8.95 ± 0.08

7.79 ± 0.20
6.98 ± 0.21
7.07 ± 0.11
6.89 ± 0.12

6.62 ± 0.13
6.61 ± 0.15

P n

NA 6

<0.01 6

<0.05 6

NA 6

<0.05 6

NS 6

NS 7

For abbreviations, see text
*pIC25 value since no pIC50 value could be determined after
SnPP pretreatment. NS not statistically significant. NA, not
applicable. -, the maximum relaxation was less than 25%.
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Verma et al., 1993). A series of metalloporphyrins, such as
ZnPP and SnPP have been used clinically for inhibition of
haem oxygenase activity in efforts to prevent jaundice
(Maines, 1988). ZnPP has also been used as a pharmaco-
logical tool in order to establish a messenger role for CO
both in the central and peripheral nervous systems. ZnPP has
for instance been shown to inhibit long-term potentiation in
the rat hippocampus (Zhuo et al., 1993; Stevens & Wang,
1993), to lower cyclic GMP activity in olfactory neurones
(Verma et al., 1993), to block glutamate-evoked effects in the
rat nucleus tractus solitarii (Glaum & Miller, 1993), and to
reduce depolarization-induced glutamate release in cortical
synaptoneurosomes (Shinomura et al., 1994). In the
periphery, ZnPP has been shown to inhibit neurally mediated
relaxation of the opossum anal sphincter (Rattan & Chakder,
1993), and potassium currents in human jejunal smooth mus-
cle cells (Farrugia et al., 1993). These results have been
interpreted to mean that endogenous CO may be a messenger
in the brain and gut.
However, concern has been raised about the specificity of

metalloporphyrins (Morris & Collinridge, 1993). Some metal-
loporphyrins are light-sensitive and in the presence of light
they are inactive on haem oxygenase (Greenbaum & Kappas,
1991). It has, however, been suggested that ZnPP is less
light-sensitive than other metalloporphyrins (Vreman et al.,
1990). Nonetheless, we have recently shown that ZnPP (at a
concentration 10 times lower than that used in the present
study), when exposed to ordinary laboratory light conditions,
but not in darkness, abolished acetylcholine-induced
vasodilatation in a manner probably distinct from inhibition
of haem oxygenase (Zygmunt et al., 1994). In order to avoid
unspecific effects of light-exposed ZnPP, the experiments in
the present study were carried out in darkness.

a

20

C

0
r._
x

cc

40

60

Recently, haem oxygenase activity in homogenates from
the rat aorta has been demonstrated (Grundemar et al.,
1995). The results from the present study have shown that
ZnPP virtually abolished VIP- and ANP-evoked relaxation in
the rat isolated aorta. Also the acetylcholine-induced relaxa-
tion was attenuated by ZnPP. These compounds relax vessels
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Figure 2 Effect of increasing concentrations of forskolin (a) or
morpholino sydnonimine (SIN-I) (b) without pretreatment (0) and
pretreated with ZnPP (0.1 mM) (@) on the rat isolated aorta precon-
tracted with phenylephrine.
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Figure 1 Effect of increasing concentrations of vasoactive intestinal
peptide (VIP) (a) or atrial natriuretic peptide (ANP) (b) without
pretreatment (0) and pretreated with ZnPP (0.1 mM) (-) on the rat
isolated aorta precontracted with phenylephrine.
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Figure 3 Concentrations of cyclic AMP (pmol mg-' protein) in
aortic segments after exposure to vasoactive intestinal peptide (VIP,
1 ;LM) or atrial natriuretic peptide (ANP, 30 nM), with or without
pretreatment with ZnPP 0.1 mM. **PP<0.01, n = 6.
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Figure 4 Concentrations of cyclic GMP (pmol mg-' protein) in
aortic segments after exposure to vasoactive intestinal peptide (VIP,
1 JLM) or atrial natriuretic peptide (ANP, 30 nM), with or without
pretreatment of ZnPP 0.1 mM. ***P<0.001, n = 6.

via activation of different intracellular pathways. The VIP-
induced relaxation in rat aorta is associated with activation
of adenylate cyclase (Schoeffter & Stocklet, 1985), and ANP
activates particulate guanylate cyclase in vascular smooth
muscle cells (e.g. Winquist & Hintze, 1990). Acetylcholine
releases NO from the endothelium. NO, in turn, activates
soluble guanylate cyclase (Caulfield, 1993). Furthermore, we
found that the VIP- and ANP-induced elevations of cyclic
AMP and cyclic GMP levels, respectively, were inhibited by
ZnPP. By contrast, the relaxation evoked by the stimulator
of adenylate cyclase, forskolin, or the NO donator, SIN-1,
was unaffected by ZnPP.

Thus, ZnPP was shown to inhibit relaxation and increases
in cyclic AMP and cyclic GMP levels evoked by mediators,

which act through activation of membrane-associated recep-
tors, but not relaxation evoked by agents, which directly
stimulate adenylate cyclase or guanylate cyclase. The effect
was not specific for ZnPP, since SnPP and PP (the latter does
not inhibit haem oxygenase) also attenuated the VIP-induced
relaxation. Moreover, the phenylephrine-evoked contraction
was unaffected by ZnPP, and the other porphyrins, sugges-
ting that ZnPP did not affect the contractile capacity of the
blood vessels. It seems that ZnPP interfered with relaxant but
not contractile signal transduction pathways within the
plasma membrane.
The concentration of ZnPP used in the present series of

experiments (0.1 mM) was within the concentration-range
used in studies suggesting a messenger role for CO
(10lM-2mM ; Farrugia et al., 1993; Rattan & Chakder,
1993; Verma et al., 1993; Zhuo et al., 1993). ZnPP and other
synthetic metalloporphyrins have been shown to inhibit solu-
ble guanylate cyclase in tissue homogenates (Ignarro et al.,
1984). Since ZnPP was unable to inhibit the relaxant effect of
SIN-1, which activates soluble guanylate cyclase it is possible
that ZnPP has a poor ability to reach this cytosol-located
enzyme in the intact tissue. As there is no obvious common
denominator between the receptors of VIP and ANP and the
respective target protein (adenylate cyclase and particulate
guanylate cyclase, respectively) and the mechanism by which
acetylcholine releases NO from the endothelium, the effect of
ZnPP seems to be unspecific.
Taken together, the present results suggest that ZnPP

inhibits relaxation induced by VIP, ANP and acetylcholine,
at least partly by interfering with receptor-coupled dilator
signal transduction pathways in the plasma membrane. These
effects of ZnPP seem to be distinct from inhibition of micro-
somal haem oxygenase. It appears that the lack of specificity
of the haem oxygenase inhibiting metalloporphyrins makes
them unsuitable as pharmacological tools in the investigation
of a messenger role for CO.

This study was supported by the Swedish Medical Research Council
(grant no 6837), the Medical Faculty, University of Lund, the
Crafoord Foundation, the Royal Physiographic Society, Lund, and
the Swedish Society for Medical Research, Sweden.
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ETA receptor-mediated constrictor responses to endothelin
peptides in human blood vessels in vitro

'Janet J. Maguire & Anthony P. Davenport

Clinical Pharmacology Unit, University of Cambridge, Box 110, Addenbrooke's Hospital, Cambridge, CB2 2QQ

1 We have characterized the constrictor endothelin receptors present in human isolated blood vessels
using ETA and ETB selective agonists and antagonists.
2 Monophasic dose-response curves were obtained for ET-1 with ECm values of 6.8 nM in coronary

artery, 3.9 nM in internal mammary artery, 17.4 nM in pulmonary artery, 14.5 nM in aorta and 3.2 nM in
saphenous vein. In coronary artery, ET-2 was equipotent with ET-1 with an EC_% value of 5.7 nM. The
non-selective peptide, sarafotoxin 6b, was 2-3 times less potent than ET-1 but the maximum responses

to these two were comparable.
3 In each vessel ET-3 was much less active than ET-1. No response was obtained to ET-3 in aorta and
pulmonary artery or in up to 50% of coronary artery, mammary artery and saphenous vein prepara-

tions. In those preparations that did respond, dose-response curves were incomplete at 300 nM. Variable
contractions were also obtained with the ETB-selective agonist, sarafotoxin 6c (S6c). Where responses

were detected, although S6c was more potent than ET-1 (EC50 values of 0.6-1.2 nM), the maximum
response produced was always less than 20% of that to ET-1.
4 The synthetic ETB agonists, BQ3020 and [131',5Ala]-ET-1, were without effect in any of the five
blood vessels at concentrations up to 3 jiM.
5 ET-l-induced vasoconstriction was blocked by the ETA-selective antagonists, BQ123 and FR139317.
Schild-derived pA2 values were 7.0, 7.4 and 6.9 for BQ123 and 7.6, 7.9 and 7.3 for FR139317 in
coronary artery, mammary artery and saphenous vein, respectively, consistent with antagonism of ETA
receptors. Slopes of the Schild regressions were not significantly different from one. Comparable values
of pA2 were estimated for 3ftM BQ123 in aorta (7.4±0.5) and pulmonary artery (6.9) from the
Gaddum-Schild equation.
6 In conclusion we have shown that in human isolated blood vessels, ET-1 is more potent than ET-3
suggesting the presence of vasoconstrictor ETA receptors. This is supported by the lack of effect of the
ETB agonists, BQ3020 and [" 3"1 "'5Ala]-ET-l and the ability of the ETA antagonists, BQ123 and
FR139317 to block ET-1 responses. Some preparations did contract in response to low concentrations
of the ETB-selective sarafotoxin 6c but responses were variable and the maximum was always much less
than that to ET-1 in the same preparations. Therefore although constrictor ETB receptors were present
on the smooth muscle of human blood vessels, vasoconstriction elicited by the endothelin peptides in
vitro is via ETA receptor activation.

Keywords: Endothelins; ETA and ETB receptors; vasoconstriction; human coronary artery; internal mammary artery; pul-
monary artery; aorta; saphenous vein; BQ123; FR139317

Introduction

The three known endothelin (ET) peptides (Yanagisawa et
al., 1988; Inoue et al., 1989) mediate their actions via two
distinct receptor subtypes. ET-1 and ET-2 have equal affinity
for the ETA receptor with ET-3 much less potent, whereas all
three are equipotent at the ETB receptor (Arai et al., 1990;
Sakurai et al., 1990). A high degree of sequence homology
exists between the endothelins and the sarafotoxin peptides
which are isolated from snake venom. Like ET-1 and ET-2,
sarafotoxin 6b (S6b) does not distinguish ETA and ETB
receptors whereas sarafotoxin 6c (S6c) is a highly selective
ETB agonist (Sokolovsky, 1994).

In animals it is now well established that whilst ETA
receptors are localized to smooth muscle cells and mediate
vasoconstriction, ETB receptors are found on both endo-
thelial cells and on the underlying smooth muscle cells
(Sakurai et al., 1992). Thus ETB receptors mediate both
vasodilatation via the endothelial receptor, which causes the
release of endothelium-derived relaxing factors, and vasocon-
striction via the smooth muscle receptor (Gardiner et al.,
1992; Harrison et al., 1992; Okamura et al., 1992; Cristol et
al., 1993).

' Author for correspondence.

There is much interest in the precise role played by the
endothelin peptides in the control of vascular tone in both
physiological and pathophysiological states. In a number of
cardiovascular diseases it has been observed that plasma ET
concentrations are elevated from normal (see for example
Tomita et al., 1989; DeRay et al., 1991; Cacoub et al., 1993;
Wei et al., 1994). The implication is that endothelin
antagonists may be therapeutic in some instances and
evidence to support this has come from a number of animal
models of vascular disease. For example, intracisternal
administration of BQ123 prevents early vasospasm in a rat
model of subarachnoid haemorrhage (Clozel & Watanabe,
1992) and similar results have been obtained against delayed
cerebral vasospasm in the dog (Itoh et al., 1993). ETA
antagonists are also effective in reducing infarct size in a dog
model of coronary occlusion and reperfusion (Grover et al.,
1993) and in limiting tissue damage in rat models of cyclo-
sporine nephrotoxicity (Fogo et al., 1992) and chronic renal
failure (Benigni et al., 1993).
The relative contribution made by either ETA or ETB

receptors to vasoconstriction appears to be dependent on
both the species and vascular bed under investigation
(Davenport & Maguire, 1994). Therefore, although it has
been demonstrated that ET-1 powerfully constricts human
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blood vessels both in vivo (Hughes et al., 1989; Kiowski &
Linder, 1992; Haynes & Webb, 1993; S0rensen et al., 1994)
and in vitro (Davenport et al., 1989; Franco-Cereceda, 1989;
Costello et al., 1990; Dalman et al., 1990; Liischer et al.,
1990; Papadopoulus et al., 1990; McKay et al., 1991; Chester
et al., 1992; McNamara et al., 1992; Maguire & Davenport,
1993; Maguire et al., 1994b), before the pharmacological
profile of a clinically useful endothelin antagonist can be
established those endothelin receptor subtypes mediating con-
traction of human blood vessels need to be determined. As
an initial step to achieve this we have carried out a
systematic characterization of constrictor endothelin recep-
tors in human coronary, internal mammary and pulmonary
artery, aorta and saphenous vein. We have determined the
relative potencies of ET-l and ET-3 to give an initial
classification of receptors as ETA (ET-1 more potent) or ETB
(ET-1 and ET-3 equipotent) according to the currently
accepted endothelin receptor nomenclature (Watson &
Girdlestone, 1994). We have also compared ET-1 with the
non-selective agonist, sarafotoxin 6b. The ETA-selective
antagonists, BQ123 (Ihara et al., 1992) and FR139317
(Sogabe et al., 1992) were tested for their ability to block
ET-1-induced vasoconstriction and further characterization
was made by use of the ETB-selective agonists, sarafotoxin
6c, BQ3020 and [l"3 ""5Ala]-ET-1 (Molenaar et al., 1992) to
identify constrictor ETB receptors. A preliminary account of
these data has been presented to the British Pharmacological
Society (Maguire & Davenport, 1993).

Methods

Tissue preparation

Coronary arteries were obtained from the recipient hearts of
36 patients undergoing transplantation for ischaemic heart
disease (16 males, 54 ± 2 years mean age ± s.d.), dilated car-
diomyopathies (10 males, 3 females, 47 + 4 years), heart-lung
disease (1 male, 3 females, 34±20 years), pulmonary
hypertension (2 females, 31 ±6 years) and congestive heart
failure (1 male, 57 years). Sections of aorta (n = 4) and
pulmonary artery (n = 3) were obtained from a small number
of these patients. Arteries were dissected free of fat, transfer-
red to oxygenated Krebs solution and used on the day of
collection. Histologically normal saphenous veins and inter-
nal mammary arteries were obtained from 55 patients (43-76
years) receiving coronary artery bypass grafts.
Coronary and internal mammary arteries and saphenous

vein were cut into 2 mm rings, aorta and pulmonary artery
were cut into strips approximately 2 mm x 15 mm. The
endothelium was gently removed (confirmed histologically)
and preparations were transferred to 25 ml organ baths con-
taining oxygenated Krebs-Henseleit solution, maintained at
37°C. Vessels were connected to isometric force transducers
(Swema, Stockholm, Sweden), appropriate resting tension
was applied to each preparation (50% of that required to
elicit a maximum response to 50 mM KCl) and they were
allowed to equilibrate for 90 min. Patency of preparations
was determined by control responses to 50 mM KCl, contrac-
tile responses were recorded on a Graphtec chart recorder
(Linton Instrumentation, Diss, Norfolk, UK).

Agonist responses

Cumulative dose-response curves were constructed to ET-1,
ET-2, ET-3, sarafotoxin 6b (S6b), sarafotoxin 6c (S6c),
BQ3020 and ['3""15Ala]-ET-1 (10-1' _10-6 M). One agonist
only was tested per preparation and each response was
allowed to reach a maximum (approximately 10-20 min)
before the next was added. At the end of the dose-response
curves, 50 mM KCI was added to the bathing medium to
elicit the maximum possible response from each preparation.
Agonists responses were subsequently determined as a

percentage of this. Some preparations (particularly coronary
and internal mammary arteries) exhibited spontaneous or
agonist-induced rhythmic activity, which are thought to be
due to Ca2" fluxes (these were abolished by calcium
antagonists). As this activity occasionally started part way
through the dose-response curves, responses to agonists were
always measured as the increase in baseline tension (upon
which rhythmic activity may or may not be superimposed).
From each experiment EC50 values (concentration of agonist
producing 50% of the maximum response for that agonist)
were determined from the graphs of agonist concentration
(logl0) plotted against agonist response as a percentage of
that to 50 mM KC1. Individual EC50 values were then com-
bined to give the geometric mean (± 95% confidence inter-
val) for each agonist. EC50 values for ET-1 and S6b were
compared by the Mann Whitney U test with a significance
level of 0.05.

Antagonist experiments

In some experiments, cumulative dose-response curves were
constructed to ET-1 in the absence (control) and presence of
increasing concentrations of the cyclic pentapeptide, BQ123
(0.3-3 gM) or the linear tripeptide FR139317 (0.3-3 1M).
The antagonists were added to the bathing medium 30 min
prior to addition of ET-1. As before, the experiments were
terminated with 50 mM KCI and ET-1 responses expressed as
a percentage of this response. Values of pA2 for each
antagonist were determined by analysis of the Schild regres-
sions (Arunlakshana & Schild, 1959). Limited amounts of
aorta and pulmonary artery were available and therefore
only the effect of 3 gM BQ123 was determined in these
preparations. The pA2 value was then estimated from the
Gaddum-Schild equation, assuming slope of unity

pA2 = loglo[(dose-ratio - 1)/antagonist concentration]

Materials

ET-1, ET-2, ET-3, S6b, and S6c were purchased from
Novabiochem (Nottingham, UK). Stock solutions (10-4M)
of these peptides were dissolved in 0.1% acetic acid and kept
at -20'C. BQ123 (cyclo (D-Trp-D-Asp-L-Pro-D-Val-L-Leu)),
BQ3020 ([""'5Ala]Ac-ET-1(6.21)) and ["3"11'5Ala]-ET-1 (Mole-
naar et al., 1992) were synthesized by solid phase t-Boc
chemistry. BQ3020 and [' 31"1'5Ala]-ET-1 were dissolved in
distilled water to give stock solutions of 10-3 M. BQ123 and
FRi 39317 (N-[(hexahydro-1-azepinyl)carbonyl]L-Leu(1-Me)
D-Trp-3(2-pyridyl)D-Ala) were dissolved in dimethylsulphox-
ide (DMSO). The concentration of peptides was determined
by u.v. spectrophotometry. All other reagents were from
Sigma Chemical Co. (Poole, Dorset, UK) or BDH (Lutter-
worth, Leics., UK) and were of analar grade or better. Krebs
solution was of the following composition (mM): NaCl 90,
KCl 5, MgSO4.7H20 0.5, Na2HPO4 1, NaCO3 45, CaCl2 2.25,
glucose 10, glutamate 5, Na pyuvate 5, fumarate 5, EDTA
0.04.

Results

Endothelin and sarafotoxin peptide responses in human
blood vessels

The contractile responses elicited by 50 mM KCl were greater
in the artery preparations (coronary artery 2.0 ± 0.1, n = 37;
internal mammary artery 1.4 ± 0.1, n = 48; pulmonary artery,
1.2 + 0.4, n = 7; aorta, 1.4 0.4 g tension, n = 7; mean ±
s.e.mean) than in saphenous vein (0.71 ± 0.13 g tension,
n = 37).
Monophasic dose-response curves (Figure 1) were obtained

in response to increasing concentrations of ET-1 with ECjO
values of 6.8 nM in coronary artery, 3.9 nm in internal mam-
mary artery, 17.4 nM in pulmonary artery, 14.5 nm in aorta

192



J.J. Maguire_& A.P._Davenport ET receptors in human blood vessels

and 3.2 nM in saphenous vein (Table 1). The maximum res-
ponse to ET-l in coronary and internal mammary arteries
was approximately 60% of that to 50 mM KCI, 40% in aorta
and pulmonary artery, but over 80% in saphenous vein.
Saphenous vein preparations were not significantly more sen-
sitive to ET-1 than the artery preparations, although veins
and arteries from the same vascular bed have not been
compared in this study. ET-2 was equipotent with ET-1 in
coronary artery with an EC50 value of 5.7 nM (n = 4), with
each peptide producing comparable maximum responses
(Figure 2). Ninety percent of coronary arteries and
saphenous vein preparations and 50% of internal mammary
arteries did contract in response to high concentrations of
ET-3. However, the ET-3 dose-response curves were dis-

100 -
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1o-10 10 8 10-6
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Figure 1 Cumulative dose-response curves to endothelin-I (10-10-
7 x 10-7 M) in human coronary artery (0, n = 36), internal mam-
mary artery (Y, n = 41), aorta (A, n = 4), pulmonary artery (*,
n = 3) and saphenous vein (-, n = 37). Peptide responses are ex-
pressed as a percentage of the maximal contraction obtained with
50 mm KCI. Data points are the mean ± s.e.mean from n patients.

Table 1 EC50 values for endothelin and sarafotoxin
peptides in human isolated blood vessels

placed well to the right of those to ET-1 and were incomplete
at 300 nM (Figures 2-4). At this concentration ET-3 was
without effect in strips of aorta and pulmonary artery (Table
1).
S6b was always 2-3 times less potent than ET-1 (Table 1)

but the maximum responses were the same (Figures 2-4).
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Figure 2 Cumulative dose-response curves to endothelin-l (ET-I)
(0) (n = 36), ET-2 (U) (n = 4), ET-3 (0) (n = 10), sarafotoxin 6b
(S6b) (A) (n = 6) and S6c (n = 10) (*) in human isolated coronary
artery. Peptide responses are expressed as a percentage of the max-
imal contraction obtained with 50 mM KCI. Data are the
mean ± s.e.mean from n patients. All data for ET-3 and S6c (res-
ponders and non-responders) are included.
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14.5
(1.8-114)
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(6.8-44)
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(2.7-5.7)

3.2t
(2.1-5.0)

> 100 19.5t
(15-26)

Inactive 36.0

Inactive

>100

>100

28.0
(23-35)
12.2t

(5.7-26)
8.4t

(5.4-13)

1.2
(0.5-2.9)
Inactive

Inactive

Inactive

Inactive ND

0.6
(0.3-1.1)

1.2
(0.2-9.4)

Inactive

Inactive

*ET-2 in coronary artery EC5u = 5.7 nM (1.8-18.2 nM).
Values are geometric mean (nM) with 95% confidence
intervals in parentheses.
tECso values for ET-1 and S6b significantly different (Mann
Whitney U test P< 0.05). For ET-3 and S6c data are from
those blood vessels which responded.
ND: not determined. Inactive: no response at up to 300 nM
for ET-3 and S6c and 3 ytM for BQ3020. Responses for
[13'1 '5Ala]-ET-1 were the same as BQ3020.

lo-10 l00o-, b-6
Agonist [Ml

Figure 3 Cumulative dose-response curves to endothelin-I (ET-I)
(0) (n = 41), ET-3 (-) (n = 6), sarafotoxin 6b (S6b) (A) (n = 9) and
S6c (*) (n = 10) in human internal mammary artery. Peptide res-
ponses are expressed as a percentage of the maximal contraction
obtained with 50 mM KCI. Data are the mean ± s.e.mean from n
patients. All data for ET-3 and S6c (responders and non-responders)
are included.
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Figure 4 Cumulative dose-response curves to endothelin- 1 (ET- 1)
(0) (n = 37), ET-3 (-) (n = 7), sarafotoxin 6b (S6b) (A) (n = 9) and
S6c (*) (n = 9) in human saphenous vein. Peptide responses are
expressed as a percentage of the maximal contraction obtained with
50 mM KCI. Data are the mean ± s.e.mean from n patients. All data
for ET-3 and S6c (responders and non-responders) are included.
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30

Interestingly in coronary artery (Figure 2) and saphenous
vein (Figure 4) the dose-response curve to S6b appeared to
be steeper than that to ET-1.
As with ET-3, responses to S6c were variable. Constriction

occurred in 50% of preparations, and although potent (ECo
values 0.6-1.2 nM) the maximum responses obtained with
S6c were only approximately 20% of that to ET-1 (Table 1,
Figures 2-4). No responses, either agonist or antagonist,
were obtained with the ETB-selective compounds, BQ3020
and [Ala' 3""15]-ET-1 (3 j.M) in any of the blood vessels tested
(Table 1).

lo-10o 10-8 10-6

ET-1 [Ml

Figure 5 Antagonism of endothelin-I (ET-I)-mediated vasoconstric-
tion in coronary artery (a), internal mammary artery (b) and
saphenous vein (c) by BQ123. ET-I control (0); +0.3plM BQ123
(M); + I gM BQ123 (A) and 3 JM BQ123 (*). BQ123 was added to
the bathing medium 30 min prior to the addition of ET-1. Data are
the mean ± s.e.mean with data from at least six patients.

Antagonist potencies

In the presence of BQ123 (0.3-3 JLM) (Figure 5) and
FR139317 (0.3-3 fLM) (Figure 6) ET-l dose response curves
were shifted to the right in a parallel, dose-dependent manner
without attenuation of the maximum response in coronary
artery, internal mammary artery and saphenous vein. As
previously observed (Davenport et al., 1993) no portion of
the ET-l dose-response curve was resistant to antagonism by
these ETA-selective compounds. The slopes of the Schild
regressions were not significantly different from one, sugges-
ting these antagonists act in a competitive way. pA2 values
for both BQ123 (7.0, 7.4 and 6.9) and FR139317 (7.6, 7.9
and 7.3) (Table 2) in coronary artery, internal mammary
artery and saphenous vein, respectively, were consistent with
values published for antagonism of ETA receptors in a
number of animal systems. FR139317 was approximately
three times more potent than BQ123. ET-1 responses were
similarly antagonized by 3 tiM BQ123 in aorta
(pA2 = 7.4 ± 0.5, n = 4) and pulmonary artery (pA2 = 6.9,
n= 1).

Discussion

We have demonstrated that in human epicardial coronary
artery, internal mammary artery, pulmonary artery, aorta

Table 2 Antagonism of endothelin-l (ET-1)-mediated vaso-
constriction in human isolated blood vessels by ETA-
selective antagonists, BQ123 and FR139317

Blood vessel

Coronary artery
Mammary artery
Saphenous vein

BQ123
pA2 Slope KB (nM)*

7.0 1.05
7.4 1.08
6.9 0.92

FR139317
pA2 Slope KB (nM)*

91.2 7.6 0.73
33.9 7.9 0.84

141.3 7.3 0.80

126
33.1
87.1

The slopes of the regression lines were not significantly
different from one.
*KB values calculated from Schild regressions with slopes
constrained to unity.

and saphenous vein, in vitro vasoconstriction by the
endothelin peptides is due to the activation of smooth muscle
ETA receptors. This is suggested by the relative potencies of
ET-l and ET-3, the lack of effect of the ETB-selective
agonists, BQ3020 and [l3I"1"5Ala]-ET-1 and the ability of the
ETA-selective antagonists, BQ123 and FR139317 to block
ET-1 responses with potencies comparable to those obtained
in animal tissues (such as rat aorta) which express only ETA
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Figure 6 Antagonism of endothelin-1 (ET-1)-mediated vasoconstric-
tion in coronary artery (a), internal mammary artery (b) and
saphenous vein (c) by FR139317. ET-l control (@); + 0.3 gzM
FR139317 (U); +1IgM FR139317 (A) and 3 LM FR139317 (*).
FR139317 was added to the bathing medium 30 min prior to the
addition of ET-1. Data are the mean ± s.e.mean with data from at
least six patients.

receptors. In contrast to porcine coronary artery, in which
BQ123 blocks only part of the ET-l-induced contraction
(Ihara et al., 1992), no portion of the monophasic ET-1
dose-response curves was resistant to these antagonists in
each of the five preparations (Figures 5 and 6). No attenua-
tion of the maximum responses to ET-1 was observed in the
presence of 0.3-3 gM BQ123 or FR139317 and slopes of the
Schild regressions were not significantly different from one.

Where responses were obtained to ET-3, threshold concentra-
tions were 30-100 times those observed for ET-1. These
results are in concordance with our own findings in human
renal artery and vein (Maguire et al., 1994b) and a number
of smaller studies on human coronary artery (Opgaard et al.,
1994), pulmonary artery (Hemsen et al., 1990; Hay et al.,
1993; Fukuroda et al., 1994) and mammary artery (Liu et al.,
1994). Additionally we have demonstrated that established
constrictor responses to ET-1 in coronary artery, internal
mammary artery and saphenous vein can be completely
reversed by addition of micromolar concentrations of either
BQ123 or FR139317 (Maguire & Davenport, 1994). If ETB
receptors contributed significantly to ET-l-mediated vaso-

constriction in these vessels, complete reversal with ETA
antagonists should not be possible.

We know from our experiments employing reverse
transcriptase-polymerase chain reaction assays that the media
of each of these blood vessels contains mRNA encoding both
the ETA and the ETB receptor. However, ligand binding
experiments clearly demonstrate that in each case, ETA recep-
tors comprise at least 85% of the total endothelin receptor
population (Davenport et al., 1995). The low density of ETB
receptors in these tissues may be sufficient to explain the
apparent lack of involvement of this subtype in the overall
constrictor responses of the endothelin peptides. Blood
vessels from some patients do respond to the ETB-selective
agonist, S6c. The low concentrations of S6c at which
vasoconstriction occurs suggests the involvement of ETB
receptors. This response is not mediated by ETA receptors as
an established S6c contraction is not reversed by BQ123 (not
shown). It is not known why only S6c of the available
ETB-selective agonists is able to elicit contractile responses in
these human blood vessels. One possible explanation is that
S6c has higher efficacy for its receptor than the endothelins
(or the endothelin analogues [("'31"5Ala]-ET-l and BQ3020)
and is therefore sometimes able to elicit a contraction despite
the low receptor number. Since the same variability in res-
ponsiveness to S6c was observed with coronary arteries from
patients with both ischaemic and non-ischaemic heart disease
and from the undiseased saphenous vein and mammary
artery preparations, it is difficult at present to correlate the
occurrence or degree of S6c contraction with any particular
underlying condition of the patient. Therefore, whilst in com-
mon with other groups we are able to demonstrate that both
constrictor ETA and ETB receptors are present in human
vascular smooth muscle (Seo et al., 1994; White et al., 1994),
our data imply that only the ETA receptor is important for
endothelin-mediated vasoconstriction, at least in those blood
vessels investigated.
Our data are also comparable with the recent findings of

Godfraind (1993), who demonstrated that constriction of
human small diameter epicardial coronary arteries was due
only to ETA receptor activation (Schild slopes for BQ123
were one). However, in this study, responses in larger
diameter coronaries appeared to be due to the activation of a
heterogeneous endothelin receptor population (Schild slopes
for BQ123 were less than one). The coronary arteries used in
our experiments probably correspond to the larger diameter
vessels used by Godfraind; however, we find that Schild
slopes for both BQ123 and FR139317 were not significantly
different from one. This is consistent with our previous
finding that ET-1 vasoconstriction in coronary artery, inter-
nal mammary artery and saphenous vein can be com-
petitively blocked by the non-peptide ETA antagonist 50-235
(Maguire et al., 1994a). The reason for this discrepancy is not
entirely clear but the conclusion from both studies, that ETA
receptors at least predominate in human coronary arteries, is
the same.

Recent reports describing 'atypical' endothelin receptors
appear to be based on two main observations. Firstly,
BQ123-insensitive ET-1 or S6c responses are not blocked by
the putative ETB antagonist, IRL1038 (Urade et al., 1992)
and therefore deemed non ETA/non ETB. Secondly, ET-1
responses which appear to be ETA-mediated (ET-1> ET-3)
are not antagonized by low concentrations (< 1 LM) of
BQ123. Observations such as these in human blood vessels
have been made by two groups. In a detailed study by
Riezebos et al. (1994) although constriction of human small
arteries was found to be mediated by ETA receptors, res-
ponses in small veins were due to activation of two receptors.
Not only were the Schild slopes for BQ123 against ET-1 less
than one but ET-3 gave a biphasic curve, the lower concen-
trations of which were insensitive to BQ123 and IRL1038.
The authors suggested the presence of an additional non

ETA/non ETB receptor in these vessels. In the light of the
recent retraction by Urade et al. (1994) and our own findings
that in human left ventricle IRL1038 exhibits low selectivity
and low potency for the ETB receptor (Peter & Davenport,
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1994), the lack of effect of IRL 1038 is not convincing
evidence for the absence of ETB receptors. We would
therefore suggest that these observations are consistent with
the presence of a small population of constrictor ETB recep-
tors.

Similarly, Bax and colleagues (1993) using human
saphenous vein, concluded that two receptors were present,
neither of which was the classical ETA receptor. One was
sensitive to ET-1 and low concentrations of S6b but insen-
sitive to BQ123; the other sensitive to S6b and BQ123 but
not ET-1. This is in contrast to our own findings that mRNA
for both ETA and ETB receptors are present in human
saphenous vein and, using the subtype selective ligands
BQ123, FR139317 and BQ3020, that [251I]-ET-1 binds to
both ETA and ETB receptors in saphenous vein homogenates
with ETA receptors comprising about 90% of total (Daven-
port et al., 1995). We have observed that higher concentra-
tions of antagonists are required to block ET-1 responses in
functional assays than predicted by their nanomolar affinity
in binding assays. To complicate matters further, S6b and
ET-3 are more sensitive to these compounds in vitro. It has
been suggested that this is due to receptor heterogeneity (Bax
et al., 1994). However, as nanomolar concentrations of
BQ123 compete for [125l-ET-l binding (Davenport et al.,
1995) and ['25I]-S6b binding (unpublished data) in human
blood vessels this suggests that the discrepancy occurs at the
functional level and may be due to a difference in the way
ET-l binds to or activates the ETA receptor compared to S6b

or ET-3. This is an area which requires further investigation
as ultimately we need to design antagonists which potently
block the in vivo effects of ET-1, not those of S6b.

In conclusion we have evidence for ETA and ETB mRNA
and receptors in the media of large diameter human blood
vessels (Davenport et al., 1995), but our data suggest that the
endothelin peptides mediate their constrictor effects in these
blood vessels via activation of the ETA receptor. A selective
ETA receptor antagonist may therefore be clinically effective
in those conditions in which ET levels are raised, with the
additional benefit of leaving unaffected the beneficial vaso-
dilator ETB receptors and non-vascular ETB receptors. Evi-
dence suggesting that ETA receptors also predominate in the
small diameter resistance arterioles which are responsible for
the maintenance of, and changes in, vascular tone comes
from microautoradiographical data from human kidney.
Using BQ123 and BQ3020 in competition with ['251]-ET-1,
ETA but not ET5 receptors appear to localize to intrarenal
arterioles (Karet et al., 1993). However, it remains to be
determined whether this is the case in all human vascular
beds.

We are grateful to the consultant and theatre staff of Papworth
Hospital, Cambridge, for permission to collect vascular tissue and to
Dr A.M. Doherty for the synthesis of FR139317. Supported by
grants from the British Heart Foundation, Royal Society, BBSRC
and Isaac Newton Trust.
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Inhibitory action of betaxolol, a 13i-selective adrenoceptor
antagonist, on voltage-dependent calcium channels in
guinea-pig artery and vein
Motoko Setoguchi, 'Yusuke Ohya, Isao Abe & Masatoshi Fujishima

Second Department of Internal Medicine, Kyushu University, Faculty of Medicine, Maidashi 3-1-1, Higashi-ku, Fukuoka,
Japan

1 The effects of betaxolol, (±)-1-[4-[2-(cyclopropylmethoxy) ethyl] phenoxy]-3-(isopropylamino)-2-
propanol hydrochloride, a PI-selective adrenoceptor antagonist, on voltage-dependent Ca2" channels
were investigated in single smooth muscle cells from guinea-pig mesenteric artery and portal vein using a

whole-cell variant of the patch-clamp technique. Ca2" channel currents were recorded with bath
solutions contained 1OmM Ba2" for arterial cells and 2 mM Ca2" for venous cells.
2 Betaxolol inhibited Ca2+ channel currents dose-dependently in both mesenteric artery cells and portal
vein cells. The two isomers, (+ )-betaxolol and (-)-betaxolol (relative P-antagonistic efficacies of 0.1 and
1, respectively), had similar potencies for inhibiting Ca2+ channel currents in portal vein cells. Pro-
pranolol did not inhibit the currents. Thus the inhibitory action of betaxolol on Ca2+ channel currents
was independent of the P-adrenoceptor.
3 The inhibitory action of betaxolol on Ca2+ channel currents was compared with that of diltiazem
and of nifedipine in mesenteric artery cells. The current inhibition depended on the stimulation
frequency with all drugs (use-dependent block). All drugs also accelerated the current decay and shifted
the voltage-dependent inactivation curve in a negative direction.
4 In conclusion, betaxolol inhibited Ca2+ channel currents in vascular smooth muscle cells. The mode
of inhibitory action was similar to that of diltiazem and nifedipine. Our results suggest that betaxolol is
a unique P-adrenoceptor antagonist that has a direct inhibitory action on voltage-dependent Ca21
channels in vascular smooth muscle cells.

Keywords: Betaxolol; calcium channel; voltage clamp; vascular muscle; mesenteric artery; portal vein

Introduction

P-Adrenoceptor antagonists are widely used as first-line anti-
hypertensive agents. It is known that non-selective P-adreno-
ceptor antagonists without intrinsic sympathomimetic activity
initially increase peripheral resistance, mainly by inhibiting
P2-adrenoceptors on the vascular smooth muscle membrane.
Betaxolol, ((±)-1-[4-[2-(cyclopropylmethoxy) ethyl] phenoxy]
-3-(isopropylamino)-2-propanol hydrochloride) is a PI-selec-
tive adrenoceptor antagonist without intrinsic sympathomi-
metic activity (Beresford & Heel, 1986). Intravenous injection
of this drug in vivo decreased peripheral resistance in anaes-
thetized dogs (Satoh et al., 1990). It has also been reported
that betaxolol relaxed the high-K+-induced contraction of rat
aortic strips dose-dependently in vitro (Bessho et al., 1991),
suggesting that betaxolol might possess a direct vasodilator
action, probably due to the inhibition of Ca2+ influx across
the cell membrane. However, the effects of betaxolol on Ca2+
channels in vascular smooth muscle cells have not yet been
examined. The present study was designed to investigate the
effects of betaxolol on Ca2+ channels directly in single vas-
cular smooth muscle cells using the patch-clamp technique.

Methods

Single-cell dispersion
Female guinea-pigs (body weight 250 to 300 g) were stunned
by a blow to the head and then decapitated. Single smooth
muscle cells were obtained by collagenase treatment (col-
lagenase; Wako Chemical Co, Tokyo, Japan) from a mesen-

' Author for correspondence.

teric arterial branch (diameter <300 lm) and the portal vein
by methods described previously (for mesenteric artery: Ohya
et al., 1993, for portal vein: Ohya & Sperelakis, 1989).

Electrical recordings

A whole-cell voltage clamp was performed with a patch
pipette through a voltage clamp amplifier (Axopatch 1-D,
Axon Instruments Inc., Foster City, CA, U.S.A.) by the
method of Hamill et al. (1981). The conditions and proce-
dures were basically the same as those previously published
(Ohya & Sperelakis, 1989; Ohya et al., 1993). Recording
electrodes were made from Pyrex glass capillary tubing. The
arterial cell was held at - 80 mV and command potentials
were applied every 30 s. In venous cells, the holding potential
was -60 mV and the stimulating interval was 10 s. Data
were obtained after the current amplitude had been stabilized
(usually 3 to 4 min after the whole-cell configuration was
obtained). The Ca2" channel current apparently did not run
down over the next 15 min under these conditions (after
15 min, relative amplitude was 0.97 ± 0.02 (n = 4) of the
stabilized amplitude). Membrane currents were low-pass-
filtered at 2 kHz, digitized with a sampling frequency of 5 to
10 kHz, and stored in a personal computer system for subse-
quent analysis. The leak and residual capacitive currents were
subtracted using the P/4 protocol. The liquid junction poten-
tial of 10mV was corrected. Current recording was carried
out at room temperature (22 to 24°C).

Solutions and chemicals

To isolate the inward Ca2+ channel currents, the pipette was
filled with a high Cs' solution of the following composition
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(mM): Cs aspartate .130, CsCl 20, ATPNa2 3, MgCl2 3,
EGTA 10, HEPES 10, pH 7.3 titrated with CsOH. The bath
solution contained (mM): BaCl2 10, NaCl 150, KCl 6, glucose
5.4, HEPES 5, pH 7.3 titrated with NaOH (for mesenteric
artery), or CaCl2 2, MgCI2 1, TrisCi 150, KCI 6, glucose 5.4,
HEPES 5, pH 7.3 titrated with NaOH (for portal vein).
The drugs used were: (± )-betaxolol, (-)-betaxolol and

(+ )-betaxolol (gifts from Yoshitomi Pharm. Co., Ltd.,
Osaka, Japan); propranolol hydrochloride (Sigma, St. Louis,
MO, U.S.A.); diltiazem (Calbiochem, San Diego, CA,
U.S.A.); and nifedipine (a gift from Bayer Pharm. Co., Ltd.,
Osaka, Japan). The drugs were dissolved directly in deionized
water, except nifedipine, which was dissolved in 100%
ethanol and diluted at least 1000 times. This concentration of
ethanol (below 0.1%) did not alter the currents. Final drug
concentrations are stated in the text.

Curve fitting and statistics

Fitting of the data to each equation was performed by the
nonlinear least-squares method. The data were expressed as
mean ± s.e. Statistical significance was determined by Student's
t test (unpaired) or one-way analysis of variance. A P value
of less than 0.05 was considered statistically significant.

a Control

a

E

Results

Figure 1 shows the effects of betaxolol on Ca2" channel
currents in mesenteric artery cells. Inward currents were
evoked by command potentials of -30 mV or more depolar-
ized potential from a holding potential of -80 mV. The
complete current-voltage curves before and after application
of 10 JAM betaxolol are shown in Figures la and b. The same
experiments were done on 7 cells, and average inhibitions of
the current amplitude at given command potentials are
shown in Figure lc. The greater inhibition was observed at
the more depolarized command potential.

Figure 2 shows the relationship between the relative ampli-
tude of the inward current and the concentration of betax-
olol. The current was evoked by command potential of
10 mV with stimulating interval of 30 s. The IC50 value for
betaxolol obtained was 46 JM in arterial cells.

Betaxolol inhibited Ca2" channel currents in portal vein
cells. At 1O JAM, betaxolol inhibited the current by 19 ± 4%
(n = 8) (Figure 3). The ICm was 45 JAM in portal vein cells in
experiments using various concentrations of betaxolol (values
not shown). The inhibitory actions of betaxolol on the Ca2"
channel current were compared with those of the racemates,
(+ )-betaxolol and (-)-betaxolol (Figure 3). At 10 JAM, (+ )-
betaxolol and (-)-betaxolol inhibited the calcium current by
17 ± 3% (n = 6) and 15 + 2% (n = 5), respectively. In con-
trast, 10 JAM propranolol did not inhibit the current.
The inhibitory action of betaxolol on Ca2" channel cur-

rents was compared with those of two types of Ca2`
antagonists, a benzothiazepine derivative, diltiazem (10 JAM)
and a dihydropyridine derivative, nifedipine (0.1 JAM) in
arterial cells. Diltiazem and nifedipine inhibited the inward
current by 24 ± 5% (n = 8) and 39 + 5% (n = 5), respec-
tively. Figure 4 shows the potentiation of the current inhibi-
tion by repetitive membrane depolarization (use-dependent
block), induced by betaxolol, diltiazem, and nifedipine.
Figure 4a depicts typical results with betaxolol at three
different frequencies of 0.3, 1, and 2 Hz. Before application
of the drug (control), the train pulses at frequencies of 0.3, 1,
and 2 Hz did not reduce the amplitude of Ca2" channel
current (Figure 4a(i)). With 10 AM betaxolol, the current
inhibition showed an accumulation during the repetitive
stimulations at all frequencies (Figure 4a(ii)). The higher
frequency caused the greater inhibition. The use-dependent
block was evaluated with the current amplitude evoked by
the 15th stimulation (Figure 4b). The amplitude of the 15th
stimulation was significantly smaller than that of the 1st
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Figure 1 Inhibitory action of betaxolol on the Ca2l channel current
recorded from single mesenteric artery cells. (a) Current traces
obtained at command potentials of -50 mV to 10mV in 20-mV
steps from a holding potential of -80 mV. The scales are 40 pA
(vertical) and 10 ms (horizontal). (b) Peak amplitudes of the currents,
recorded in the absence (control, 0) and presence of 10 JAM betaxolol
(0), are plotted against the command potentials. (c) Relationship
between the command potential and the current inhibition. The
amplitudes at any given command potential in the absence of betax-
olol were normalized as 1.0. and those observed at the same poten-
tial in the presence of 1OJM betaxolol were expressed in a relative
manner. Each value is expressed as mean ± s.e. from 7 cells. Overall
analysis of variance F ratio was 4.82 (P<0.001). *P<0.05 and
**P<0.01 compared with 1.0.

stimulation at all frequencies with all drugs. This use-
dependent block was significantly more profound at 1 Hz
and 2 Hz with diltiazem than with betaxolol or nifedipine.
The effects of betaxolol, diltiazem, and nifedipine on the

current decay are compared in Figure 5. To emphasize differ-
ence in the current decay, the control and drug traces are
superimposed with the drug trace magnified so that peak
amplitudes of the two traces match (Figure Sa). Without
drug, the decay of Ba2+ current was minimal. All drugs
significantly accelerated the decay; the rate of decay over
100ms was 5 ± 2% (n = 5) without drug, 22+ 5% (n = 5)
with betaxolol, 27 ± 4% (n = 5) with diltiazem and 30 ± 4%
(n = 5) with nifedipine (Figure Sb).
The effects of betaxolol on voltage-dependent inactivation

of the Ca2+ channels were investigated. The steady-state
inactivation curve was obtained using the double-pulse pro-
tocol. After various levels of the conditioning potential were
applied for 10 s, a test pulse to 0 mV evoked the current. The
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conditioning and test pulses were separated by a short
(10 ms) return to the holding potential to assign the channels
to either the closed or inactivated state. Three drugs
significantly shifted the steady-state inactivation curve in a
negative direction (shift in Vh: betaxolol, -11 mV; diltiazem,
-24 mV; nifedipine, -38 mV) (Figure 6). Dissociation con-
stants for the resting channels (KR) and inactivated channels
(K1) were obtained according to the modulated-receptor
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Figure 2 Dose-response relationship of action of betaxolol on the
Ca2l channel current in mesenteric artery cells. Relative amplitudes
of the Ca2" channel current evoked by a command potential of
1OmV (from a holding potential of -80 mV) are plotted against the
betaxolol concentration. A control amplitude (before application of
betaxolol) was normalized as 1.0. A continuous curve was obtained
by fitting data to the Michaelis-Menten equation: IdnuIcontrol= l/
(1 + [drug]/Kd), where Id,,, is the current amplitude recorded with a
certain concentration of drug. Icontrol is the current amplitude
recorded before application of the drug, and Kd is a dissociation
constant (461M). Each point represents the mean ± s.e. of 6 to 9
values. Inset, currents recorded before (c) and after application of
I1 M (6), 10 JM (5), and 100 gM (4) betaxolol are superimposed.
Currents were evoked by a command potential of 1OmV from a
holding potential of -80 mV. The scales are 40 pA (vertical) and
10 ms (horizontal).

1.2

hypothesis (Bean, 1984), i.e. the change in Vh with the drug
(AVh) was as follows: AVh = k In ((1 + [drug]/K1)/(l + [drug]/
KR)), where k was a Boltzman coefficient and [drug] was the
drug concentration. KR values of betaxolol, diltiazem, and
nifedipine were 46 pM, 50gM, and 0.17 tiM, respectively, and
K1 values were 5.1 tiM, 1.2 1M, and 0.002 tiM, respectively.

Discussion

The main finding of the present study was that betaxolol
inhibited Ca2" channel currents recorded in single smooth
muscle cells from guinea-pig mesenteric artery and portal
vein. The mode of inhibitory action of betaxolol was similar
to that of Ca2" antagonists such as diltiazem and nifedipine.

Betaxolol has two racemic forms. As a P-adrenoceptor
antagonist, (+)-betaxolol has one-tenth the effect of (-)-
betaxolol or (±)-betaxolol (Bessho H., personal communica-
tion). In contrast, the two isomers had the same potency in
inhibiting Ca2" channels in the present study. In addition,
propranolol had no effect on Ca2` channel currents. These
results suggested that the inhibition of Ca2" channel currents
by betaxolol was due to a direct effect on Ca2` channels and
was independent of the 13-adrenoceptor.

In the present study, diltiazem and nifedipine (1) inhibited
Ca2" channel currents in a frequency-dependent fashion (use-
dependent block); (2) shifted the steady-state inactivation
curve in a negative direction; and (3) accelerated the decay of
the Ba2" current. These characteristics were similar to those
reported in cardiac and smooth muscle cells u -e whole-
cell clamp method (Lee & Tsien, 1983; Saiuinetti & Kass,
1984; Bean, 1984; Terada et al., 1987). /

Betaxolol showed a use-dependent block of Ca2" channels
similar to diltiazem and nifedipine, i.e. the repetitive
depolarization with high frequency potentiated the current
inhibition. Betaxolol shifted the steady-state inactivation
curve in a negative direction; thus, the inhibition was more
potent at a more depolarized holding potential. This result
can be understood by postulating that betaxolol binds with a
high affinity to the inactivated channels and with a low
affinity to the resting channels, as suggested for Ca2" antago-
nists and local anaesthetic drugs (Bean, 1984). In addition,
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Figure 3 Inhibition of the Ca2" channel current by betaxolol, its two racemates and propranolol in portal vein cells. Columns
show relative amplitudes in the presence of 10 gM drugs (mean ± s.e.). Amplitude before application of the drug was normalized as
1.0. **P<0.01 compared with 1.0. Insets, current traces before (C; control) and after (D; drug) application of 1OpJM drug, which
were evoked by voltage step-up from -60 mV to 0 mV. The scales are 40 pA (vertical) and 10 ms (horizontal).
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Figure 4 Effect of repetitive depolarizations on the amplitude of the
currents. (a) The graphs plot the relative amplitude of Ca2+ channel
current during a series of step pulses at the frequency of 0.3 Hz (0),
1 Hz (x), and 2 Hz (U). (i) Control; (ii) 1OfM betaxolol. The
amplitude of current evoked by the first pulse was normalized as 1.0.

The Ca2+ channel current was elicited by 70 ms command pulses to
1OmV from a holding potential of -80 mV. (b) Columns show
mean ± s.e. of 4 to 9 experiments for relative amplitude of current
evoked by the 15th pulse of repetitive depolarizations at 0.3 Hz
(open column), 1 Hz (hatched column), and 2 Hz (solid column).
*P<0.05, **P<0.0l compared with control, tP<0.05, ttP<0.01
compared with diltiazem.

betaxolol accelerated the decay of the Ba2` current. This
result suggests that betaxolol may also have a high affinity
for the open state of Ca2" channels. The above observations
suggest that betaxolol shares several fundamental characteris-
tics with Ca2+ antagonists such as diltiazem and nifedipine
and with other Ca2+ antagonists reported previously (Terada
et al., 1987, Kuga et al., 1990). To clarify which kinetic
properties of the Ca2+ channels are modified by betaxolol,
further studies such as the single channel-recording are
required.
The inhibition of Ca2+ channel currents by betaxolol was

larger at the higher command potentials. This observation
may suggest that betaxolol acted on Ca2+ channels voltage-
dependently. This command-potential dependency of the cur-
rent inhibition may also be understood by the presence of
T-type current which is resistant to Ca2+ antagonists (Ohya
& Sperelakis, 1989; Kuga et al., 1990). If the T-type current
was also resistant to betaxolol, the current inhibition was
decreased at negative command potentials where the T-type
current was evoked.

Lb
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uiltiazem

Figure 5 (a) Comparison of the current decay over 100 ms with the
absence (C; control) and the presence of drugs (D; drug) in
mesenteric artery cells. The drug trace is magnified so that the peak
amplitudes of the traces before and after drug are matched.
Magnification of the. traces with betaxolol, diltiazem and nifedipine
are 1.30, 1.26, and 1.33, respectively. Horizontal scale indicates
10 ms. Vertical scale for control currents is 40 pA. (b) Columns show
relative amplitudes after 100 ms (I~VI /Ipmk) (mean ± s.e.). Currents
were evoked by a command potential of 10 mV from a holding
potential of -80mV. Bath solution contained 10mm Ba2+. *P<
0.05 and **P<0.01 compared with control.

Acute application of ,-adrenoceptor antagonists without
intrinsic sympathomimetic activity initially increases peri-
pheral resistance, while chronic administration decreases it. It
has been reported that intravenous injection of betaxolol
decreased the peripheral resistance in anaesthetized dogs
(Satoh et al., 1990) and hypertensive rats (Bessho et al.,
1990). Since injection of other 13-adrenoceptor antagonists
such as propranolol or atenolol did not decrease the peri-
pheral resistance, betaxolol may directly affect the peripheral
vascular bed via a mechanism independent of P-adrenoceptor
inhibition.
The antihypertensive effect of betaxolol in clinical use has

been observed at plasma concentrations of 0.03 5AM to
0.15 5AM in the literature (Warrington & Turner, 1980; Beres-
ford & Heel, 1986). In the present study, betaxolol inhibited
Ca2" channels in the resting state and inactivated state with a
Kd of about 505IM and about 5 FM, respectively. Since
betaxolol is lipophilic (Beresford & Heel, 1986), betaxolol
may accumulate in the cell membrane when chronically
administered, as do other lipophilic drugs. Mason et al.
(1991) showed that the intrinsic affinities of some lipophilic
drugs for their receptor sites were over 3 orders of magnitude
greater than that predicted from an aqueous equilibrium
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Figure 6 Steady-state inactivation curves obtained in the absence
(0) and presence of 10 LM betaxolol (0), 10 AM diltiazem (A) and
0.1 M nifedipine (-). Conditioning pulse for lO s at various am-
plitudes was applied before a test pulse to 0 mV. Amplitude of the
current evoked by the test pulse was normalized by that evoked
without the conditioning potential. Normalized amplitude (avail-
ability) is plotted against the conditioning potential. Each point
represents the mean ± s.e. of 3 to 8 values. Four curves were obtain-
ed by fitting data to the Boltzman distribution: P = 1/[l +exp{(V-Vh)/
k)], where P is the availability, V is the conditioning potential, Vh is
the potential required for half-inhibition of the current, and k is the
Boltzman coefficient. The Vh of control, betaxolol, diltiazem and

constant. If the concentration of betaxolol around Ca2"
channels in the cell membrane was higher than that in
plasma, betaxolol at the thereapeutic dose may inhibit Ca2"
channels in the vascular tissues as well as blocking P-adreno-
ceptors.

In conclusion, betaxolol exhibited the profile of a Ca2"
antagonist in the voltage-clamp study using single vascular
smooth muscle cells. This property was independent of the
P-adrenoceptor inhibition. Whether this Ca2" antagonistic
action of betaxolol could be involved in its therapeutic action
should be further tested.

We thank Yoshitomi Pharm. Co., Ltd., Osaka, Japan, and Mitsu-
bishi Kasei Co. Ltd., Tokyo, Japan, for providing betaxolol hydro-
chloride and its two isomers, and Bayer Pharm. Co., Ltd., Osaka,
Japan, for providing nifedipine. This work was partly supported by
grants from the Ministry of Education, Science, and Culture, Japan.

nifedipine were - 8± 4 mV (n = 6), - 20± 4 mV (n = 6), - 32 +
3 mV (n = 6), and -47 ± 1 mV (n = 8), respectively, and the k value
was 11 mV in all groups. The shifts of the steady-state inactivation
curve by the drugs were significantly different from one another
(P<0.05).
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Drug-induced defaecation in rats: role of central 5-HT1A
receptors

'Tiziano Croci, Marco Landi, 2Alberto Bianchetti & Luciano Manara

SANOFI-MIDY S.p.A. Research Center, Via G.B. Piranesi 38, 20137 Milan, Italy

1 We investigated the acute effects of 5-hydroxytryptamine (5-HT), and of the 5-HTlA receptor
agonists, 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), buspirone and SR 57746A, on rat
faecal pellet output and water content.
2 5-HT, 8-OH-DPAT, buspirone and SR 57746A, a new selective 5-HTA receptor agonist, displaced
[3H]-8-OH-DPAT from specific binding sites in rat hippocampus membranes (Ki, nM: 1.8, 1.2, 15, 3.1
respectively) and stimulated rat defaecation dose-dependently. SR 57746A and buspirone induced 1 g
dry weight of faeces at 1.3 and 6.1 mg kg-', p.o. (AD,) respectively. 8-OH-DPAT and 5-HT stimulated
defaecation after s.c. injection (AD,, 0.07 and 7.5 mg kg-', respectively). All these agents increased
faecal water content.
3 The putative 5-HTA receptor antagonist, pindolol, injected s.c. or i.c.v., significantly reduced the
defaecation induced by systemically administered 8-OH-DPAT, buspirone or SR 57746A, but not 5-HT.
4 Pretreatment with p-chlorophenylalanine (i.p.) or 5,7-dihydroxytryptamine (i.c.v.), according to
protocols designed to cause either generalized or CNS-limited 5-HT depletion respectively, also reduced
the defaecation induced by buspirone or SR 57746A.
5 No specific 5-HTIA binding sites could be labelled by incubating rat colon membranes with
[3H]-8-OH-DPAT, and in vitro preparations of rat colon segments showed no response to 8-OH-DPAT
or SR 57746A up to 5tM.
6 After eight days' repeated daily treatment, complete tolerance developed to the stimulant effects of
SR 57746A and buspirone on faecal water content, but not on faecal pellet output. This suggests that
faecal mass excretion and water exchange through the gut wall are affected by independent mechanisms.
7 The present findings support the involvement of central 5-HTIA receptors in intestinal propulsion and
regulation of luminal fluid content, presumably accounting for the drug-induced defaecation in rats.

Keywords: Defaecation; 5-HTIA receptor; faecal water content; buspirone; 8-OH-DPAT; SR 57746A; 5-HT

Introduction

The role of 5-hydroxytryptamine (5-HT) in the regulation of
intestinal motor activity and endoluminal fluid content has
long been recognized (Costa & Furness, 1979; Costa et al.,
1982). However, the underlying mechanisms are still largely
unknown. In the gut 5-HT may affect motility either directly
by stimulating smooth muscle receptors (Buchheit et al.,
1985) or indirectly through enteric 5-hydroxytryptaminergic
interneurones, which modulate the intestinal peristaltic reflex
by releasing other neurotransmitters (Costa et al., 1982;
Buchheit et al., 1985; De Ponti et al., 1991). 5-HT itself is
highly concentrated in enterochromaffin cells and can be
released by appropriate stimuli into the portal circulation or
gut lumen (Racke & Schworer, 1991), thus influencing fluid
balance and intestinal motility.
Gut motility is under the influence of the central nervous

system (CNS) which may affect the intrinsic automaticity of
the enteric nervous system through efferent pathways.
Although different gut-located 5-HT receptor subtypes are
certainly involved in the modulation of intestinal motility
and secretion (Costall & Naylor, 1990), the role of CNS
5-HT in enteric functions is virtually unknown.

In a preliminary study, we found that putative 5-HTIA
receptor agonists, reportedly active as central antidepressant
and anxiolytic drugs (Goa & Ward, 1986; Traber & Glaser,
1987; Robinson et al., 1989; Jenkins et al., 1990; Cervo et al.,
1994) stimulated faecal excretion by rats (Croci et al.,
1990a,b; Bianchetti et al., 1990; 1991). The present work

was aimed at clarifying the importance of central 5-HTIA
receptors in the effects on faecal output and water content
of 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), bu-
spirone and the potent, selective new 5-HTA receptor agonist
SR 57746A (4-(3-trifluoromethylphenyl)-N-[2-(naphth-2-yl)-
ethyl]-1,2,3,6-tetrahydropyridine HCI) (Bachy et al., 1993).

Methods

Male Crl:CD BR (Charles River Italia) rats weighing
220 ± 20 g were used, handled according to internationally
accepted principles for the care and use of laboratory animals
(E.E.C. Council directive 86/609, OJ L358, 1, Dec. 12, 1987).
Rats were humanely killed by cervical dislocation.

Faecal excretion

Faecal excretion was assessed according to the method des-
cribed by Croci & Bianchetti (1992). On- the day of the
experiment, the rats were placed individually in grid-floor
cages, with food and water ad libitum, and randomly
allocated to different treatments. The food was withdrawn at
08 h 00 min and 3 h later the animals were given one of the
following drugs in 2 ml kg-' of the appropriate vehicle: 5-HT
or 8-OH-DPAT dissolved in saline, SR 57746A or buspirone
suspended in 0.5% carboxymethylcellulose (CMC). Drug-free
control rats received only the vehicles (each animal was given
s.c. saline and p.o. CMC).

Immediately after treatment, gentle thumb pressure was
applied to the perianal region to expel faecal pellets from the
rectum. The pellets discharged during the next 90 min (s.c.

' Author for correspondence.
2 Present address: PHARMACIA, Farmitalia Carlo Erba; Preclinical
Research, Via Giovanni XXIII 23, 20014 Nerviano, Italy.
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treatment) or 210 min (oral treatment) were collected and
weighed immediately (wet weight) and after drying (10 h at
50C) to constant weight (dry weight). The doses inducing 1 g
(dry weight) faecal excretion (AD1) were extrapolated from
log-dose response-curves (Finney, 1964). Action on secretion
and/or reabsorption of fluids was assessed from the ratio of
wet to dry faecal weight. For drug-free controls this was
obtained from the weights of the faeces excreted by all rats in
the 2-3 h before treatment, since control rats generally did
not defaecate during the 90 or 210 min observation period.
Antagonism of faecal excretion stimulated by 5-hydroxy-

tryptamine receptor agonists was assessed after either s.c.
(2 ml kg-') or i.c.v. (10 pl/rat) pindolol, according to the
protocols described in the Tables.
To deplete brain 5-HT, rats were treated with i.c.v. 5,7-

dihydroxytryptamine (5,7-DHT) following the procedure des-
cribed by Carli et al. (1989), or i.p. p-chlorophenylalanine
(pCPA) according to Hutson et al. (1987).

Rats anaesthetized with ethyl-ether were immobilized in a
Kopf stereotaxic instrument. 5,7-DHT dissolved in 0.1%
ascorbic acid was infused (20 s) i.c.v. in a volume of 20 p1
into the right lateral ventricle. The control animals received
ascorbic acid only. To protect noradrenaline-containing
neurones from the action of 5,7-DHT, the rats received
desmethylimipramine, 25 mg kg-', i.p. 30 min before 5,7-
DHT. These animals were used for faecal excretion
experiments on the third day after 5,7-DHT. pCPA was
injected daily for three consecutive days and rats were used
for faecal excretion experiments 24 h after the last injection.
To assess whether the acute effects on faecal output and

water content changed after repeated treatment with 5-HTA
receptor agonists, rats were treated daily at 11 h 00 min with
buspirone, SR 57746A or CMC for eight consecutive days.
Faecal excretion (wet and dry weight of faeces) was assessed
daily as described above.

Statistical analysis was based on ANOVA plus Duncan's
test (Kramer, 1956).

Binding assays

Radioligand binding assays with [3H]-8-OH-DPAT were car-
ried out either on rat hippocampus previously frozen and
stored at -20°C or on fresh rat distal colon segments
(5-6 cm) taken 10cm from the ileo-caecal junction. Mem-
branes from rat hippocampus or colon were prepared
according to Bennett & Snyder (1976) or Landi et al. (1992)
respectively.
The membrane preparation, containing about 2 mg pro-

tein ml-', was used immediately for binding experiments.
Protein was assayed according to Lowry et al. (1951) with
bovine serum albumin as standard.

In both preparations (colon and hippocampus), the bind-
ing assay for (3H]-8-OH-DPAT (180-264 Ci mmol', radio-
chemical purity> 98%) was run in triplicate at 25°C for
30 min incubation. Samples contained 500 p1 membrane
suspension and 1 nM [3HJ-8-OH-DPAT in a total volume of
1 ml. The compounds tested for competition with the binding
of the radiolabelled ligand were dissolved in distilled water or
ethanol; the ethanol concentration in the assay (10 pl ml-')
did not affect binding.

Incubation of samples was started by the addition of mem-
branes and stopped by rapid vacuum filtration through
Whatman GF/B filters, followed by two consecutive 5-ml
cold Tris-HCl (50 mM, pH 7.4) washes on a Brandel Cell
Harvester. The [3H]-8-OH-DPAT bound was measured by
liquid scintillation spectrometry in a Beckman LS 6000IC
beta counter. Non-specific binding was determined in the
presence of 10YM 5-HT. In the hippocampus, specific bin-
ding was calculated as the difference between total and non-
specific binding, and accounted for 85-90% of the total.

Data were plotted and analysed according to published
procedures (Scatchard, 1949). Saturation curves were fitted to
a one-site model, using a non-linear regression computer

programme, Accufit Saturation (Beckman, London Soft-
ware). The inhibitory constant (Ki) was calculated according
to Cheng & Prusoff (1973) while the IC5, was obtained by
converting the binding data to logits and plotting them
against the log of the inhibitor concentration to obtain linear
regression (Finney, 1964).

Isolated distal colon preparation

Rat distal colon segments (about 5 cm, 2 cm from the rec-
tum) were carefully dissected and mounted in a 20 ml organ
bath containing warm (32°C) aerated (100% 02) Tyrode
solution of the following composition, mM: NaCl 136.9, KCI
2.68, MgCl2 1.05, CaCl2 1.82, NaH2PO4 0.417, NaHCO3 11.9,
glucose 5.5. The tissue was stretched with a weight of 0.5 g
and tonic contractions elicited by 5-HT were recorded
isotonically and scored as the percentage of maximal effect.
After 60 min equilibration, 5-HT or the 5-HTIA receptor
agonists were added, the concentrations being increased step-
wise. Only one cumulative curve was obtained for each
preparation (contact time for each concentration 3 to 5 min).
The concentration of 5-HT (ECm) raising tonus by 50% over
the basal value was extrapolated from the regression lines
obtained by plotting log-concentration against response.

Chemicals

The following drugs were purchased from commercial
sources: Sigma-Aldrich Corp., St-Louis, Missouri, U.S.A.,
buspirone HC1, (±)-pindolol, pCPA, 5,7-DHT, carbachol,
5-HT creatinine sulphate, pargyline; RBI, Natick, Ma,
U.S.A., 8-OH-DPAT HBr, ketanserin; Amersham, Bucking-
hamshire, England, [3H]-8-OH-DPAT. Mesulergine was
kindly provided by Sandoz Pharma, Switzerland and
desmethylimipramine HCl by Ciba-Geigy, Varese, Italy.
SR 57746A was synthesized in the Chemistry Section of

the SANOFI-MIDY S.p.A. Research Centre, Milan, Italy.

Results

Binding of drugs acting at 5-HT receptors

In hippocampal membranes [3H]-8-OH-DPAT bound satur-
ably with an affinity constant (Kd) of 0.9 ± 0.2 nM and a Bmn
of 185 ± 22 fmol mg-' protein (mean ± s.e.mean of three
experiments), as revealed by saturation analysis with eight
concentrations of [3H]-8-OH-DPAT ranging from 0.125 to
16 nM. Binding was rapid, reversible and stable for at least
60 min. [3H]-8-OH-DPAT specific binding to hippocampal
membranes was competitively inhibited by the 5-HT receptor
agonists, 5-HT, 8-OH-DPAT, SR 57746A and buspirone; the
Ki (nM, 95% confidence limits) were 1.8 (1.7-1.9), 1.2
(1-1.5), 3.1 (2.9-3.4) and 15 (13-16), in that order. The
putative 5-HTIA receptor antagonist, pindolol also competed
for [3H]-8-OH-DPAT binding sites with high affinity, K, 36
(31-41) nM. The slope of the Hill plot was never significantly
different from unity.
No specific binding could be detected in rat distal colon

membranes incubated with [3H]-8-OH-DPAT (1 nM).

Stimulation offaecal excretion by 5-HTA receptor
agonists

Table 1 shows the dose-related effects of 5-HTlA receptor
agonists and 5-HT on rat faecal excretion. After s.c. injec-
tion, 8-OH-DPAT was about 100 times more potent than
5-HT in inducing defaecation (AD, 0.07 and 7.5 mg kg-'
respectively) and increasing the faecal water content, as
indicated by the higher than control ratios of wet to dry
weights. However, 8-OH-DPAT (1 mg kg-') and 5-HT
(12 mg kg-') were completely inactive when given orally
(faecal dry weights, g ± s.e.mean, 0.08 ± 0.03 and 0.02 ± 0.02
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Table 1 Effects of 5-HT, 8-OH-DPAT, buspirone and SR 57746A on rat defaecation

Faecal dry weight
(g)

0.01 ± 0.01

0.80 ± 0.04**
1.17 ± 0.05**
1.36 ± 0.05**

0.46 ± 0.16*
0.76 ± 0.15**
1.59 ± 0.10**

0.18 ± 0.08
0.75 ± 0.09**
1.54 ± 0.12**

0.41 ± 0.09*
0.64 ± 0.12**
1.56 ± 0.15**

AD/a
(mg kg- ')

7.5
(5.9-9.8)

0.07
(0.04-0.12)

6.1
(4.7-7.7)

1.3
(0.5-3.1)

Wet/dry weight of faeces

1.98 ± 0.05b

3.43 ± 0.13**
3.16 ± 0.11**
3.60 ± 0.13**

2.44 ± 0.15**
2.37 ± 0.11**
2.63 ± 0.12**

NEC
2.41 ± 0.17*
2.69 ± 0.11**

NEC
2.30 ± 0.12*
2.73 ± 0.05**

aAD,: dose inducing excretion of I g (dry weight) of faeces during 90 min (s.c.) or 210 min (p.o.) after drugs.
bFaeces collected 2-3 h before treatment.
CNot evaluable.
Data are mean ± s.e.mean from 8 rats. In parentheses 95% confidence limits. Control (drug-free) rats received only vehicles (saline and
CMC). See Methods for details. *P<0.05, **P<0.01 vs control (Duncan's test).

respectively). SR 57746A and buspirone were both effective
orally, the former being about five times more potent (Table
1). 8-OH-DPAT (1 jig/rat, i.c.v.) caused the excretion of
0.8 ± 0.1 g of faeces during the 30-min collection time. All
agents significantly increased the wet/dry weight ratio of
faeces.

Table 2 Antagonism of 5-HT, 8-OH-DPAT, buspirone and
SR 57746A-induced rat defaecation by s.c. pindolol

Pindolol
dose

(mg kg-')

Control

Prevention of5-HT)A receptor agonist-inducedfaecal
excretion by pindolol

As shown in Table 2, pindolol (1 or 5 mg kg-', s.c.)
significantly prevented defaecation and the increase of the
wet/dry weight ratio of faeces induced by 8-OH-DPAT
(0.2 mg kg-', s.c.), SR 57746A (4mg kg-', p.o.), or bus-
pirone (12 mg kg-', p.o.), but not by 5-HT (12 mg kg-', s.c.).
In rats chronically implanted with cannulae, given pindolol
i.c.v. (1 or 2.5 ftg/rat), faecal excretion (dry weight) induced
by SR 57746A or 8-OH-DPAT, but not by 5-HT, was
likewise prevented (Table 3). Unlike its. effect when given s.c.,
the i.c.v. administration of pindolol (a) slightly but
significantly increased faecal output and (b) did not prevent
the increase in faecal water content induced by the 5-HTlA
receptor agonists (Table 3).

Effect of5,7-DHT and pCPA on drug-inducedfaecal
excretion

As shown in Tables 4 and 5, in rats pretreated with pCPA
(160 mg kg-' per day i.p. for three days) or 5,7-DHT
(150 pg/rat i.c.v.), SR 57746A and buspirone were less
effective in promoting the excretion of faeces (dry weight),
although the wet/dry weight ratio was still as high as in
non-pretreated animals. However, pretreatment with either
pCPA or 5,7-DHT by themselves significantly raised the
wet:dry weight ratio (Tables 4, 5). Rats given pCPA or

5,7-DHT also had lower body weight than untreated controls
(about 25 g). In the same experiments, in additional groups
of rats pretreated with pCPA or 5,7-DHT the scores for
which are not presented in the Tables, the cholinomimetic
carbachol (0.2 mg kg-', s.c.) was as effective in promoting
defaecation as in non-pretreated animals (dry weight of
faeces, g ± s.e.mean: carbachol, 1.14 ± 0.16; pCPA + car-

bachol, 0.89 ± 0.18; 5,7-DHT + carbachol, 1.0 ± 0.2). Car-
bachol also increased the wet/dry weight ratio of faeces but
this was not affected by pCPA pretreatment.

5-HT

Faecal dry Wet/dry weight
weight (g) of faeces

- 0.03 ± 0.03

1 0.06 ± 0.05
5 0.02± 0.02

1.88 ± 0.07a

NEb
NEb

- 1.31 ±0.15** 3.05+0.06**
1 1.05±0.10** 2.92±0.10**

8-OH-DPAT

Buspirone

SR 57746A

- 1.60±0.11**
1 0.34 ± 0.13*00
5 0.16±0.06°°
- 1.73 ± 0.09**
1 1.23 ± 0.09**°°
5 0.20 ± 0.08*00

- 1.75 ± 0.06**
1 1.24 ± 0.08**°°
5 0.17±0.07°°

2.65 +±.0*
2.01 ± 0.10 0

NEb

2.79 ± 0.07**
2.66 ± 0.07**
2.06 ± 0.06°°

2.60 ± 0.08**
2.60 ± 0.07**
1.85 ± 0.0900

aFaeces collected 2-3 h before treatment. bNot evaluable.
Data are mean ± s.e.mean from 8 rats. 5-HT (12mg kg-',
s.c.) and 8-OH-DPAT (0.2 mg kg-', s.c.) were given 30 min
after pindolol and buspirone (12mg kg-', p.o.) and SR
57746A (4mgkg-', p.o.) immediately after. Control
(drug-free) rats received only vehicles (saline and CMC). See
Methods for details.
*P<0.05, **P<0.01 vs control; °°P<0.01 vs
8-OH-DPAT, buspirone or SR 57746A alone (Duncan's
test).

Effect of repeated treatment with S-HT,, receptor
agonists on faecal excretion

Throughout repeated oral treatment (8 days) with either
buspirone (4 or 16 mg kg-') or SR 57746A (1 or 4 mg kg-'),
stimulation of faeces excretion was dose-related with no real
difference between the results on any given day in terms of
faecal dry weight (Figure 1) and faecal pellet number (data
not shown). During the first four days of treatment with
either compound, some rats (10 to 30%) presented loose
stools, especially at the higher doses. This was no longer
apparent as treatment continued. The ratio of wet to dry
weight of faeces after the first dose was always considerably
higher than in drug-free controls, but tolerance developed

Dose
(mg kg- ')

Control

5-HT

8-OH-DPAT

Buspirone

SR 57746A

S.C.

s.c.

P.O.

P.O.

4
12
36

0.0125
0.05
0.2

4
16

0.25
1
4
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within a few days (days 5 to 6 for buspirone and 2 to 5 for
SR 57746A depending on the dose) and the wet/dry weight
of faeces returned to drug-free ratios. The body weight in-
crease of rats on the 8th day was not significantly different
from controls in the buspirone or SR 57746A groups
(A g ± s.e.mean: buspirone 4 and 16 mg kg-', 40 ± 3 and
39 ± 2; SR 57746A 1 and 4 mg kg-', 40 ± 2 and 38 + 3;
controls, 41 ± 3).

Table 3 Antagonism of 5-HT, 8-OH-DPAT, buspirone and
SR 57746A-induced rat defaecation by ic.v. pindolol

Effect ofS-HT receptor agonists on isolated distal colon

The isolated colon preparation presented a low degree of
spontaneous contractions. 5-HT induced a concentration-
dependent increase of the basal tonus: EC0 = 130 (100-160)
nM, that was partially prevented by the 5-HT2 receptor
antagonist, ketanserin and the 5-HTlc receptor antagonist,
mesulergine, but not by pindolol. 8-OH-DPAT and SR
57746A up to 5 JLM did not induce any contraction, or affect
the tonus of the colon.

Discussion
Pi

Ip

Control

5-HT

8-OH-DPAT

SR 57746A

3Faeces collected
Average faecal e
Pindolol in a
concurrently wit]
(0.2mg kg', s.c
p.o.). Control (d
and CMC). See
*P<0.05, **P<
SR 57746A or E

indolol
dose Faecal dry Wet/dry weight Defaecation by rats is environmentally influenced and drugs
*g/rat) weight (g) of faeces can either increase or reduce it depending on experimental

conditions (Sanberg et al., 1989; Croci et al., 1994). Our
- 0.02+± 0.02 1.86± 0.l0a model is suitable for the evaluation of defaecation induced

1 0.20 ± 0.07* NEb acutely by different agents, since control animals do not
2.5 0.41 ± 0.12** 2.90 ± 0.06 defaecate throughout the standard observation period (Croci
- 1.48 ± 0.13** 2.85 ± 0.08** & Bianchetti, 1992).
1 1.24 ± 0.10** 2.92 ± 0.10** We investigated the effects of the 5-HTIA receptor agonists,

8-OH-DPAT, buspirone and SR 57746A, either in vitro on
- 1.83 ± 0.06** 2.75 ± 0.08** 5-HTIA binding and rat isolated colon contractility or in vivo

2.5 0.42 ±0.03**00 2.91 ± 0.130 on rat faecal pellet output and water content. SR 57746A2.5 0.42 ± o.09**00 3.00 ± 0.13** bound to [jH]-8-OH-DPAT-labelled rat hippocampal mem-
- 1.82 ± 0.15** 2.76 ± 0.07** branes at nanomolar concentrations and induced faecal
1 0.70 ± 0.14**00 2.78 ± 0.09** excretion as did 8-OH-DPAT and buspirone, suggesting that
2.5 1.11 ± 0.10**0 2.85 ± 0.1 j** 5-HTA receptors are involved in their intestinal effects.

2-hbfoeraten.bo evalMoreover 8-OH-DPAT and buspirone promoted defaecation

cretion(g2 ± s.e.mean) from at least 12 rats. at doses within the range of those reportedly effective in
volume of 10 p1/rat was given i.c.v. several behavioural and other in vivo functional tests (Kennet
5-HT (12mg kgI', s.c.) and 8-OH-DPAT et al., 1987; Cervo & Samanin, 1987; Moser et al., 1990;

.) or 45 mim after SR 57746A (4mg kg-', Martin et al., 1991). Activation of 5-HTA receptors is further
lrug-free) rats received only vehicles (saline supported as a common mechanism for increasing faecal
Methods for details. pellet output and water content, since both were prevented
.0.01 vs control; OP<0.05, 00P<0.01 vs by pindolol at doses previously found to antagonize 5-HTA-
8-OH-DPAT alone (Duncan's test). mediated responses (Hjorth & Carlsson, 1986; Sharp et al.,

Table 4 Effect of pCPA on faecal excretion stimulated by buspirone or SR 57746A

Faecal dry weight
(g)

_ 0±0
+ 0.04 ± 0.04
- 1.84± 0.08**D°
+ 0.75 ± 0.19**°°D°
- 2.36 ± 0.12**oo
+ 0.40±0.13*00

Wet/dry weight of
faeces

1.87 ± 0.03a
2.43 ± 0.12**a
3.26 ± 0.11**o
2.69 ± 0.1l**
3.03 ± 0.12**o
2.53 ± 0.24*

aFaeces collected 2-3 h before treatment.
Data are mean ± s.e.mean from at least 8 rats. pCPA (160 mg kg-' per day ) was injected i.p. daily for three consecutive days. Drugs
were administered 24 h after the last pCPA injection. Control (drug-free) rats received only vehicles (saline and CMC). See Methods
for details. "P<0.05, **P<0.01 vs control; °P<0.05, 0°P<0.01 vs pCPA alone; P<0.05, °°P<0.01 vs SR 57746A or
buspirone alone (Duncan's test)

Table 5 Effect of i.c.v. 5,7-DHT on faecal excretion stimulated by buspirone or SR 57746A

Faecal dry weight
(g)

0.02 ± 0.02
0.04 ± 0.03

2.01 ±017**.0
1.30 ± 0.0**°°°°

2.22 ± 0.10**O °

1.21 ± 0.08**3300

Wet/dry weight of faeces

2.00 ± 0.O9a
2.74 ± 0.I**a

3.04 ± 0.1I**
3.29 ± 0.18**

2.93 ± 0.10**
2.67 ± 0.12**

aFaeces collected 2-3 h before buspirone or SR 57746A.
Data are mean ± s.e.mean from at least 8 rats. Rats were injected concurrently with i.c.v. 5,7-DHT (150 pg/rat) and i.p. DMI
(25 mg kg-') three days before drugs. Control (drug-free) rats received only vehicles (saline and CMC). See Methods for details.
Faeces were collected for 210 min after buspirone or SR 57746A.
**P<0.01 vs control; °°P<0.01 vs 5,7-DHT alone; °°P<0.01 vs SR 57746A or buspirone alone (Duncan's test).

Dose
(mg kg-', po.)

Control

pCPA

Buspirone

SR 57746A

12
12
4
4

Dose
(mg kg-', p.o.)

Control

Buspirone

SR 57746A

5,7-DHT

+

+

12
12

4
4
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Figure 1 Effect of repeated daily oral doses of (a) buspirone (0,
4mgkg-'; A, 16mgkg') and (b) SR 57746A (0, lmgkg-'; A,
4mg kg-') on rat faecal pellet output (dry weight of faeces; 0,

control) and water content (wet/dry weight of faeces). Data are

mean s.e.mean from 10 rats in each experimental group. The
mean + s.e.mean of wet/dry weight of faeces in control rats (dotted
line) was 1.96 ± 0.06 and 1.92 ± 0.05 for buspirone and SR 57746A
respectively. *P<0.01 vs control (Duncan's test).

1993). It is worth noting that 5-HT acts peripherally on
different 5-HT receptor subtypes (Croci et al., 1990b) and
indeed, in spite of its high affinity for 5-HTIA binding sites, it
promotes faecal excretion at s.c. doses 100 times higher than
8-OH-DPAT.
The overall evidence produced by the present study cer-

tainly upholds the view that in rats, 5-HTIA receptor agonists
promote defaecation by stimulating receptors in the CNS
rather than peripherally in intestinal smooth muscle and/or
myenteric plexus. Thus the representative 5-HTIA receptor
agonist, 8-OH-DPAT, injected i.c.v., induced defaecation.
We found no intestinal 5-HTIA sites, since there was no

specific [3H]-8-OH-DPAT binding in rat distal colon mem-

branes and neither 8-OH-DPAT nor SR 57746A had any
effect on the tonus of the isolated distal colon. This, however,
was dose-dependently contracted by 5-HT, an effect partially
prevented by the 5-HTlc and 5-HT2 receptor antagonists
mesulergine and ketanserin, but not by the putative 5-HTA
receptor antagonists, pindolol.

Pindolol i.c.v. significantly reduced the defaecation pro-
moting effects of SR 57746A and 8-OH-DPAT, but not of
5-HT. This is unlikely to be a result of pindolol diffusing into
the periphery because: (a) in an additional experiment
(results not shown), the same dose of pindolol given i.v. was

unable to prevent faecal excretion induced by 5-HTIA recep-
tor agonists; (b) pindolol, i.c.v. or s.c., did not prevent the
presumed peripheral action of 5-HT on defaecation. In addi-
tion, it is worth pointing out that the incomplete prevention
of the defaecation promoting action of 5-HTIA receptor
agonists by i.c.v. pindolol is inherent to its dose-dependent
intrinsic agonist activity under these conditions, which is
consistent with its otherwise mixed agonist-antagonist pro-
perties at central 5-HTIA receptors (Hjorth & Carlsson,
1986).

In rat brain, 5-HTIA receptors are located both pre- and
postsynaptically where they subserve different functions

(Tricklebank et al., 1984; Goodwin et al., 1985; 1986;
Dourish et al., 1986; Gilbert et al., 1988). In the present
study, the fact that pretreatment with i.c.v. 5,7-DHT or i.p.
pCPA (both known to deplete 5-HT stores in the CNS)
prevented buspirone- or SR 57746A-induced faecal excretion
in rats suggests that presynaptic 5-HTA receptors on central
5-hydroxytryptaminergic neurones are involved in the intes-
tinal effects of these agonists. The fact that only the increase
in dry weight of faeces, not in water content, was prevented
to a greater extent in rats pretreated with 5,7-DHT or pCPA
is accounted for by their ability to increase faecal water
content on their own. Carbachol-induced faecal excretion
was not prevented by pretreating rats with 5,7-DHT or
pCPA, indicating the 5-HT specificity of their inhibition of
drug-induced defaecation.

Buspirone or SR 57746A-induced faecal excretion was
prevented more by pCPA than by 5,7-DHT. Although we did
not measure the actual CNS and intestinal 5-HT depletion by
these agents, with the protocols adopted 5,7-DHT (i.c.v.)
should have depleted rat brain 5-hydroxytryptaminergic
neurones by about 70% (Cervo & Samanin, 1987) while
pCPA (i.p.) should deplete brain 5-HT by about 90% and
5-HT in the colon by about 50% (Weber, 1970). Thus greater
central and/or peripheral 5-HT depletion could explain the
more substantial prevention by pCPA of 5-HTA receptor
agonist-induced defaecation in our experiments. In addition
SR 57746A was somewhat more susceptible than buspirone
to both the 5-HT depleting agents. Since buspirone in rats is
actively biotransformed into the U2-adrenoceptor antagonist,
1-(2-pyrymidinyl) piperazine (Caccia et al., 1986), which is
also a potent inducer of rat defaecation, through a different,
non-5-hydroxytryptaminergic mechanism (Croci & Bian-
chetti, 1992), this could partly explain the difference from SR
57746A.
Repeated daily doses of the 5-HTA receptor agonists led

to progressive loss of their overall effectiveness on faecal
excretion. After eight days of treatment, complete tolerance
developed to the effects of SR 57746A or buspirone on faecal
water content, but not on faecal dry weight. These results
suggest that the drug mechanisms stimulating faecal pellet
output and affecting water exchange through the gut wall are
independent. Tolerance to the faecal water content increasing
effect seemed to arise sooner with SR 57746A than with
buspirone. Unlike SR 57746A, which appears to be a full
5-HTIA receptor agonist (Bachy et al., 1993), buspirone has
partial agonist properties (Millan et al., 1991), possibly
accounting for the slower tolerance.

In conclusion the present findings support a role of 5-
HTA-5-hydroxytryptaminergic mechanisms in the CNS in
drug-induced defaecation in rats. Our in vitro radioligand
binding or functional assays, provided no evidence of 5-HT
receptor subtypes accounting for such mechanisms in the rat
distal colon, although 5-HTIA receptors are present in the
guinea-pig ileum, as shown by electrophysiologically (Gal-
ligan et al., 1988) and mechanically monitored (Fozard &
Kilbinger, 1985) responses to appropriate agonists and
antagonists in isolated preparations. Yet acceleration of post-
prandial colonic transit by 5-HTA receptor agonists in an in
vivo rat model, has been recently attributed to a local rather
than central receptor subtype-specific 5-HT mechanism (Gue
et al., 1994). We assume that the experimental condition we
adopted involves the stimulation of central 5-HTA receptors
presumably activating efferent cholinergic pathways (Croci et
al., 1990b), leading to propulsive contraction of gut smooth
muscle (Croci et al., 1994).
The relevance of these findings for other species is un-

known but, should they apply to man, 5-HTIA receptor
agonists might have clinical potential for treating hypo-
motility disorders of the lower intestinal tract, such as

idiopathic constipation.

We would like to thank Mr Mario Cassisi and Mr Giulio Aureggi
for their excellent technical assistance.
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Intrinsic activity of the non-prostanoid thromboxane A2
receptor antagonist, daltroban (BM 13,505), in human
platelets in vitro and in the rat vasculature in vivo

Frederic Bertolino, Jean-Pierre Valentin, Myriam Maffre, *Franqoise Grelac, Anne-Marie
Bessac, *Jacques Maclouf, Andre Delhon, *Sylviane Levy-Toledano, Jean-Francois
Patoiseau, Francis C. Colpaert & 'Gareth W. John

Centre de Recherche Pierre Fabre, 81106 Castres and *INSERM Unite 348, Hopital Lariboisiere, 75010 Paris, France

1 We evaluated the effects of daltroban on (i) human platelet shape change and aggregation in vitro,
and (ii) mean systemic and pulmonary arterial pressures (MAP and MPAP, respectively) as well as

haematocrit, in anaesthetized, open-chest Sprague-Dawley rats, compared with those of a chemically
distinct prostanoid thromboxane A2 (TxA2) receptor antagonist, SQ 29,548, and agonist, U-46619.
2 In human platelets in vitro, daltroban (10 nM-100 jLM; n = 6 per group) concentration-dependently
induced shape change, attaining at 50SM, a maximum amplitude of 0.83 ± 0.09 mV representing
46.4 ± 4.8% of that evoked by U-46619 (1.78 ± 0.20 mV at 0.2 ftM; n = 9); and inhibited U-46619-
induced platelet aggregation with an IC50 of 77 (41- 161)nM. SQ 29,548 (10 nM-100 JiM; n = 6 per

group) failed to evoke any platelet shape change, but potently inhibited U-46619-induced platelet
aggregation with an IC50< 10 nM.

3 In anaesthetized rats in vivo, daltroban (10-2500 fig kg-', i.v. infused over 2 min; n = 4-8 per group)
produced a bell-shaped dose-response curve for MPAP and haematocrit, and evoked maximal increases
of 12.7 ± 2.1 mmHg and 5.8 ± 1.5% at 80 jLg kg-' (n = 6) and 630;Lg kg-' (n = 8), respectively (both
P< 0.05) with EDsos of 20 (16-29) and 217 (129-33 1) fLg kg- ', respectively. By comparison, U-46619
(0.16-20 ftg kg-', i.v.), induced dose-dependent increases in MPAP and haematocrit (25.4 ± 1.0 mmHg
and 16.1 ± 2.9% at the highest dose; n = 12, both P<0.01), with ED50s of 1.8 (1.3-2.5) and 3.9
(3.5- 5.4) Fg kg- 1, respectively. Daltroban dose-dependently increased MAP with a maximum amplitude
of 42.2 ± 4.4 mmHg at a dose of 80 fig kg-' [ED50 = 94 (64-125) jg kg-1], similar to that induced by
U-46619 (41.3 ± 9.6 mmHg) at a dose of 0.63 jtg kg-' [ED50= 0.22 (0.13-0.24) fg kg-']. SQ 29,548
(10-2500 jg kg-', i.v.; n =4 per group) failed to modify significantly any of these parameters.
4 Our results clearly demonstrate that daltroban, in a similar manner to the TxA2 analogue, U-46619,
but unlike the TxA2 receptor antagonist, SQ 29,548, exhibits significant intrinsic activity in human
platelets in vitro and in the rat vasculature in vivo, possibly through TxA2 receptor activation.

Keywords: Arterial pressure; daltroban; human platelet aggregation; shape change; pulmonary hypertension; thromboxane A2;
TxA2/PGH2 receptors

Introduction

Thromboxane A2 (TxA2) is a labile arachidonic acid
metabolite which has been implicated in the pathogenesis of
human and experimental cardiovascular diseases (Misra,
1994). Consequently, a large number of prostanoid and non-
prostanoid TxA2 receptor antagonists have been developed
and are currently undergoing clinical investigation. This class
of agent was, in general, found to be safe, well tolerated,
although clear evidence of efficacy in large studies remains to
be established, particularly with respect to aspirin (Misra,
1994). Prostanoid analogues of TxA2 induce platelet aggrega-
tion, vascular smooth muscle cell contraction in vivo, pul-
monary hypertension in vivo as well as haemoconcentration
(reviewed by Hall, 1991; Halushka & Mais, 1989; Misra,
1994; Bertolino et al., 1994; 1995). Intrinsic activity at TxA2/
PGH2 or other receptors could limit the therapeutic use of
certain TxA2 receptor antagonists (Terres et al., 1987). Based
on biochemical and pharmacological in vitro studies, intrinsic
activities have been suspected for several, if not most of the
non-prostanoid TxA2/PGH2 receptor antagonists described to
date (Janssens et al., 1985; Lumley et al., 1988; Kakushi et
al., 1991; Miki et al., 1992). In contrast, a number of pros-
tanoid compounds seem to be devoid of intrinsic activity
(Ogletree et al., 1985; Darius et al., 1995). Recently, high

concentrations (100 gM) of daltroban (BM 13,505; {4-[2-(4-
chlorobenzenesulphonylamino)-ethyl] benzene-acetic acid}), a
well characterized non-prostanoid TxA2 receptor antagonist
(Lefer, 1988), was found to increase intracellular calcium in
vascular smooth muscle cells (Miki et al., 1992). At the
present time, the intrinsic activity of this compound has not
been characterized in vitro or demonstrated in vivo.
The aim of the present study was to determine whether

daltroban exerted significant intrinsic activity compared with
those of a chemically distinct prostanoid TXA2 receptor
antagonist, SQ 29,548 ({[lS-[1a,2a(5z),3a,4a]]-7-[3-[[2-[(phenyl-
amino)-carbonyl]hydrazino]methyl]-7-oxabicyclo[2.2.1]hept-2-
yl]-5-heptenoic acid}; Ogletree et al., 1985), and agonist, U-
46619 ((15S)-hydroxy-l ,9x-(epoxymethano)prosta-5Z, 13E-
dienoic acid) on (i) human platelet shape change and agg-
regation in vitro, and (ii) mean systemic and pulmonary
arterial pressures and haematocrit, in anaesthetized, open-
chest Sprague-Dawley rats, a model we have previously
shown to be particularly sensitive to TxA2/PGH2 receptor
agonists (Bertolino et al., 1994; 1995).

Methods

All experiments were carried out in accordance with French
law and local ethical committee guidelines for human and
animal research.

I Author for correspondence at: Centre de Recherche Pierre Fabre,
Division of Cardiovascular Diseases II, 17, Avenue Jean Moulin,
81106 Castres cedex, France
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Effect of U-46619, daltroban, and SQ 29,548 on human
platelet shape change and aggregation

Human whole blood, obtained by ante-cubital venous punc-
ture from 27 healthy adult volunteers who had not received
any medication for at least 8 days, was collected into plastic
tubes containing acid-citrate-dextrose (ACD-C; 9:1, v/v)
anticoagulant, containing 1 mm aspirin (final concentration)
and centrifuged for 20 min at 120 g at room temperature in
order to obtain platelet-rich plasma (PRP). Platelets were
then filtered twice on a metrizamide gradient, as previously
described (Levy-Toledano et al., 1976), washed and
resuspended in buffer, pH 7.4 (composition, mM: HEPES 10,
NaCI 140, KCl 3, MgCl2 0.5 and NaHCO3 5). Platelet
suspensions were standardized at a platelet count of
250- 300 x 109-'.
The platelet shape change and aggregation responses to

U-46619 (Cayman Chemical Company, Ann Arbor, MI,
U.S.A.; 0.2 gM, n = 9 blood samples from separate
volunteers) were measured relative to buffer, after preincuba-
tion at 370C for 1 min with increasing concentrations of
either daltroban (BM 13,505, Division of Medicinal Chemis-
try, Pierre Fabre Research Center, France; 10 nM- 10 JM,
n = 6 blood samples from separate volunteers), SQ 29,548
(Bristol-Myers Squibb Research Laboratories, Princeton, NJ,
U.S.A.; 10 nM- 10 gM, n = 6 blood samples from separate
volunteers) or vehicle (dimethylsylphoxide, DMSO, final con-
centration: 0.2%, n = 6 blood samples from separate
volunteers), with a dual channel platelet aggregometer
(Chronolog, ChronoLog Corporation, Havertown, PA,
U.S.A.) and recorded on a chart recorder set at 25 mV
sensitivity. Peak shape change responses were measured as
the maximal decrease in light transmission after U-46619,
daltroban and SQ 29,548 additions. Aggregation, measured
2 min after U-46619 addition, was expressed as percentage
intensity relative to the percentage transmittance of buffer
(i.e., 100% transmittance). Concentration-response relation-
ships for daltroban and SQ 29,548-induced platelet shape
change and inhibition of U-46619-induced aggregation were
constructed and average EC50 values were determined for
each group.

Effect of U-46619, daltroban, and SQ 29,548 on
systemic and pulmonary arterial pressures, and
haematocrit

connected to a Gould polygraph. Experiments were started
15-30 min after completion of surgical procedures and
stabilisation of arterial pressures. Then, rats received an
injection of the vehicle (Na2CO3, 2 mM; n = 8), the TxA2
analogue, U-46619, at one of the following doses (0.16, 0.63,
1.25, 2.5, 10 or 20 gkg-'; n=4, 4, 8, 4, 6 and 12 rats per
group, respectively), daltroban, at one of the following doses
(10, 40, 80, 160, 630, 940 or 2500 #g kg-'; n = 4, 6, 6, 6, 8, 6
and 6 rats per group, respectively) or SQ 29,548 at one of the
following doses (10, 160 or 2500 Iyg kg-'; n = 4 rats per
group, respectively). Vehicle or drugs were injected over
2 min as 1 ml kg-' solution. Blood samples (50 IAI) were with-
drawn from the right carotid artery at -5, 3, and 15 min for
determination of haematocrit by spinning blood at
12,000 r.p.m. in a microfuge (Clay Adams, Parsippany, NJ,
U.S.A.) for 3 min.

Analytical techniques, calculations, logistic curve fitting
and statistical analysis
Estimated changes in plasma volume were calculated accord-
ing to the following formula: dV = {(100/100-Hi) x [100 x
(Hi-Hf)/Hfl}, where dV is the percentage change in plasma
volume, Hi and Hf the initial and final haematocrit, respec-
tively (Davies et al., 1976). Data are expressed as means
± s.e.mean. One way analysis of variance with repeated
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Male Sprague-Dawley rats (OFA, Iffa-Credo, France) were
housed in climate-controlled conditions and provided stan-
dard rat chow and water ad libitum. On the day of the
experiment, rats were anaesthetized by i.p. injection of
sodium pentobarbitone (60 mg kg-'; Sanofi Laboratories,
France), placed on a heated table to maintain rectal
temperature at 37 ± 0.5°C then prepared for acute
experimentation as previously described (Bertolino et al.,
1994; 1995). Briefly, animals underwent tracheotomy and
were mechanically ventilated (Harvard Apparatus, South
Natick, MA, U.S.A.). Catheters were inserted into the penile
vein and the right carotid artery, respectively for infusing
fluids and drugs, sampling blood, and continuous measure-
ment of arterial pressure via a Statham PlOEZ pressure
transducer (Viggo-Spectramed, Oxnard, CA, U.S.A.) con-
nected to a Gould Model 8188 polygraph (Gould Instrum-
ents, France). A left thoracotomy was performed through the
third intercostal space to expose the pulmonary artery. A
curved 19-gauge needle, connected to a silastic tube (Dow
Corning Corporation, Midland, MI, U.S.A.), was inserted
near the bifurcation of the artery from the right ventricle.
Prompt return of arterial blood through the silastic tubing
attached to the needle confirmed successful placement. The
silastic catheter was secured to the exposed muscle layer of
the animal, then the thorax was closed. Pulmonary arterial
pressure was recorded via a Statham pressure transducer

d 10-6

0 10-5O

f 10-4 I1mVm
1 min

Figure 1 Typical experimental recording of in vitro human platelet
shape change in response to the thromboxane A2 (TxA2)-mimetic,
U-46619 (0.2 pM) after administration of either the vehicle (dimethyl-
sulphoxide, a) or increasing concentrations of daltroban (left panel)
or SQ 29,548 (right panel). Incubation of daltroban or SQ 29,548
with the platelets (first arrow) started I min before addition of
U-46619 (second arrow). Daltroban, but not SQ 29,548,
concentration-dependently induced a shape change (from 10-7 M, c);
in addition, both compounds concentration-dependently antagonized
U-46619-induced aggregation (from 10-8 M for SQ 29,548, b; from
10- M for daltroban, c).
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measures and two way analysis of variance with the Fisher
and Student's t tests as post hoc tests were used to assess
significance between and among groups, respectively (Stat-
View, Abacus Concepts, Inc., Berkeley, CA, U.S.A.).
Geometric mean values for relative changes in platelet ag-
gregation, shape change, mean systemic and pulmonary
arterial pressures as well as haematocrit were calculated using
the UltraFit programme (Biosoft, Ferguson, MO, U.S.A.).
Dose-response curves were fitted using an operational sig-
moid model (Marquardt algorithm; Marquardt, 1963); EC50
and ED50 refer to the mean agonist concentration or dose,
respectively, (with 95% confidence intervals in parentheses)
inducing 50% of its maximal effect; IC50 refers to the mean
antagonist concentration (with 95% confidence intervals in
parentheses) inhibiting an agonist-induced response by 50%.
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Figure 2 Concentration-response curves for daltroban
(10nM- 100 m; 0, @), and SQ 29,548 (10nM-100gM; A, A) on
relative changes of human platelet shape change (filled symbols)
compared to U-46619 (0.2 rm; U) and on relative inhibition of
U-46619-induced aggregation (open symbols). Data are presented as
mean ± s.e.mean of six experiments. *P<0.05 between daltroban
and SQ 29,548 by factorial analysis of variance (Fisher test).
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P = 0.05 was considered the minimum level of significance.
For bell-shaped dose-response relationships, the apparent
ED50 (ED50 app) was calculated from the rising part of the
curve, assuming the peak of the bell-shaped curve to repre-
sent the maximum response.

Results

Effect of U-46619, daltroban, and SQ 29,548 on human
platelet shape change and aggregation

In human platelets, in vitro, daltroban concentration-
dependently induced a shape change (Figures 1 and 2),
attaining, at 50 gM, a maximum amplitude of 0.83 ± 0.09 mV
representing 46.4 ± 4.8% of that evoked by U-46619
(1.78 ± 0.20 mV at 0.2 AM); and inhibited U-46619-induced
platelet aggregation with an IC50 of 77 nM (Table 1; Figure
2). SQ 29,548 failed to evoke any platelet shape change, but
potently inhibited U-46619 induced platelet aggregation with
an IC50 lower than 10 nM (Figures 1 and 2).

Effect of U-46619, daltroban and SQ 29,548 on systemic
andpulmonary arterial pressures, and haematocrit

Injection of the vehicle (Na2CO3, 2 mM) was devoid of any
significant effect on MAP and MPAP (Figures 3-6).
MPAP increased promptly, within 2-3 min, after intra-

venous injection of U-46619, then progressively returned to
preinjection values (Figures 3b and 4a). The rise in MPAP
was dose-dependent, with an ED50 of 1.8 fig kg-' and a
maximum of 25.4 ± 1.0 mmHg reached at the highest dose
(Table 1; Figure 6a). Like U46619, daltroban induced a
rapid (within 2-3 min) and short lasting (<0 min) rise in
MPAP (Figures 3c and 4b). Daltroban increased MPAP in a
bell-shaped manner; the maximal increase (12.7 ± 2.1 mmHg;
P <0.05; Figure 6a) being reached at a dose of 80 jig kg-
with an ED5o app about 10 fold higher than that of the full
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Figure 3 Typical experimental recording of systemic (AP; right panels) and pulmonary (PAP; left panels) arterial pressures in
open-chest anaesthetized rats during administration of either the vehicle (Na2CO3, 2 mM; a), U-46619 (1.25 gg kg-'; b), daltroban
(80 jig kg-'; c) or SQ 29,548 (2500 gig kg-'; d). Vehicle or drugs were injected intravenously as a 1 ml kg-' solution over 2 min as
indicated by the arrows.
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agonist, U-46619 (20 vs 1.8 ttg kg-'; Table 1). The maximal
amplitude of the pulmonary pressor activity of daltroban was
53.2 ± 7.0% of that evoked by U-46619 (Table 1).
MAP rose transiently only at low doses of U-46619 (i.e.,

<2.5 gig kg-'; Figures 3b, 5a and 6b) with an EDm of
0.22 ,ug kg-' (Table 1) whereas no change or no hypertension
occurred at higher doses. Similarly to U-46619, daltroban
dose-dependently increased MAP with an EDm of 94 jig kg-'
attaining a plateau at doses higher than 160 jig kg-' (Figures
5b and 6b). The amplitude of the systemic pressor activity of
daltroban was almost identical to that of U-46619 (42.2 ± 4.4
versus 41.3 ± 9.6 mmHg; Table 1; Figure 6b). Over the same

range of doses used for daltroban, SQ 29,548 was devoid of
any significant effects on either MAP or MPAP (Figures
3-6).
Within 3 min, the haematocrit increased dose-dependently

by 4.6 ± 1.5, 10 ± 2.3 and 16.1 ± 2.9% after injection of 1.25,
10 and 20 gkg-' of U-46619, respectively (all P<0.05,
Figure 6c) with an ED50 of 3.9 tg kg- (Table 1). The
decrease in plasma volume calculated from the change in
haematocrit amounted to 8.3 ± 2.5, 17.2 ± 3.9 and
26.2 ± 3.9% at 1.25, 10 and 20 fig kg-', respectively. A slight
but not significant tendency for the haematocrit to decrease
was detected following injection of the vehicle (- 1.5 ± 0.7%,

Table 1 Intrinsic activities of U-46619 and daltroban on human platelet shape change, mean systemic and pulmonary arterial
pressures and hamatocrit

Agonist

U-46619

Human platelet shape Mean pulmon
change press

EC50 AEmax ED50
(AM) (mV) (pg kg- ')

0.2* 1.78 ± 0.20 1.8
(1.3-2.5)

Daltroban

Ratio
Daltroban/U-46619

2.49
(1.7-3.8)

12.5

0.83 ± 0.09 20**
(16-29)

ary arterial
sure

AEmax
(mmHg)

25.4 ± 1.0 0.22
(0.13-0.24)

12.65 ± 2.1 94
(64-125)

0.5 11.1 0.5 428.3

Hamatocrit
ED50

(jg kg-')

41.3±9.6 3.91
(3.5-5.4)

42.2 ± 4.4 217**
(129-331)

1.0 55.4

AE.. refers to the maximal amplitude of the response (± s.e.mean); ECm and ED50 refer to the mean agonist concentration and dose
respectively, inducing 50% of its maximal effect (with 95% confidence intervals in parentheses). Ratio Daltroban/U-46619 represents
the ratio of daltroban/U-46619 EC50 values. *refers to the concentration of full agonist, U-46619, which produced a maximal response.
**EDsoapp (see Methods for details).
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Figure 4 Time course of absolute changes in mean pulmonary
arterial pressure (MPAP) in open chest anaesthetized rats during
administration of (a) either U-46619 at doses of 0.16pgkg-' (U,
n=4), 1.25gjigkg-I (0, n=8), and 20figkg-' (@, n= 10) or the
vehicle (Na2CO3, 2 mm, O, n = 8), and of (b) either daltroban at
doses of 10ligkg-' (*, n=4), 40ftgkg-l (O, n=6), and
80 jig kg-' (A, n=6) or SQ 29,548 (2500 jgkg-'; A, n=4). Vehi-
cle or drugs were injected intravenously as a 1 ml kg-' solution over

2 min as indicated by the arrows. Data are presented as

mean s.e.mean. *P<0.05 versus baseline by repeated measures

analysis of variance.

Figure 5 Time course of absolute changes in mean systemic arterial
pressure (MAP) in open-chest anaesthetized rats during administra-
tion of (a) either U-46619 at doses of 0.16pgkg-' (U, n=4),
0.63gLg kg-' (@, n=4), and 20lgkg-' (-, n= 10) or the vehicle
(Na2CO3, 2 mM, 0, n = 8), and of (b) either daltroban at doses of
l0 ILg kg- I (*, n = 4), 80 tig kg- (A, n = 6), and 2500 fIg kg- (El,
n = 6) or SQ 29,548 (2500 #lg kg- '; A; n = 4). Vehicle or drugs were
injected intravenously as a 1 ml kg- ' solution over 2 min as indicated
by the arrows. Data are presented as mean ± s.e.mean. *P<0.05
versus baseline by repeated measures analysis of variance.
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Figure 6 Dose-response curves of U-46619

daltroban (10-2500gsgkg'';*), and
(I1

0) on maximal absolute peak changes pulr
a) and systemic (MAP; b) arterial pressures,

(c), in anaesthetized open-chest rats. The grc
by (A). Data are presented as mean ±

animals was of 4-12 rats. *P<0f. 5

analysis of variance (Fisher test).

NS). As described for U-46619, daltroban si
dependently increased the haematocrit

maximal effect of 5.8 ± 1.5% at 630 jig kg'
of 217 gg kg-' (Table 1). Such an increase ii

corresponded to a calculated decrease plasi

10.3 ± 2.4%. The change in haematocrit 1i

the dose of 940 gg kg-' and did not differ

the highest dose. The maximal haemoconcenti

of daltroban represented 41.2 ± 8.6%

46619 (Table 1). SQ 29,548 did not

haematocrit (Figure 6c).

Discussion

The present study demonstrated that

agonist, U-46619, but unlike the TxA2/P(
antagonist SQ 29,548 (i) induced

I

change in vitro and (ii) increased systemic ai

arterial pressures as well as haematocrit

indicate unequivocally that daltroban, n(

exerts significant intrinsic activity both in vitro and in vivo,
possibly via TxA2/PGH2 receptor activation.
The stable TxA2 analogue, U-46619, induced human

platelet shape change, as previously reported (Ogletree et al.,

1985), via activation of TxA2/PGH2 receptors since it was

concentration-dependently antagonized by SQ 29,548. The
concentration of U-46619 used in the present study was

previously shown to induce a maximal shape change response

(Ogletree et al., 1985; 1992). SQ 29,548 failed to evoke any

platelet shape change, but potently inhibited U-46619-
induced platelet aggregation with an IC% lower than that of
daltroban (<10nM versus 77nM). The inhibition was sur-

mountable for both compounds. Like U-46619, daltroban
concentration-dependently induced platelet shape change
with a maximal response representing about half of that
evoked by the full agonist. The prostanoid TxA2/PGH2
receptor antagonist S-1452 transiently altered platelet shape
change, whereas other prostanoid TxA2/PGH2 receptor

antagonists such as GR 32191 (vapiprost), BMS 180,291(ifetroban sodium Misra et al., and AH 23848 were

devoid of any effect (Brittain et al., 1985; Humphrey et al.,

1990; Kakushi et al., 1991; Ogletree et al., 1992). No con-

clusion can be drawn from these observations regarding an

eventual structure (i.e., prostanoid versus non-prostanoid)-
intrinsic activity relationship of these compounds on platelet
shape change.
The TxA2 analogue, U-46619, dose-dependently induced

pulmonary hypertension, as reported previously (Yoshimura
et al., 1989; Nossaman et al., 1992; Bertolino et al., 1994;
1995) via activation of TxA2/PGH2 receptors (Bertolino et

al., 1994; 1995). Similarly to U-46619, daltroban increased
pulmonary arterial pressure, but with a maximum represen-

ting approximately half of that induced by the full agonist,
and with an ED3oapp that was about 10 fold higher than that
of the full agonist, U-46619 (20 versus 1.8 pg kg-'). Previous
results on the systemic cardiovascular effects of U-46619 are

conflicting (reviewed by Hall, 1991; Halushka & Mais, 1989);
hyper (Stegmeier etal., 1986)- or hypotension (Hui & Ogle,
1991) or both have been reported, depending on the dose

103 i0 (Bertolino etal., 1994; 1995). Indeed, at the highest doses

(i.e. >2.5 fg kg-'), pulmonary hypertension developed and
may consequently reduce cardiac output, thus explaining the

20 jig kg-'; 0), decrease in systemic arterial pressure observed at such doses.
0-2500 jg kg-'; Daltroban dose-dependently increased systemic arterial pres-

nonary (MPAP; sure, producing a maximal response of similar amplitude to

as haematocrit that of the full agonist, U46619. In contrast to the bell-
:)u presented

shaped dose-response curve obtained in the pulmonary vas-

Each group of cular bed, that produced by daltroban in the systemic vas-

n e by factorial culature was sigmoidal. This difference is not readily

explainable; however, a bell-shaped dose-response curve

could be produced by an agonist acting at separate receptors
that mediate opposite effects (Barlow, 1994; Pliska, 1994).

s imilarly dose- Interestingly, studies with distinct pharmacological ligands
6c) reaching a suggested the existence of two different binding sites for TxA2
ith an EDm app on platelets (Dom, 1989; Takahara et at., 1990; Dorn &
n haematocrit DeJesus, 1991; Ogletree et at., 1992) and that the 'shape
ma volume of change' receptor shared biochemical and pharmacological

l ess marked at characteristics with the form of the receptor which trans-
the vehicle at duced TxA2-dependent vasoconstriction (Furci et at., 1991).

rating activity However, it is not known whether daltroban interacts with
evoked by U- both recognition sites. Another possibility that cannot be
ntly affect the excluded at present, however, is that daltroban causes desen-

sitization and internalization of TxA2/PGH2 receptors, as has
been described for the agonist, U-46619 (Liel et at., 1988;
Murray & FitzGerald, 1989), which could partly explain the
bell-shaped dose-response relationship in MPAP and
haematocrit. A reduction in systemic arterial pressure with-

n , like the full out any change in pulmonary arterial pressure has been
GH2 receptor reported shortly after intravenous injection of a single dose
platelet shape of TxA2/PGH2 receptor antagonist BMS 180,291 in anaes-

n d pulmonary thetized monkeys (Schumacher et at., 1992). Since SQ 29,548
I. These results was devoid of any effect on systemic and/or pulmonary

)t SQ 29,548, arterial pressures, TxA2 does not appear to play a major role
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in the maintenance of basal arterial pressure. In this regard,
TxA2 receptor antagonism and TxA2 synthase inhibition had
no effect on systemic arterial pressure in hypertensive patients
(Ritter et al., 1993; Lyons et al., 1993) or in anaesthetized
dogs (Noguchi et al., 1992).
The TxA2 analogue, U-46619, caused a dose-dependent

increase in haematocrit. We recently demonstrated that the
rise in haematocrit (i) resulted from a transfer of plasma fluid
from the vascular toward the interstitial compartment (Ber-
tolino et al., 1995), and (ii) was mediated through activation
of TxA2/PGH2 receptors (Bertolino et al., 1995). Like U-
46619, daltroban increased haematocrit with a maximum
representing approximately half of that induced by the full
agonist, and with an ED50 that was about 55 fold higher than
that of the full agonist, U-46619 (217 versus 3.9,Ugkg-').
However, the haemoconcentration dose-response curve pro-
duced by daltroban also showed a bell-shaped relation-
ship.

Intrinsic activities have been suspected for TxA2/PGH2
receptor antagonists in several experimental models. Intrinsic
activity of sulotroban (BM 13,177), one of the first non-
prostanoid antagonists to be developed, has been reported in
vitro; it induced small contractions of canine coronary artery
(Lumley et al., 1988) and rabbit femoral vein (Janssens et al.,
1985). However, in contrast to these reports, sulotroban was
shown to have no intrinsic activity on rabbit aorta, canine or
human coronary artery at concentrations up to 1 mM (Kopia
et al., 1989). Miki et al. (1992) showed that sulotroban
induced a weak but detectable increase in intracellular cal-
cium in cultured vascular smooth muscle cells at high con-
centrations. Agonist efficacy in vitro is well known to vary,
depending upon the tissue studied, the density of receptors in
question, and receptor-effector coupling (Kenakin, 1993).
Thus is might be argued that sulotroban possessed
insufficient efficacy to evoke any response in the latter blood
vessels or smooth muscle cells. The prostanoid compound
S-1452, transiently induced platelet shape change, as

previously mentioned, evoked smooth muscle contraction in
vitro (Hanasaki et al., 1989; Nakajima & Ueda, 1989; Otani
et al., 1989; Kakushi et al., 1991) and caused a transient
increase in airway resistance in guinea-pigs in vivo (Asanuma
et al., 1993). In cat cerebral arteries, the intrinsic activity of
S145 represented about one third of that of the high efficacy
agonist (Nakajima & Ueda, 1989).

Agonist-like activity has been described in vitro for daltro-
ban, a structurally similar analogue of sulotroban. Daltroban
has been reported to be a more potent TxA2 antagonist than
sulotroban in inhibiting U-46619-induced contraction of the
human pulmonary artery (Misra, 1994). In the present study,
we showed that, like the full agonist (i.e. U-46619), daltroban
induced (i) human platelet shape change, (ii) pulmonary
hypertension and (iii) haemoconcentration in the rat; in each
case, the maximal response represented about half of that
induced by U-46619. Daltroban concentration-dependently
contracted bovine isolated coronary arteries (Ogletree et al.,
1992) and increased intracellular calcium concentration in
vascular smooth muscle cells (Miki et al., 1992), with a
maximum response representing, respectively, one-fifth and
one-third of the value induced by the full agonist, U-46619.
Both daltroban and U-46619 induced an increase in intracel-
lular calcium concentration by an influx of extracellular cal-
cium. Interestingly, TxA2 receptor-mediated pulmonary
vasoconstriction has been reported to depend upon an inc-
rease in cytosolic calcium concentration (Farrukh et al.,
1985).
The present study demonstrates the existence of intrinsic

activity for daltroban, but not for SQ 29,548, as shown by
the induction of human platelet shape change in vitro, and
increases in systemic and pulmonary arterial pressures as well
as haematocrit in vivo. Whether these changes are mediated
through TxA2/PGH2 receptor activation and are therefore
related to partial agonist properties of the drug, is currently
being investigated.
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